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ABSTRACT 

Due to the abuse and misuse of antibiotics by our society, there are more and more 

pathogens that present high resistance to antimicrobial agents. This causes a drop in the 

effectiveness of the antibiotics we have today. This, added to the low success in the 

search for new antibiotics, results in a higher incidence of fatal infections that could be 

avoided. With a view to the future, seeing that these infections can become a cause of 

death even greater than cancer in a few decades, it is necessary to develop new systems 

with which to deal with increasingly strong microorganisms. 

The strategies that are gaining prominence are mostly those based on combining drugs 

with different biodegradable polymers that are applicable to the human body, in the 

form of hydrogels, surfaces or coatings, or nanosystems such as nanoparticles or 

nanocapsules, among others. In addition, apart from applying already existing antibiotics 

in lower concentration through other systems, the use of other active agents is being 

studied. On the one hand, compounds derived from plants, which have shown 

antimicrobial and antioxidant capacities in nature, in addition to having been used as 

remedies in traditional Chinese or Andean medicine, for example. Although some 

scepticism has been shown regarding them, based on studying them, more beneficial 

properties for health have been attributed to them, and they can be great allies of 

medicine. On the other hand, metal oxides and metal nanoparticles, also used since 

ancient times, show properties capable of eliminating bacteria, or even interrupting the 

formation of biofilms resistant to antibiotics. However, there are more doubts regarding 

this type of compound, since its toxicity and environmental damage that may be caused 

by the continuous use of these systems cannot be fully dismissed (Chapter 1). 

In this thesis, different systems with polymers and drugs with antimicrobial properties 

have been searched, wanting to take advantage of the different beneficial properties 

that they could present in addition to their function against bacterial infections. Divided 

into two chapters, on the one hand, a hydrogel system based on chitosan (CS) and poly 

(vinyl alcohol) (PVA) has been studied, and on the other, two polymer/drug mixture 

systems, paying special attention to improving their solubility and stability over time, 

being able to reduce the amounts of drug applied and improving its efficiency. 
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Hydrogels are polymeric materials with a three-dimensional structure capable of 

trapping large amounts of water. In this case, its base is chitosan (CS), an antimicrobial 

biopolymer studied for its wide variety of beneficial properties for medical applications, 

combined with poly (vinyl alcohol) (PVA), also highly regarded for applications such as 

wound dressing or the manufacture of nanoparticles. In these hydrogels, the three-

dimensional structure is formed from physical interactions without the need for 

crosslinking agents, in addition to being thermosensitive with a transition temperature 

of 37°C, which gives them the property of being injectable. Despite the advantages of 

this combination, their mechanical properties are insufficient to withstand loads that 

can occur in the human body, so it has been decided to reinforce them with inorganic 

particles of bioactive glass. The resulting hydrogels have been experimentally analyzed 

by scanning electron microscopy (SEM), X-ray diffraction (XRD), swelling, rheology, and 

drug release tests. Thus, it has been verified that the mechanical properties have been 

improved, in addition to increasing its bioactivity with the formation of hydroxyapatite 

within the gel, thus being able to improve the formation or regeneration of new bone 

after a break. All this, without affecting the drug release kinetics of the hydrogel, that is, 

without limiting its initial advantages (Chapter 2). 

Regarding polymer/drug blends, the main objective has been to find miscible blends in 

order to maintain crystalline drugs in an amorphous state, thus forming amorphous solid 

dispersions (ASD). After having carried out both theoretical and experimental selection, 

the selected systems have been poly (ε-caprolactone)/xanthohumol (PCL/XH) and poly 

(ε-caprolactone)/mycophenolic acid (PCL/MPA). In both cases, the first thing to do was 

to study the miscibility between polymer and drug by analyzing the glass transition 

temperature (Tg) of different compositions, looking for a unique intermediate Tg 

between those of the polymer and the drug, to then estimate the Flory-Huggins 

interaction parameter for each blend by studying the melting point depression of the 

drug. Both tests have been favorable to confirm the miscibility between polymer and 

drug in both cases. In addition, new interactions between the two components have 

been observed by Fourier transform infrared spectroscopy (FTIR) for both blends 

(Chapter 3). 
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After the initial confirmation, in the PCL/XH blends it has gone further using X-ray 

diffraction analysis and obtaining Atomic force microscopy (AFM) images of different 

compositions to be able to observe the variations of the crystalline morphology with the 

composition. In addition, it has been possible to study how the mechanical behavior 

under tensile forces of the blends changes depending on the % of xanthohumol added, 

carrying out tensile tests. Regarding the PCL/MPA blends, the work has focused more on 

the study of their in vitro properties. On the one hand, the drug release measurements 

showed that these blends can release a minimum o of 70% of the drug in three days. On 

the other hand, through in vitro cellular assays, it was confirmed that in this way MPA 

continues to be active against cancer cells, without actually affecting healthy cells 

(Chapter 3).   

In summary, in this work it has been possible to study different strategies to deal with 

the large problem resulting from the resistance of bacteria to the most commonly used 

antibiotics, applying them in different systems that could be very useful for other types 

of pathologies. It is important to highlight that although only three different systems 

have been studied here, there are an infinite number of combinations between 

polymers, drugs and reinforcements, which highlights the need to broaden our sights 

with respect to the use of other types of active agents and forms of application to which 

we are habitually accustomed. 
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RESUMEN 

Debido al abuso y mal uso de los antibióticos por parte de nuestra sociedad, los 

patógenos que presentan una gran resistencia ante agentes antimicrobianos son cada 

vez más. Esto causa una caída de la efectividad de los antibióticos con los que contamos 

hoy en día. Esto, sumado al bajo éxito en la búsqueda de nuevos antibióticos, resulta en 

una mayor incidencia de infecciones mortales que podrían ser evitadas. Con vistas a 

futuro, viendo que estas infecciones se pueden convertir en una causa de muerte mayor 

incluso que el cáncer en unas pocas décadas, resulta necesario el desarrollo de nuevos 

sistemas con los que hacer frente a microorganismos cada vez más fuertes. 

Las estrategias que están obteniendo un gran protagonismo son en mayor parte las 

basadas en combinar fármacos con diferentes polímeros biodegradables aplicables al 

cuerpo humano, tanto en forma de hidrogeles, superficies o recubrimientos, o 

nanosistemas tales como nanopartículas o nanocápsulas, entre otros. Además, aparte 

de aplicar antibióticos ya existentes en menor concentración mediante otros sistemas, 

se estudia el uso de otros agentes activos. Por una parte, compuestos derivados de 

plantas, los cuales han mostrado capacidades antimicrobianas y antioxidantes en la 

naturaleza, además de haber sido utilizados como remedios en medicina tradicional 

china o andina, por ejemplo. Aunque se haya mostrado cierto escepticismo respecto a 

ellos, a base de estudiarlos se les han podido atribuir más propiedades beneficiosas para 

la salud, pudiendo ser unos grandes aliados de la medicina. Por otra parte, los óxidos de 

metal y nanopartículas metálicas, también utilizadas desde tiempos antiguos, muestran 

propiedades capaces de eliminar las bacterias, e incluso interrumpir la formación de 

biofilms resistentes a los antibióticos. No obstante, existen más dudas respecto a este 

tipo de compuestos, ya que no se puede descartar del todo su toxicidad y los daños 

ambientales que puedan causar el uso continuo de estos sistemas. (Capítulo 1) 

En esta tesis, se han buscado diferentes sistemas con polímeros y fármacos con 

propiedades antimicrobianas, queriendo sacar partido a las diferentes propiedades 

beneficiosas que podrían presentar aparte de su función contra las infecciones 

bacterianas. Divididos en dos capítulos, por una parte, se ha estudiado un sistema de 

hidrogel basado en quitosano (CS) y poli (vinil alcohol) (PVA) y por otra, dos sistemas de 
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mezclas polímero/fármaco poniendo especial atención en mejorar su solubilidad y 

estabilidad en el tiempo, pudiendo reducir las cantidades de fármaco aplicados 

mejorando su eficiencia. 

Por su parte, los hidrogeles son materiales poliméricos con una estructura 

tridimensional capaces de atrapar grandes cantidades de agua. En este caso su base es 

el quitosano (CS), un biopolímero antimicrobiano estudiado por su gran variedad de 

propiedades beneficiosas para aplicaciones médicas, combinado con poli (vinyl alcohol) 

(PVA), también muy considerado para aplicaciones como apósitos de heridas o 

fabricación de nanopartículas. En estos hidrogeles la red tridimensional se forma a partir 

de interacciones físicas sin necesidad de agentes entrecruzantes, además de ser 

termosensibles con una temperatura de transición de 37°C, lo que les da la propiedad de 

ser inyectables. A pesar de las ventajas de esta combinación, sus propiedades mecánicas 

son insuficientes para soportar cargas que se pueden dar en el cuerpo humano, por lo 

que se ha optado por reforzarlos con partículas inorgánicas de vidrio bioactivo. Los 

hidrogeles resultantes han sido analizados experimentalmente mediante microscopía de 

barrido electrónico (SEM), difracción de rayos-X (XRD), pruebas de hinchamiento, 

reología y liberación de fármaco. Así, se ha comprobado que las propiedades mecánicas 

han sido mejoradas, además de aumentar su bioactividad con la formación de 

hidroxiapatita dentro del gel, pudiendo así mejorar la formación o regeneración de 

nuevo hueso tras una rotura. Todo esto, sin afectar a la cinética de liberación de 

fármaco del hidrogel, es decir, sin limitar sus ventajas iniciales (Capítulo 2). 

En cuanto a las mezclas polímero/fármaco, el mayor objetivo ha sido el de buscar 

mezclas miscibles para poder mantener los fármacos cristalinos en estado amorfo, 

formando así dispersiones sólidas amorfas (ASD). Tras haber realizado una criba tanto 

teórica como experimental, los sistemas seleccionados han sido poli (ε-

caprolactona)/xanthohumol (PCL/XH) y poli (ε-caprolactona)/ácido micofenólico 

(PCL/MPA). En ambos casos lo primero ha sido estudiar la miscibilidad entre polímero y 

fármaco analizando la temperatura de transición vítrea (Tg) de diferentes 

composiciones, buscando una Tg única intermedia entre aquellas del polímero y del 

fármaco, para después buscar el parámetro de interacción de Flory-Huggins para cada 

mezcla mediante el estudio de la depresión del punto de fusión del fármaco. Ambas 
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pruebas han sido favorables para confirmar la miscibilidad entre polímero y fármaco en 

los dos casos. Además, se han podido observar nuevas interacciones entre los dos 

componentes mediante espectroscopía infrarroja por transformada de Fourier (FTIR) 

para ambas mezclas (Capítulo 3). 

Tras la confirmación inicial, en las mezclas PCL/XH se ha querido ir más allá utilizando 

análisis de difracción de rayos-X y obteniendo imágenes AFM (Microscopía de Fuerza 

Atómica) de diferentes composiciones para poder observar las variaciones de la 

morfología cristalina con la composición. Además, se ha podido estudiar cómo cambia el 

comportamiento mecánico a tracción de las mezclas dependiendo del % de 

xanthohumol añadido, realizando pruebas de tracción. En cuanto a las mezclas 

PCL/MPA, el trabajo se ha enfocado más al estudio de sus propiedades in vitro. Por una 

parte, las mediciones de liberación de fármaco mostraron que estas mezclas pueden 

llegar a liberar un mínimo del 70% de fármaco en tres días. Por otra parte, mediante 

ensayos celulares in vitro, se confirmó que de esta forma el MPA sigue siendo activo 

contra células cancerígenas, sin llegar a afectar a células sanas (Capítulo 3). 

En resumen, en este trabajo se han podido estudiar diferentes estrategias para hacer 

frente al problema de grandes dimensiones que resulta la resistencia de las bacterias a 

los antibióticos más comúnmente utilizados, aplicándolos en diferentes sistemas que 

podrían ser de gran utilidad para otros tipos de patologías. Es importante destacar que 

aunque aquí se hayan estudiado solamente tres sistemas diferentes, existe una infinidad 

de combinaciones entre polímeros, fármacos y refuerzos, lo que destaca la necesidad de 

ampliar las miras con respecto a la utilización de otro tipo de agentes activos y las 

formas de aplicación a los que estamos habitualmente acostumbrados.  
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LABURPENA 

Gizarte honek antibiotikoei ematen dien erabilera txarraren ondorioz, agente 

antimikrobianoekiko erresistentzia altua erakusten duten patogenoak bakoitzean 

gehiago dira. Arazo hau dela eta, gaur egun erabiltzen ditugun antibiotikoetan 

eraginkortasun galera handia ikusi daiteke. Gainera, antibiotiko berriak bilatzean egon 

den arrakasta baxua kontuan izanda, sahiestu daitezkeen infekzio hilgarrien intzidentzia 

geroz eta handiagoa da. Etorkizunera begira, hamarkada batzuetan infekzio hauek 

minbizia baino heriotza-kausa handiagoa bihurtu daitezkeela ikusita, beharrezkoa da 

bakoitzean indartsuagoak diren mikroorganismoei aurre egiteko sistema berriak 

garatzea. 

Gorputzean aplikatu daitezkeen polímero biodegradakor eta farmako ezberdinen arteko 

nahasketetan oinarritutako estrategiak protagonismo handia hartzen ari dira, hidrogel, 

azalera edo estaldura, edo nanopartikula eta nanokapsula formako nanosistemak, 

besteak beste. Gainera, beste sistema batzuen bidez dagoeneko existitzen diren 

antibiotikoak kontzentrazio txikiagoetan aplikatzeaz gain, beste agente aktibo batzuen 

erabilera ere ikertzen da. Alde batetik, landare jatorriko konposatuak, naturan ahalmen 

antimikrobianoak eta antioxidanteak izateaz gain, medikuntza txinatar edo andinoan oso 

erabiliak izan direnak. Nahiz eta hauenganako nahiko eszeptizismo egon, gehiago ikertu 

ondoren osasunarentzako onuragarriak diren propietate gehiago aurkitu zaizkie, 

medikuntzaren aliatu handiak izateko aukerak erakutsiz. Beste alde batetik, metalen 

oxido eta nanopartikula metalikoak, hauek ere antzinako garaietatik erabiliak, bakteriak 

eliminatzeko edo eta antibiotikoei erresistenteak diren biofilmen formazioa etetzeko gai 

dira. Hala ere, zalantza asko daude konposatu hauen inguruan, ezinezkoa baita hauen 

toxizitatea eta beraien erabilerak ingurumenean eragin ditzakeen kalteak baztertzea (1. 

Kapitulua). 

Tesi honetan, propietate antimikrobianoak dituzten polimero/farmako sistema 

ezberdinak bilatu dira, infekzio bakterianoen aurkako eraginaz gain beste propietate 

onuragarri batzuk izateko gai izan daitezkeenak. Bi kapitulutan banatuta, alde batetik 

kitosano (CS) eta poli (binil alkohol)ean (PVA) oinarritutako hidrogelak aztertu dira, eta 

beste alde batetik, bi polimero/farmako nahaste sistema ezberdin, hauen solubilitatea 
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eta denboran zehar izango duen egonkortasuna hobetu nahian, farmako gutxiago 

erabiliz bere efizientzia hobetuz. 

Hidrogelak ur kantitate handia xurgatzeko gai diren material polimerikoak dira, hiru 

dimentsioko egitura batez osatuak. Kasu honetan bere oinarria kitosanoa (CS) da, 

aplikazio medikuetarako propietate egokiak izateagatik asko ikertzen den biopolimero 

antimikrobiano bat, poli (binil alkohola)rekin (PVA) konbinatuta, hau ere oso erabilia 

izanik zaurientzako apositu edo nanopartikulen fabrikazioan. Hidrogel hauetan hiru 

dimentsioko sarea elkar-ekintza fisikoei esker eratzen da, inongo erretikulazio-osagairik 

erabili gabe. Gainera, termosentikorrak dira 37°Cko trantsizio tenperaturarekin, honi 

esker injektagarriak izanik. Naiz eta konbinazio honek abantaila asko izan, bere 

propietate mekanikoak ez dira nahikoa gorputzean jasan daitezkeen kargei aurre 

egiteko. Honegatik, beira bioaktibozko partikula inorganikoak errefortzu modura 

erabiltzea erabaki da. Hidrogel erresultanteak ekorketa elektronikoko mikroskopia 

(SEM), X-izpien difrakzioa (XRD), puzte proba, erreologia eta farmakoen liberazioa 

erabiliz aztertu dira esperimentalki. Horrela, propietate mekanikoak hobetu direla eta 

hidrogelaren barruko hidroxiapatitaren formazioarekin hezurren formazio edo 

regenerazioa hobetu daitekeela ikusi da. Guzti hau, farmakoaren liberazio zinetikan 

eraginik izan gabe, hau da, bere hasierako abantailak mugatu gabe (2. Kapitulua). 

Polimero/farmako nahasteei dagokionez, helburu nagusia sistema nahasgarriak 

aurkitzea izan da, farmako kristalinoak egoera amorfoan mantendu ahal izateko, 

dispertsio solido amorfoak (ASD) eratuz. Hasierako hautaketa teoriko eta esperimental 

baten ondoren bi sistema aukeratu dira: poli (ε-kaprolaktona)/xanthohumol (PCL/XH) 

eta poli (ε-kaprolaktona)/azido mikofenolikoa (PCL/MPA). Kasu bietan lehen pausoa 

polimero eta farmakoaren arteko nahasgarritasuna aztertzea izan da. Lehenengo 

konposizio desberdinen beira trantsizio temperatura (Tg) aztertu da, polimero eta 

farmakoaren Tg bien arteko erdiko Tg bakarra bilatuz, ondoren nahaste bakoitzaren Flory-

Huggins interakzio parametroa kalkulatzeko, farmakoaren urtze tenperaturaren 

depresioa aztertuz. Proba biak aldekoak izan dira nahasgarritasuna baieztatzeko sistema 

bietan. Gainera, Fourier transformatuaren espektroskopia infragorria (FTIR) erabiliz 

nahaste bietan konposatu bien arteko interakzioak ikusi dira (3. Kapitulua). 
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Lehen baieztapenaren ondoren, PCL/XH sisteman nahasgarritasun hau gehiago aztertu 

nahi izan da. Horretarako X-izpien difrakzioa eta indar atomikoen mikroskopia (AFM) 

erabili dira, konposizioaren arabera eman daitezkeen kristalinitatearen aldaketa 

morfologikoak ikusteko. Gainera, gehitutako xanthohumol portzentaiaren arabera 

nahasteen trakzioarekiko portaera mekanikoa nola aldatzen den ikusi ahal izan da, 

trakzio saiakuntzak eginez. PCL/MPA nahasketei dagokienez, lana gehiago bideratu da 

bere in vitro propietateetara. Alde batetik, farmako liberazioen neurketekin nahasketa 

hauetan hiru egunetan gutxienez farmakoaren %70a askatu daitekeela ikusi da. Beste 

alde batetik, zelulekin egindako in vitro saiakerei esker, MPAk minbizi zelulen aurka 

erabilgarria izaten jarraitzen duela ikusi da, zelula osasuntsuei kalterik eragin gabe (3. 

Kapitulua). 

Laburbilduz, lan honetan bakteriek gehien erabilitako antibiotikoenganako garatu duten 

erresistentziak suposatzen duen arazo handiari aurre egiteko estrategia desberdinak 

aztertu dira, beste patologia mota batzuentzat ere erabilgarriak izan daitezkeen 

sistemetan aplikatuz. Hemen bakarrik hiru sistema ezberdin aztertu dira, baina 

garrantzitsua da polimero, farmako eta errefortzuen artean konbinazio infinituak sortu 

daitezkeela azpimarratzea. Hau kontuan izanda, beharrezkoa da erabiltzera ohituta 

gauden aplikazio mota eta farmakoez gain, beste sistema eta agente aktiboen erabilerari 

aukera ematea. 

 

 

 

 

 

 



xviii 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

19 
 

CONTENIDO 
ACKNOWLEDGEMENTS .............................................................................................. iii 

AGRADECIMIENTOS ............................................................................................................. v 

ESKER ONAK ....................................................................................................................... vii 

ABSTRACT .................................................................................................................. ix 

RESUMEN ........................................................................................................................... xii 

LABURPENA ........................................................................................................................ xv 

CHAPTER 1. INTRODUCTION. NEW POLYMER-BASED STRATEGIES TO COMBAT 

ANTIMICROBIAL RESISTANCE: A REVIEW ................................................................... 23 

1.1. INTRODUCTION ....................................................................................................... 25 

1.2. ANTIBACTERIAL COMPOUNDS ................................................................................ 28 

1.2.1. Antibiotics .................................................................................................... 29 

1.2.2. Metal oxides and metal nanoparticles ........................................................ 31 

1.2.3. Plant-derived compounds ............................................................................ 35 

1.3. POLYMER BASED STRATEGIES ................................................................................. 38 

1.3.1. Polymeric nanosystems ............................................................................... 39 

1.3.2. Antimicrobial surfaces and coatings ............................................................ 42 

1.3.3. Chitosan based hydrogels ............................................................................ 45 

1.4. CONCLUSIONS ......................................................................................................... 49 

1.5. REFERENCES ............................................................................................................ 50 

CHAPTER 2. NOVEL HYDROGELS OF CHITOSAN AND POLY(VINYL ALCOHOL) 

REINFORCED WITH INORGANIC PARTICLES OF BIOACTIVE GLASS ............................... 69 

2.1. INTRODUCTION ....................................................................................................... 71 

2.2. Experimental section ............................................................................................... 73 

2.2.1. Materials ...................................................................................................... 73 



20 
 

2.2.2. Preparation of chitosan/PVA hydrogels ...................................................... 73 

2.2.3. Swelling properties ...................................................................................... 74 

2.2.4. Rheological measurements .......................................................................... 74 

2.2.5. Bioactivity studies ........................................................................................ 75 

2.2.6. Drug release ................................................................................................. 75 

2.2.7. Statistical analysis ........................................................................................ 76 

2.3. RESULTS AND DISCUSSION ...................................................................................... 76 

2.3.1. Gel formation ............................................................................................... 76 

2.3.2. Effect of the chitosan concentration and bioactive glass content on the 

swelling and rheological properties ........................................................................... 77 

2.3.3. Determination of the bioactivity ................................................................. 80 

2.3.4. Study of the kinetics of release of a model drug ......................................... 84 

2.4. CONCLUSIONS ......................................................................................................... 86 

2.5. REFERENCES ............................................................................................................ 87 

CHAPTER 3. POLY(ε-CAPROLACTONE) BASED POLYMER/DRUG AMORPHOUS SOLID 

DISPERSIONS ............................................................................................................. 93 

3a. INTRODUCTION AND MISCIBILITY PREDICTION ................................................ 95 

3a.1. INTRODUCTION ............................................................................................... 97 

3a.2. MISCIBILITY PREDICTION: INTERMEDIATE GLASS TRANSITION 

TEMPERATURE.. ............................................................................................................. 99 

3a.3. MISCIBILITY PREDICTION: BAGLEY PLOTS ..................................................... 103 

3a.4. REFERENCES ................................................................................................... 111 

3b. AMORPHOUS SOLID DISPERSIONS IN POLY (ε-CAPROLACTONE)/XANTHOHUMOL 

BIOACTIVE BLENDS: PHYSICOCHEMICAL AND MECHANICAL CHARACTERIZATION ..... 115 

3b.1. INTRODUCTION ............................................................................................. 117 

3b.2. EXPERIMENTAL SECTION ............................................................................... 120 

3b.2.1. Starting materials ................................................................................... 120 



 

21 
 

3b.2.2. Blend preparation .................................................................................. 120 

3b.2.3. Differential Scanning Calorimetry (DSC) ................................................ 121 

3b.2.4. Melting Point Depression ....................................................................... 121 

3b.2.5. Fourier Transform Infrared Spectroscopy (FTIR) ................................... 121 

3b.2.6. Atomic Force Spectroscopy (AFM) ......................................................... 121 

3b.2.7. X-ray Diffraction (XRD) ........................................................................... 122 

3b.2.8. Tensile tests ............................................................................................ 122 

3b.2.9. In Vitro Release Studies (UV-Vis) ........................................................... 122 

3b.3. RESULTS AND DISCUSSION ............................................................................ 123 

3b.3.1. Miscibility analysis by DSC according to single glass transition 

criterion…… ............................................................................................................... 123 

3b.3.2. Melting Point Depression Analysis ......................................................... 125 

3b.3.3. FTIR analysis of PCL/XH blends .............................................................. 128 

3b.3.4. Crystallization Behavior Based on the X-ray Diffraction Analysis .......... 130 

3b.3.5. AFM Analysis .......................................................................................... 131 

3b.3.6. Tensile Behavior ..................................................................................... 133 

3b.3.7. Drug Release Behavior ........................................................................... 136 

3b.4. CONCLUSIONS................................................................................................ 137 

3b.5. REFERENCES ................................................................................................... 138 

3c. MISCIBILITY, INTERACTIONS AND POSSIBLE ANTI-CANCER ACTIVITY OF POLY(ε-

CAPROLACTONE)/MYCOPHENOLIC ACID BLENDS..................................................... 147 

3c.1. INTRODUCTION ............................................................................................. 149 

3c.2. EXPERIMENTAL SECTION ............................................................................... 151 

3c.2.1. Starting Materials....................................................................................... 152 

3c.2.2. Blend Preparation ...................................................................................... 152 

3c.2.3. Differential Scanning Calorimetry (DSC) .................................................... 152 



22 
 

3c.2.4. Melting Point Depression Analysis. ........................................................... 152 

3c.2.5. Fourier Transform Infrared Spectroscopy (FTIR). ...................................... 152 

3c.2.6. In vitro drug release. .................................................................................. 152 

3c.2.7. In vitro cell culture experiments. ............................................................... 153 

3c.2.8. Immunostaining. ........................................................................................ 154 

3c.2.9. Statistical Analysis. ..................................................................................... 154 

3c.3. RESULTS AND DISCUSSION ............................................................................ 154 

3c.3.1. Miscibility analysis by Differential Scanning Calorimetry (DSC). ............... 154 

3c.3.2. Melting point depression analysis. ............................................................ 158 

3c.3.3. Fourier Transform Infrared Spectroscopy (FTIR). ...................................... 160 

3c.3.4. In vitro drug release. .................................................................................. 163 

3c.3.5. Cell viability with HeLa immortalized cancer cells. .................................... 165 

3c.3.6. Cell viability with fibroblasts. ..................................................................... 166 

3c.4. CONCLUSIONS................................................................................................ 168 

3c.5. REFERENCES ................................................................................................... 169 

GENERAL CONCLUSIONS .......................................................................................... 177 

APPENDIX................................................................................................................ 189 

A1. LIST OF FIGURES ..................................................................................................... 191 

A2. LIST OF TABLES ....................................................................................................... 195 

A3. ABBREVIATIONS AND SYMBOLS ............................................................................ 197 

A4. LIST OF PUBLICATIONS AND CONGRESSES ............................................................ 202 

 

 

 

 



 

23 
 

 

 

 

 

 

 

1. CHAPTER 1. INTRODUCTION. NEW 

POLYMER-BASED STRATEGIES TO COMBAT 

ANTIMICROBIAL RESISTANCE: A REVIEW 

 

 

 

 

 

 

 

 

 

 

 

 

 



24 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 1. Introduction of new polymer based strategies to combat antimicrobial resistance: A review 

25 
 

ABSTRACT 

The rise in antimicrobial resistance (AMR) pathogens is growing, while the efficacy of 

traditional use of antibiotics is declining. This translates into a major health problem, 

with a catastrophic future view. To cope with this situation, the use of different types of 

antibacterial agents is studied, being able to increase their effectiveness with polymers. 

This review shows new approaches to strategies to avoid bacterial infections, making 

use of agents such as classic antibiotics, plant-derived compounds or metallic 

nanoparticles, combining them with polymers in the form of nanosystems such as 

particles, surfaces or coatings, or hydrogels. The use of these new systems, mainly 

incorporated in implantable devices or in contact with the human body such as 

prostheses, catheters or wound healing patches, may present a future with a lower risk 

of infections, avoiding becoming a cause of death greater than cancer. 

1.1. INTRODUCTION 

Bacterial infections have become a huge risk for the well-being of hospitalized patients, 

especially for the ones who undergo surgical procedures or invasive medical devices.  

Urinary tract infections being the most common, there are more dangerous infections as 

ventilator-associated pneumonia or catheter-associated bloodstream infection [1], 

[2].The concern about these infections has grown as different pathogens have become 

extremely resistant to antimicrobial agents [3], [4]. The misuse and abuse of antibiotics 

is the main responsible of this situation, which is increased due to the ease to travel and 

the exchange of goods all around the world. In addition, in the recent years there has 

not been much progress in the development of new antibiotics [5], [6].  

The principal consequence of the antimicrobial resistance (AMR) is the human suffering 

and lost, followed by a high economical cost. Patients that are affected by these 

pathogens with AMR have more probabilities of spending longer times in hospital and 

higher mortality rates than those infected with more susceptible bacterial strains [7], 

[8]. 

Among these dangerous bacteria, ESKAPE pathogens (Enterococcus faecium, 

Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumanii, Pseudomonas 

aeruginosa and Enterobacter species) are the major cause of nosocomial infections [9].  
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Over time, ESKAPE bugs have become such resistant and virulent bacteria, that they 

have been considered critical and a high priority by the World Health Organization. It is 

evident that this priority is mainly due to the high mortality caused by these pathogens, 

but there is still more: understanding the functioning of these bugs, any type of bacteria 

could be faced, since their resistance, pathogenesis and transmission mechanisms would 

be known [10], [11]. As for resistance mechanisms, different processes can be found: 

enzymatic inactivation, changes in cell permeability, modification of drug targets or the 

formation of biofilms, among others [12]. 

Biofilms are responsible for a large part of infections caused by medical devices, and 

may be the cause of between 65-70% of them [13]. These biofilms are the result of a 

process by which harmful microorganisms and their subproducts adhere to the surfaces, 

creating a layer. The formation of these biofilms is a complicated process that involves 

many steps, in addition to forming different structures depending on the species and the 

environment that surrounds them [14]. Still, four main phases that can be seen in Figure 

1.1. can be distinguished: (i) reversible attachment, (ii) irreversible attachment, (iii) 

development and (iv) maturation and dispersion [13], [15]. 

 

Figure 1. 1. Main stages of biofilm formation: 1) reversible attachment, 2) irreversible attachment, 3) biofilm 
development and 4) maturation and dispersion [13] 

To form the biofilm, the microorganisms begin to settle on the surface using their 

flagella, forming a reversible attachment. The forces that bind them to the surface are 
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weak, making them still relatively easy to remove. Changes in bacteria population 

density cause the production of signalling molecules, called autoinducers. Thanks to 

these autoinducers, bacteria can detect bacterial density through quorum sensing (QS) 

ability. Upon reaching the density threshold, an alteration in gene expression is caused, 

taking way to irreversible attachment [16], [17].   

After a change in RNA transcription, secretion of EPM starts, an extracellular polymeric 

matrix composed by polysaccharides, proteins and nucleic acids, which will give 

structural support to the biofilm [18]. At the same time, the individual bacteria will form 

small aggregates in the form of microcolonies, which will be encapsulated in the matrix. 

These microcolonies will be dispersed between water channels, which will provide the 

bacteria with the necessary nutrients [19], [20]. In addition, EPM will protect them from 

antimicrobial agents, making them more resistant.  

At this point, planktonic bacteria have become a community of sessile bacteria, 

developing the biofilm. During biofilm maturation, some of the bacterial microcolonies 

find difficulties obtaining nutrients, due to their position far from the water channels. 

This threatens their survival; therefore, they develop mechanisms such as dispersion 

[21], in which the bacteria detach from the biofilm, in order to nourish themselves and 

find another place to start to form another biofilm, thus closing the circle. 

This way of organizing allows bacteria to adapt better to any environment. Thus, they 

can resist any unfavourable condition or any attack they receive, such as treatment with 

antimicrobial agents, much easier. They are considerably stronger than their planktonic 

equivalents, which is a major problem in medical applications. 

As mentioned before, due to the antimicrobial resistance that these pathogens have 

acquired over the last decades, classic antibiotic treatments are ceasing to work. 

Furthermore, there has not been much progress in the development of new antibiotics, 

and even if there were, we would probably face the same problem of tolerance by 

bacteria after some years [22]. 

For this reason it is necessary to search for new alternatives, working in an 

interdisciplinary way. One of the options is to optimize the use of current antibiotics. As 

much of the blame for acquired resistance lies with overuse of these compounds, 
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increasing their effectiveness in smaller amounts would be a big step forward. Applying 

antibiotics in a localized way, with a controlled release, would help to reduce the 

necessary concentrations to act satisfactorily. Furthermore, by improving the solubility 

of these drugs, large amounts of antibiotics could be prevented from being lost by our 

organisms, and thus prevent bacteria from mutating to deal with these compounds. 

Many of the systems that are being studied to achieve these objectives consist of 

polymeric systems, either nanoparticles or nanocapsules, hydrogels, coatings or 

amorphous solid dispersions, among others. This review collects different techniques 

developed during the last years, divided into three main groups: (i) polymeric 

nanosystems, (ii) antimicrobial surfaces and coatings and (iii) chitosan-based hydrogels. 

However, before talking about systems, it must be said that antibiotics are not the only 

antimicrobial compounds. Apart from improving the bioavailability of antibiotics, 

another solution may be to opt for other antibacterial agents. For this reason, before 

polymeric systems, different antimicrobial options will be presented, also divided into 

three groups: (i) antibiotics, (ii) metal oxides and metal nanoparticles and (iii) plant-

derived compounds. 

1.2. ANTIBACTERIAL COMPOUNDS 

Antibacterial compounds are antimicrobial agents that are capable of preventing or 

eliminating infections caused by bacteria, either by inhibiting or slowing their formation 

of development (bacteriostatic) or by killing them (bactericides). It is clear that in 

modern medicine the best known and used antibacterials are antibiotics, which will be 

discussed later. However, its effectiveness is decreasing, so it is time to look at other 

types of compounds. For example, metals have been used as antibacterials since ancient 

times, until penicillin was discovered by Sir Alexander Fleming in 1928 [23]. From sutures 

to treatments for leprosy of tuberculosis, different metals such as silver or copper have 

shown great value for medical applications [24]. Furthermore, humans have benefited 

from the healing properties of plants since prehistoric times. However, although there 

are a large number of plant-derived drugs on the market, they are not used as 

antibacterials, even if there is evidence that they work as such [25]. 
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1.2.1. Antibiotics 

According to Webster’s Third International Dictionary (1981), an antibiotic is defined as 

“a substance produced by a microorganism and in dilute solution having the capacity to 

inhibit the growth of or kill another microorganism”. These small molecules can be of 

natural origin, synthetic or semi-synthetic, and depending on the type, they act against 

gram-negative bacteria, gram-positive bacteria, or both. It must be said that small 

molecules produced by microorganisms are not automatically antibiotics, since to act as 

such, concentrations that are not probable in nature are required, and this is achieved in 

laboratories [26]. 

Antibiotics, in addition to bactericides of bacteriostatics, can be classified according to 

their mechanisms of action. These are complex processes caused by the physical 

interaction between the drug and its target, which triggers harmful changes for the 

bacteria. Fluoroquinolones cause an inhibition of DNA synthesis, which causes 

bacteriostasis, leading to cell death. Semi-synthetic antibiotics of the ripamycin class 

also kill bacteria, inhibiting RNA synthesis, impariring the metabolism of prokaryotic 

nucleic acids. β-lactams and glycopeptides cause cell lysis, since they inhibit the 

synthesis of cell walls, causing a change in shape and size, and therefore celular stress. 

Finally, there are other families of antibiotics that inhibit protein synthesis, by 

suppressing the two ribonucleoprotein subunits that constitute the ribosome (50S and 

30S). On the one hand, macrolides, lincosamides, amphenicols, oxazolidinones and 

streptogramins inhibit the 50S ribosome, while aminocyclitols and tetracyclines act on 

30S [27]. 

Almost all of the antibiotics shown in Table 1.1. fight bacteria that are resistant to them. 

For this reason, new antibiotics are needed [28]. However, nowadays almost all 

infections can be cured with existing drugs, so researching new antibiotics is not 

profitable. There will come a time when we cannot fight different pathogens with 

current antibiotics, so it is necessary to investigate other systems to apply these same 

antibacterial drugs more effectively.  
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Table 1. 1. List of antibiotics according to their killing mechanisms. 

Killing mechanism Drug  Species range  

 

DNA SYNTHESIS 

INHIBITIOR 

 

 

Fluoroquinolones   

          Ciprofloxacin GP/GN [29] 

          Levofloxacin GP/GN/An [30] 

          Moxifloxacin GP/GN/An [31], [32] 

          Gatifloxacin GP/GN/An [32] 

RNA SYNTHESIS 

INHIBITORS 

Rifamicyns   

          Rifampicin GP/GN [33] 

 

CELL WALL SYNTHESIS 

INHIBITORS 

Β-Lactams   

Penicillins   

          Penicillin G GP/GN/An [34] 

          Oxacillin GP [35] 

          Dicloxacillin GP [36] 

          Ampicillin GP/GN/An [37] 

          Amoxicillin GP/GN/An [38] 

          Carbenicillin GN [39] 

          Mezlocillin GP/GN/An [40] 

Cephalosphorins   

          Cefazolin GP/GN [41] 

          Cefaclor GP/GN [42] 

          Cefepime GP/GN [43] 

Carbapenems   

          Ertapenem GP/GN/An [44] 

          Imipenem GP/GN/An [45] 

          Meropenem GP/GN/An [46] 

Glicopeptides   

          Vancomycin GP/An [47] 

 

PROTEIN SYNTHESIS 

INHIBITORS 

50S   

Macrolides   

          Erithromycin GP/GN [48] 

          Azithromycin GP [48] 

          Clarithromycin GP/GN [48] 

Amphenicols   

          Chloramphenicol GP/GN [49] 

Lincosamides   

          Clindamicyn  GP/An [49], [50] 

          Lincomycin GP/An [50] 

Streptogramins   

          Pristinamycin GP [51] 
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          Quinupristin GP/GN/An [52] 

30S   

Tetracyclines   

          Tetracycline GP/GN [53], [54] 

          Doxycicline GP/GN [53], [54] 

Aminoglycosides   

          Streptomycin GP/GN [55] 

          Neomycin GP/GN [56], [57] 

          Hygromycin B GP/GN [57] 

          Gentamicin GP/GN [58] 

          Verdamicin GP/GN [59] 

 

It is important when working on antibiotics for the future, to be able to increase 

bioavailability and optimize localized release so that there is no unnecessary antibiotic 

left that can affect other parts of the body (as occurs with the “good bacteria” in the 

digestive system, causing antibiotic-associated diarrhea). In addition, it would be 

necessary to take into account what freedom of use the patient would have over the 

treatment. As has been mentioned, the irresponsibility of the users themselves is one of 

the great causes of bacterial resistance. Therefore, systems that only doctors can apply 

should be developed, systems over which the patient has no responsibility or power of 

management, so that the professional can control that the drug is not misused. 

1.2.2. Metal oxides and metal nanoparticles 

As mentioned before, metals have been used as antibacterial since ancient times. Today 

they are still used in medicine, being able to interrupt the formation of antibiotic 

resistant biofilms. Nowadays, the use of these metals in the form of nanoparticles is 

being studied, since by having a smaller size and a greater surface to volume ratio, the 

bactericidal effect is not only due to the release of metal ions, but also the interaction of 

nanoparticles with microbial membranes, thus causing greater cell death [60]. 

There are metals such as Cu, Ag of Hg that can cause the death of most bacteria, without 

the need to use large concentrations [24]. Regarding the passive antimicrobial 

mechanisms of these elements, it is difficult to classify them individually. Due to this 

problem, Cheeseman et al. proposed three different categories (Figure 1.2.): (i) physical 
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interactions, (ii) ion leaching/dissolution, and (iii) production of reactive oxygen species 

(ROS) [61]. 

 

Figure 1. 2. Diagram representing the range of passive antimicrobial mechanisms of metal nanomaterials: physical 
interactions, realease of ions and production of ROS [61]. 

In this section, commonly used metal oxides and metal nanoparticles are mentioned, as 

well as a brief explanation of their antimicrobial mechanisms.  

1.2.2.1. Silver 

Despite being inert in the metallic state, ionized silver is highly reactive, being able to 

inhibit the replication of bacteria, and cause cell death [62]. Silver nanoparticles are 

effective against bacteria such as Escherichia coli, Staphylococcus aureus, Staphylococcus 

epidermis, Bacillus subtilis, Klebsiella mobilis, Klebsiella pneumonia or Leucconostoc 

mesentedamientos. Of course, the different species of bacteria, which can be gram-

positive or gram-negative, show differences in their membrane structures, with the 

antimicrobial effect of the Ag particles being different in each case [63] 
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Although contradictions are found, the most commonly proposed mechanisms of 

toxicity are three. On the one hand, uptake of free silver ions followed by disruption of 

ATP production and DNA replication. On the other hand, the excess production of free 

radicals caused by the reactions with oxygen catalyzed by the nanoparticles. Lastly, 

direct damage to cell membranes, due to the penetration of silver nanoparticles into the 

cell. This is believed to be due to the interaction caused by the electrostatic attraction of 

negatively charged cell membranes, and positively charged nanoparticles [64]. However, 

a study by Sondi and Salopek-Sondi [65] caused confusion by noting that negatively 

charged silver particles were also bactericidal. It seems that even with a negative charge, 

they can cause structural changes and cell death by interacting in some way with the 

membranes of bacteria, having observed the formation of “pits” on their surfaces. 

It is worth mentioning that some recent studies such as those performed by Khan et al. 

and Chand et al. have managed to biosynthesize silver nanoparticles from the bacterial 

strain Bacillus sp. (MB353) and Acacia catechu extract, respectively [66], [67]. By using 

these methods, a more economical and environmentally friendly synthesis is achieved. 

1.2.2.2. Zinc oxide 

Zinc oxide in nanoparticle form is part of the group of elements with antibacterial 

effects. It is non-toxic to human cells, since it is an essential inorganic element[68]. 

These nanoparticles are toxic to a wide spectrum of bacteria, both Gram-positive and 

Gram-negative. But the bactericidal mechanisms are still not entirely clear, since there 

are different causes such as cell death due to the generation of intracellular ROS, 

damage to cell walls caused by the adhesion of nanoparticles to the cell membrane or 

due to the release of Zn2+ ions, or even by the internalization of nanoparticles [69], [70]. 

The fact that different mechanisms arise could be owing to the possibility of changes in 

the physicochemical properties of the nanoparticles and of the dissolved zinc due to the 

medium in which they are found [71]. 

The advantages shown by zinc oxide nanoparticles are various, but it has been 

appreciated that both their production and application can be ecologically problematic. 

For this reason, some studies have resorted to the biosynthesis of these nanoparticles - 

which have been found to have greater biocidal activity when compared to chemical 
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ZnO - such as Gunalan et al., biosynthesizing them using plants such as Aloe vera [72] or 

Naseer et al. who have done the same using extracts of the medicinal plants Cassia 

fistula and Melia azedarach [73]. 

1.2.2.3. Copper 

With more than thirty types of copper-containing proteins, this metal is an essential 

element for the survival of most living organisms [74]. In fact, for humans, a copper 

deficiency can cause diseases such as anaemia, neutropenia and bone abnormalities 

[75]. 

Copper has attracted attention due to its accessibility. It is an element with a lower cost 

than gold or silver, despite sharing its antibacterial properties. Copper or copper oxide 

nanoparticles have the capacity to deal with both Gram-negative and Gram-positive 

bacterial strains, their activity being dependent on the particle size. However, it is not 

known with certainty if the antibacterial effectiveness depends on the nanoparticles, or 

on the Cu2+ ions that it releases [76]. 

As with silver and zinc, the chemical process to obtain the nanoparticles is an 

environmental problem. But in this case, another limitation of copper must be added, 

which is its rapid oxidation when exposed to air. Therefore, it has also been proposed to 

use plant extract in a green synthesis to stabilize the nanoparticles [77]. For example, 

Asghar et al. concluded that copper nanoparticles could be synthesized using extracts of 

leaves o E. camaldulensis, A. indica, M. koenigii, A. marina, R. rubiginosa or D. 

stramonium [78]. 

1.2.2.4. Others 

Apart from those previously discussed, more metals with antibacterial properties in the 

form of nanoparticles have been proposed, such as titanium oxide (TiO2), gold (Au), silica 

(SiO2), or magnesium oxide (MgO), among others [79]–[82]. 

In addition to having several possible elements, the antimicrobial activity of each one of 

them depends on factors such as physicochemical characteristics or morphology [83]. 

Therefore, there is a wide range of possibilities in the use of metallic nanoparticles. 
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Although metal particles offer many interesting options, it is often mentioned that their 

production can be harmful to the environment. This damage could be assumed if it were 

for some specific cases, but if we reached a point where the use of this type of particles 

was normalized, it could become unacceptable. As a solution, it is proposed to 

synthesize these particles from natural extracts, which will be discussed in the next part. 

However, if the absolute efficacy of these plant extracts were to be demonstrated, the 

question arises whether it would not make more sense to cover everything possible with 

them and use the metallic particles for very specific applications. 

1.2.3. Plant-derived compounds 

Throughout history, the healing capacity of plants has been trusted, in the form of 

infusions, plasters or even as a part of the diet. This type of remedy can be found in any 

culture, with traditional Chinese or Andean medicine as important examples. However, 

there has always been certain scepticism towards the use of these plants, since they 

have also been linked to magic during history. But leaving this aside, science has been 

investigating how these natural compounds act. Their antioxidant and antimicrobial 

properties have been studies above all, given the possibility of being one of the solutions 

to the acquired resistance of bacteria against antibiotics [25], [84]. 

Currently, research goes beyond knowing the beneficial properties of plants. Studies 

have become more specific, determining which plants or which active principles of these 

plants can attack specific microorganisms, in order to isolate them and apply them 

directly, either alone or with antibiotics, in order to increase their potency. The aromatic 

substances synthesized by plants can be divided into various groups such as alkaloids, 

terpenoids, essential oils, lectins… but those that show the greatest chemical activity are 

phenolic substances (Figure 1.3.), acting mainly against Gram-negative bacteria. 

1.2.3.1. Phenolics and polyphenols 

Polyphenols are secondary metabolites produced by plants, whose molecular structures 

are characterized by having one or more phenolic rings. They have several beneficial 

properties for the human body, such as antioxidant, anti-inflammatory, anti-cancer or 

antimicrobial properties, among others. More than 8000 phenolic substances are 

known, which range from simple molecules (e.g., phenolic acids) to highly polymerized 
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compounds (e.g., tannins). Due to this great variety, polyphenols are divided into two 

main groups based on their chemical structures: flavonoids and non-flavonoids [85], 

[86]. 

 

 

Figure 1. 3. Simple phenol structure. 

  

1.2.3.1.1. Flavonoids 

Flavonoids are compounds that can be found in plants, such as vegetables, fruits, 

flowers… even in tea and honey. They are formed from the aromatic amino acids 

phenylalanine and tyrosine and have three rings (C6-C3-C6), called A, B and C, with a total 

of 15 carbon atoms. There are several subfamilies of flavonoids, and each type differs in 

the level of oxidation and the substitution pattern of the C ring (Figure 1.4.). These 

families of flavonoids include flavones, isoflavones, flavon-3-ols (or catechins), among 

others, depending on the level of oxidation on the mentioned ring. On the other hand, 

the substitution patterns of rings A and B are those that define the compounds 

individually [87], [88]. 

Several research groups have studied the in vitro activity of flavonoids obtained from 

plant extracts that have been used in history [89]–[96], and synergistic effects have even 

been observed between flavonoids and other antibacterial agents, dealing with resistant 

strains of bacteria [97]–[102]. The antibacterial mechanisms that these flavonoids may 

have are diverse, including inhibition of nucleic acid synthesis, inhibition of energy 

metabolism, or inhibition of cytoplasmic membrane function [103]. 
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Figure 1. 4. Structures of flavonoids. 

  

1.2.3.1.2. Non-flavonoids  

As mentioned before, there is another group formed by non-flavonoid metabolites. In 

this case, the basic structure of these compounds is a single aromatic ring. Although 

non-flavonoids show less effectiveness against bacteria than flavonoids, they are worth 

taking into account, since some of these compounds (i.e. gallic, caffeic and ferulic acids) 

have been found to be more effective than certain antibiotics (i.e. gentamicin, 

streptomycin) against both Gram-positive and Gram-negative bacteria [86]. 

Different subgroups are also divided among non-flavonoid metabolites. The most 

widespread and known are phenolic acids, which consist of simple molecules with a 

carboxylic acid group. These are divided into two subgroups: hydroxycinnamic acids (C6-

C3), the most common being p-hydroxybenzoic, protocatechuic, vanillic and syringic acid, 

and hydroxybenzoic acids (C6-C1), such as ferulic, p-coumaric, caffeic, or sinapic acid. 

Phenolic acids are capable of altering the physicochemical properties on the surfaces of 

bacteria, and their mechanisms of action can range from destabilizing the cytoplasmic 
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membrane of the bacteria, to altering microbial metabolism directly. Caffeic acid is 

considered one of the most important compounds [104]–[108].  

The second group is formed by stilbenes, characterized by having two aromatic rings 

joined by an ethylene moiety. They can be found in two different diastereoisomeric 

forms, the E-stilbenes (trans configuration), which are the most common, and the Z-

stilbenes (cis configuration) [109]. Furthermore, they can be present in monomeric or 

oligomeric form, resveratrol being one of the most representative monomers, in 

addition to forming the largest oligomeric groups, being able to polymerize between 2 

and 8 units [110]. Resveratrol became well known when it was associated with the 

benefits of moderate consumption of red wine, the so-called “French paradox” [111], 

[112]. Since then, it is one of the most studied natural products [113], including its 

antibacterial properties [114]–[116]. 

Despite its benefits, one of the biggest barriers that this type of compound can 

encounter is the scepticism that has been created around it. This opinion is partly 

justified, since many pseudosciences have been based on the power of plants to sell 

miracle cures. These types of products claim to be able to help you be happier, lose 

weight or cure diseases such as cancer, arthritis and even Alzheimer’s, among many 

other illnesses. However, it must be born in mind that what is used in scientific studies 

are the active agents of these plants, not the plant itself. Therefore, it is necessary to 

publicize the benefits of these compounds, to make proper use of the resources that 

nature offers us, and stop relating them to pseudoscience or scams. 

1.3. POLYMER BASED STRATEGIES 

As mentioned before, one of the main problems of antibiotics has been their excessive 

use. Apart from the abuse on our part, the high amounts used for the treatments have 

helped to create this resistance of the bacteria. Although other options are now open 

with plant-derived compounds, we still ignore if we could have the same problem in the 

future. Therefore, it is important to work on an approach aimed at reducing the dose of 

administered drug, improving its bioavailability, with more efficient treatments [117]. 

With this objective, the use of both synthetic and natural polymers presents a wide 

range of possibilities. On the one hand, some polymers are known to be capable of 
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acting as antimicrobial agents on their own [118]. On the other hand, polymeric systems 

can be created combined with bioactive substances, thus being able to improve the 

performance of these compounds, improving, for example, their solubility, controlled 

release or localized application, among other properties [119]. 

These systems can be both to prevent bacterial infections from the initial stages, and to 

act as biocides once the bacteria have adhered. For both approaches, different 

strategies based on polymeric materials can be designed, such as drug-loaded 

nanosystems, hydrogels, or modified surfaces. In the next section some of the options 

that have been studied recently are exposed. 

1.3.1. Polymeric nanosystems 

Most nanosystems consist of means of transporting antibacterial agents, so that they 

are released in the right place and at the right time. These systems, such as 

nanoparticles, polymersomes, nanocapsules or nanogels, among others, prevent the 

drug from being lost in the cleaning system of the body, being able to maintain 

therapeutic concentrations without having to introduce an excessive amount. 

Furthermore, it facilitates the arrival of the antibacterial agent to the area in need, being 

able to improve penetration through different tissue barriers [117]. In Figure 1.5., some 

antibacterial polymeric systems are shown, including antibiotic-containing polymeric 

nanosystems and intrinsic antibacterial polymer nanosystems. 

Some polymers, as mentioned above, have antibacterial properties without the need to 

add any active molecules. For example, Barman et al. describe self-assembled 

polyurethane capsules capable of acting against Gram-negative bacteria. In this study 

they observed the antibacterial capacities of amphiphilically segmented polyurethanes, 

PU-1 and PU-2, in which primary or secondary amino groups, respectively, had been 

placed in a flexible hydrophobic PU scaffold. A PU-3 was also synthesized without any 

amino group, and it was observed that the latter was not effective against Gram-

negative bacteria (in this case E. coli), while those that contained amino groups were. It 

should be added that none of the three caused any effect against Gram-positive bacteria 

(S.aureus) [120]. 
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Belbekhouche et al. also studied the antibacterial capacity of other polymers, in this case 

polysaccharides such as chitosan or alginate. Chitosan will be given greater prominence 

later in this same review, as it shows many interesting properties for medical 

applications. In this case, nanocapsules were manufactured using de LbL (Layer-by-

Layer) technique onto gold nanoparticles as a sacrificial matrix. Briefly, on this gold 

nanoparticles, the polycation (chitosan) was applied until they were completely covered, 

to after add a layer of polyanion (alginate), thus forming a single bilayer: 

(chitosan/alginate)n, where n is the number of bilayers applied. After forming the 

particles with the desired number of layers, the gold template was dissolved, in order to 

create empty capsules. The antibacterial activity of these capsules of different amounts 

of bilayers was studied in both Gram-positive (S.aureus) and Gram-negative (E.coli) 

bacteria. In addition, they also performed the same studies without having eliminated 

the gold template, that is, in the form of rigid particles. Results showed a similar effect in 

both strains: the more layers, the more bacterial growth inhibition, in addition to having 

a greater inhibitory effect in the form of flexible capsules, and not as rigid particles 

[121]. 

 

Figure 1. 5. Biodegradable antibacterial polymeric nanosystems in the forms of micelles, vesicles, nanogels, 
hyperbranched nanoclusters, and antibacterial polymer nanoparticles. Green dots represent the hydrophobic 

antibiotics, while the yellow dots represent hydrophilic ones. 
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However, as mentioned at the beginning of this section, the main objective of these 

nanosystems is to transport all kinds of drugs or active agents. Focusing on polymeric 

nanoparticles and nanocapsules, several examples of these combined systems can be 

seen, making use of natural or synthetic polymers, of varied active agents such as 

antibiotics, essential oils or even metals such as calcium or zinc. The use of the latter can 

be observed in the work of Toledano-Osorio et al. [122] , where nanoparticles (NP) 

whose main components are 2-hydroxyethyl methacrylate, ethylene glycol 

dimethacrylate and methacylic acid were tested with three types of antibacterial agents: 

the antibiotic doxycycline (DOX), and the metals (Ca) and zinc (Zn). Against bacteria such 

as P. gingivalis, S. mutans and L. lactis, calcium or zinc loaded NPs were found to be 

more effective than unloaded NPs. However, the ones that showed to be the most 

effective were those loaded with doxycycline. It is worth mentioning that the bacteria S. 

gordonii and S. sobrinus were the least susceptible to nanoparticles. 

Ong et al. [123] opted for the use of more natural components. The chitosan-propolis 

nanoparticles (CPNP) that were tested against S. epidermidis were prepared using 

Malaysian propolis, a natural product obtained from beehives. A significant decrease in 

bacteria in the biofilm could be seen due to the effect of CPNP, with a reduction of up to 

90%. It should be noted that in addition to eliminating bacteria in the formed biofilm, 

these nanoparticles showed the ability to inhibit the creation or growth of new biofilm. 

These CPNPs are a good example of the possibility of synergy that exists when 

combining different polymers and natural compounds with antibiotics. In this case, this 

phenomenon could be observed with antibiotics such as rifampicin, ciprofloxacin, 

vancomycin and doxycycline, being able to reduce the antibiotic dose by at least 4-fold. 

Another case in which a synergistic effect between a polymeric system and a drug can 

be suggested is that of starch nanocapsules (NC) loaded with fluoxetine (FLX). In this 

work by dos Santos et al. [124], NCs of crosslinked polymer shell with a hydrophylic core 

were obtained, with regular spherical structures and high drug loading capacity, using an 

interfacial polyaddition reaction. When applying these FLX-loaded NCs on resistant S. 

aureus, the required MIC values were found to be much lower than free-FLX. 

Continuing with nanocapsules, combining a natural essential oil with natural and 

synthetic polymers da Silva et al. [125] have tested chitosan (CS) and poly(ε-
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caprolactone) (PCL) nanocapsules (NC) loaded with tea tree oil (TTO) for the treatment 

of topical acne. PCL nanocapsules did not show any activity against C. acnes, and these 

NCs loaded with TTO maintained the same MIC values as those obtained for free-TTO. In 

contrast, when chitosan was added, a significant increase in activity against C. acnes was 

seen, with a x4 reduction in MIC. 

The antibacterial help of chitosan has also been observed in the work of Anversa et al. 

[126]. In this case, they encapsulated the antibiotic clarithromycin (CLARI) in PLGA 

nanocapsules, being able to reduce the number of intracellular S. aureus in vitro by 1000 

compared to the same dose of CLARI. By coating the particles with chitosan, it could be 

seen that the effect was even greater, due to the intracellular absorption caused by the 

cationic surface. 

These kinds of systems have also been proposed for veterinary medicine, as is the case 

in the work of Araújo et al [127]. Poly (ε-caprolactone) nanocapsules were loaded with 

the veterinary antibiotic cloxacillin benzathine, to confront bovine intramammary 

infections, such as S. aureus caused mastitis. This research resulted in a complete 

elimination of the pathogen after treatment, without any clinical signs of toxicity. 

The option of using polymeric nanosystems presents a great advantage when it comes 

to its application.  Due to their size, they have the chance of being injected, which could 

make it possible to direct them directly to the needed area without the need to use any 

invasive technique. In addition, especially in the case of nanocapsules, they can present 

a wide range of options. Once the capsules have been developed, they could be loaded 

with different active compounds, those that are needed at any given case. Due to these 

advantages, today they are one of the most attractive options for localized applications, 

with a wide variety of possible combinations. 

1.3.2. Antimicrobial surfaces and coatings 

The development of antibacterial surfaces is an advance that can reduce the use of 

antibiotics and even eliminate it. These surfaces, used mainly in implantable devices, but 

also in external devices in contact with the body such as contact lenses, catheters or 

wound patches, can prevent a large number of infections. They can attack the bacteria 

that cover the biofilm, but ideally they can avoid the formation of said biofilm, 
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preventing any type of infection. The key to achieving this goal is in the interactions 

between cells and the surface, and these variations depend on factors such as the 

architecture of the surface, the surface energy of the material, or the chemical 

composition [128], [129]. There are polymers that by themselves, due to their type of 

surface, are antibiofouling and resist the adhesion of bacteria, such as zwitterionic 

polymers or polymers incorporating oligosaccharide moieties [130]. But this section will 

focus on polymeric matrices loaded with antimicrobial substances. 

In these systems the loads can be distributed in different ways. There are systems that 

focus antimicrobial substances to the surface, so that there is more direct contact with 

the surrounding environment. However, this type of coating can be harmful. If the 

release is too rapid, too much drug may be released before the bacteria arrive, leaving 

insufficient quantity to deal with them [131]. This could increase the resistance of the 

bacteria, as the system would not be able to kill them. On the other hand, it must be 

taken into account that most devices that need this kind of antimicrobial materials have 

to withstand different mechanical loads during their application, which could damage 

their surfaces and lose antibacterial effect [132]. Obviously there are systems that work 

well with their charge distributed on the surface, as is the case of Giraud et al., where 

they incorporate carbon nanomaterials (CNM) on the surface of the polymeric matrix. In 

this work, it has been seen that CNMs are more effective when they are on the surface, 

since they damage cell membranes through electrostatic interactions, so that the 

particles found inside are practically useless [133]. Another system with this 

characteristic can be seen in the work of Aničic ̒ et al., in which they compare three 

polymers (poly-lactide-co-glycolide (PLGA), poly-lactide (PLA) and polycaprolactone 

(PCL)) loaded with nano-textured MgO microrods. The objective was to combine the 

antibacterial and regenerative properties of MgO with a polymer that would allow to 

keep the surface of the microrods accessible to interact with the cells, with PLGA being 

the most effective [134]. 

Focusing on the bulk manufactured composites, a wide variety of mixtures can be found, 

in which loaded substance performs the antibacterial function. This function is usually 

biocidal, and can be through release killing or contact killing. In release killing, 

antimicrobial particles act when released, and can even prevent bacteria from adhering 
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to the surface, causing an antifouling behaviour. On the contrary, if they act by contact 

killing, the bacteria are damaged once they have reached the material. These different 

mechanisms are shown in Figure 1.6. These fillers can be of various types, from natural 

clay minerals [135] to essential oils, and even combinations of various types [136]. 

 

Figure 1. 6. Different types of antibacterial coatings. 

Metallic nanofillers are widely used in these types of materials. One metal that stands 

out above all is silver, both as a single charge, and in combination with other types of 

active molecules [132], [136], [138]. It is known to work as an antimicrobial, but the 

effects it may have regarding toxicity are not entirely clear [138]. In this kind of fillers, in 

which electrostatic interactions act, the shape and dimensions of the particles are highly 

influential. A good example is the work by Stamenović et al., where they study two 

nanocomposites of polyaniline/polyvinylpyrrolidone loaded with silver nanoparticles 

(AgNPs). The difference between the two systems lies in the morphological 

characteristics of the nanoparticles, being spherical in one, and triangular in the other. 

Research results show significant antimicrobial activity for both systems, although the 

matrix containing the triangular nanoparticles shows higher activity. They may be due to 

the highly reactive crystallographic planes on the surface of the particles providing 

higher surface energy [138].  

Leaving aside metallic particles, polymeric matrix compounds can be formed with loads 

of active molecules such as antibiotics or plant-derived compounds. In these cases, the 

biggest problem resides in the fact that most of these compounds used nowadays are in 
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crystalline form, reducing their solubility and bioavailability. In addition to causing 

problems in the release of the compound, it can create weaknesses in the mechanical 

properties, due to the heterogeneity of its composition and the separation of phases. To 

solve this problem, one of the strategies is to form amorphous solid dispersions (ASD), 

where the amorphous polymers create a structure that inhibits the crystallization of the 

active molecules. Drugs can interact with polymer chains, reducing their mobility and 

keeping them amorphous, thus creating a homogeneous and miscible mixture [139]. To 

form these blends, it is necessary to confirm the miscibility and interactions between the 

polymer and the drug [139], [140]. 

The release of the antimicrobial compound can also be a problem. It is common for 

surfaces to have a burst release before the arrival of bacteria, losing its effect. To avoid 

this burst, coatings that respond to external stimuli are being designed, such as the one 

designed by Albright et al. In their work, they have created a coating using the layer-by-

layer technique with a poly (methacrylic acid) hydrogel loaded with antibiotic 

(gentamicin or polymyxin B), sensitive to pH changes. As the adhesion of bacteria 

produces localized changes in pH, these coatings respond with the release of the drug to 

this adhesion. Thus, the drug acts at the necessary time and location [131]. 

These systems seem to be the most likely option in the short-medium term, although 

their applications are limited to surfaces. Even so, the advantages they present could 

represent a great advance. On the one hand, by applying it to medical devices such as 

catheters or intravenous lines, a large number of nosocomial infections could be 

prevented, thus avoiding a significant number of unnecessary deaths. Using them as 

prosthesis coatings, many rejections and surgeries derived from them would also be 

avoided, saving a lot of money and, above all, discomfort and pain for the patients. On 

the other hand, through their use as skin patches, they are very useful for treating 

burns, wounds or even skin cancer. Although their use is more limited for internal 

injuries, the possibilities they present can save many lives. 

1.3.3. Chitosan based hydrogels 

During this review, chitosan has been mentioned several times. This is because it is a 

widely used material for biomedical applications, due to its favourable properties. 

Chitosan is obtained from the deacetylation of chitin, which can be found in the shells of 
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crustaceans. It is a hydrophilic and cationic polymer, one of the most abundant 

polysaccharides in nature. Its structure contains abundant hydroxyl (-OH) and amino (-

NH2) groups, which facilitate its crosslinking with crosslinking agents. Its properties 

include biodegradability and biocompatibility, as well as being able to imitate the 

extracellular matrix by forming hydrogels. It has antibacterial properties, being positively 

charged, it can bind to negatively charged bacteria and kill them. Several mechanisms by 

which chitosan can act as an antibacterial agent are studied, as summarized by Guarnieri 

et al. in their work [142]. On the one hand, chitosan can change the osmotic balance of 

the cell wall, thus altering its amount of calcium. Another of the proposed mechanisms 

is the blockade that positively charged chitosan can produce in the synthesis of RNA and 

proteins. The action in Gram-positive and Gram-negative bacteria is also different, since 

in the former chitosan affects the anionic structures of the surface, while in the latter it 

interacts directly with the negative charges of the cell wall. The way in which chitosan 

affects bacteria can vary depending on their physical characteristics, and among them, 

the molecular weight is considered the one that probably affects the most. Even so, this 

correlation is not entirely clear [143]. 

Chitosan is used mainly for the formation of hydrogels. Hydrogels are three-dimensional 

polymeric structures, formed by interconnected flexible polymeric chains. Their main 

characteristics are the porous structures they form, and their ability to absorb and trap 

large amounts of water. Due to these characteristics, hydrogels are ideal for drug 

delivery or tissue engineering applications. In the case of chitosan-based hydrogels, 

reviewing different studies it can be seen that their application focuses mainly on wound 

healing [144]–[149], since they can provide a suitable environment for debridement and 

healing. However, although it has many positive properties, its mechanical stability and 

strength are not sufficient for most applications, so it is strengthened with other 

polymers or nanoparticles, among others [150]. 

Hydrogels can be classified in several ways, but one of the main ones is the 

differentiation between chemical and physical hydrogels. This depends on the types of 

bonds that are formed during the manufacturing process. On the one hand, physical 

hydrogels are formed by weak bonds, such as hydrogen bonds or ionic interactions, and 

are reversible. This type of gels has advantages such as greater water absorption, 
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greater possibility of drug loading, or injectability. They degrade easily, and have much 

lower resistance than chemical hydrogels. Chemical hydrogels are formed by covalent 

bonds, these being permanent, and much more resistant. The biggest problem with this 

type of hydrogels is that crosslinking agents or catalysts are often used to achieve these 

covalent bonds, and these could affect their environment, drugs or proteins, and be 

toxic. To avoid these negative effects, the alternative is to study physical hydrogels with 

improved mechanical properties, or to obtain hydrogels with covalent bonds without 

any crosslinker. 

 

Figure 1. 7. Chitosan-based self-healing hydrogels: self-healing mechanisms, functions and applications [151]. 

  

Ling et al. manufactured hydrogels based on L-arginine conjugated chitosan (CA), 

benzaldehyde group functionalized poly(ethylene glycol) (CHO-PEG-CHO), and 

polydopamine nanoparticles (pDA-NPs), named as CA-pDA. These hydrogels were 

prepared using dynamic Schiff-base based crosslinking [148]. Shiff’s base reactions have 

received great attention in the manufacture of hydrogels, since it is possible to perform 

them without using any catalyst, and it is possible to form in-situ forming hydrogels. A 

Schiff’s base is obtained when amines of hydrazides react with electrophilic carbon 

atoms of aldehydes or ketones, however, aldehyde-containing molecules can affect the 

molecules of the extracellular matrix tissues by reacting with amino groups [152]. 

One of the crosslinking agents used to form chitosan hydrogels is glutaraldehyde. This 

compound is seriously toxic, so Hoang Thi et al. decided to reduce the amount used and 
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replace it with the bioactive compound aloe barbadensis Miller (aloe vera). They 

managed to manufacture chitosan/aloe barbadensis Miller-glutaraldehyde hydrogels 

(CS/AV-GDA) with 4-fold lower glutaraldehyde concentration, and without causing 

changes in the characteristics of the hydrogel. Thus, these hydrogels with less than 1% 

glutaraldehyde as a crosslinker did not show any type of cytotoxicity. In addition, the 

mechanical and physicochemical properties were maintained or even improved, and 

were shown to be effective for antibacterial, vascular, or angiogenesis treatments [153]. 

As previously discussed, physical hydrogels have the advantage of injectability. This is 

also possible with chemicals, but they have the risk of dissolving after injection, due to 

their slow gelation kinetics [152]. In the case of physical hydrogels, this gelation occurs 

in-situ under certain environmental conditions, such as pH, light or temperature. 

Chitosan-based hydrogels are very useful for temperature-based transformation, that is, 

to form thermosensitive hydrogels, because their gelling temperature is around 35°C, 

very close to body temperature [145], [154], [155]. Although the formation of these 

hydrogels is considered in-situ, there may be cases in which this transformation takes 

longer due to different causes, such as different pH. One of the ways to ensure that this 

does not happen is by using near-infrared light (NIR) as a “trigger switch”. Liu et al. 

manufactured synergistic chitosan-based thermosensitive hydrogels, formed by chitosan 

and β-sodium glycerophosphate, with mesoporous polydopamine nanoparticles (MPDA 

NPs) combined with the antibacterial agent ciprofloxacin (Cip) and human epidermal 

growth factor (h-EGF) (h-EGF-CS/ β-GP-MPDA@Cip). These hydrogels had the ability to 

change phase rapidly and release drug under near-infrared light (NIR). Using this 

strategy, they not only managed to form the gel and release the drug, but the high 

temperatures caused bacterial lysis, creating a synergistic effect between chemotherapy 

and photothermal therapy (PTT), with low invasiveness and high tissue penetration 

capacity [146]. 

The injectability and in-situ formation is what most differentiates this strategy from the 

others, since it allows the material to conform to the necessary tissues and spaces 

without the need for invasive techniques. In addition to the antibacterial activity of 

chitosan itself, these hydrogels can be loaded with different drugs of active agents, thus 

being able to apply them for many therapies. However, it has some limitations, such as 
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aforementioned mechanical properties. Although they can be modified, and achieve 

sufficient resistance to be applied to soft tissues, it is not sufficient for hard tissues such 

as bone tissue, or to be applied to joints. This is largely due to the difficulty of achieving 

homogeneous dispersions of water-insoluble particles such as ceramics. In addition, the 

release kinetics of each designed hydrogel must also be taken into account, since 

changing the mechanical properties also modifies the swelling capacity, the initial burst 

or the release time. 

1.4. CONCLUSIONS 

Due to the looming problem of antimicrobial resistant pathogens, it is of great 

importance to continue researching, and above all, implementing new antibacterial 

systems. Different options have been discussed in this review, both for antibacterial 

agents and for polymeric systems. As for antibacterial agents, we can still count on some 

antibiotics, although their use must be reduced and modified so that they do not 

completely lose their effect, and to prevent bacteria from continuing to increase their 

resistance to them. One option to reduce its use is the help of other types of 

compounds, such as metal oxides or metal nanoparticles. They are effective against 

different types of bacteria, but their toxicity is not entirely discarded and their 

production can be harmful to the environment, so their use should not be abused. 

Compounds derived from plants are also getting attention, which can be very beneficial, 

but there is still much to investigate about them, in addition to having to gain the 

acceptance of a large part of society. On the other hand, it is known that the oral 

administration of drugs is inefficient in many cases, since the bioavailability of the active 

compound can be affected, in addition to directing the active compound to unnecessary 

places, affecting other systems of our bodies. This is where the new strategies with 

polymeric systems take part, since they allow adapting the form of application of each 

treatment to the different needs that might arise. Polymeric nanosytems, in the form of 

capsules, particles or nanogels among others, allow drugs to penetrate all types of 

tissues due to their small size. Antibacterial surfaces and coatings could reduce or even 

eliminate nosocomial infections through their application in catheters or intravenous 

lines, avoiding a large number of unnecessary deaths. Lastly, hydrogels, in this case 

those made of chitosan, facilitate in-situ injection and formation, as well as being able to 
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control drug release by means of external stimuli. However, it is necessary to mention 

that the existence of these advances does not mean that we have to do without 

antibiotics altogether. With correct use and through appropriate strategies, it is possible 

to increase the effectiveness of antibiotics and reduce the amount used, always also 

relying on individual responsibility. The strategies mentioned in this review, among 

many others, can be of great help in the future, but there is still much to investigate and 

test, so we cannot relax thinking that we already have a solution. It may take a few years 

for the common use of these techniques to become a reality; until then, it is up to us to 

act carefully and fight bacteria as efficiently as possible. 
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ABSTRACT 

Chitosan and poly (vinyl alcohol) hydrogels, a polymeric system that shows a broad 

potential in biomedical applications, were developed. Despite the advantages they 

present, their mechanical properties are insufficient to support the loads that appear on 

the body. Thus, it was proposed to reinforce these gels with inorganic glass particles, in 

order to improve mechanical properties and bioactivity, and see how this reinforcement 

affects levofloxacin drug release kinetics. Scanning Electron Microscopy (SEM), X-Ray 

Diffraction (XRD), swelling tests, rheology and drug release studies characterized the 

resulting hydrogels. The experimental results verified the bioactivity of these gels, 

showed an improvement of the mechanical properties, and proved that the added 

bioactive glass does affect the release kinetics.  

2.1. INTRODUCTION 

Hydrogels are polymeric materials with ability to entrap large amounts of water that 

maintain a three-dimensional structure formed by interconnected flexible polymer 

chains [1]. In particular, hydrophilic, water insoluble and elastic hydrogels are suitable 

for a wide range of applications, including biomedical applications [2], [3]. Due to their 

ability to simulate biological environments, they are receiving a great interest for tissue 

engineering [4], [5]. In addition, these hydrogels are appropriate for controlled drug 

release systems, being able to administer a drug in a constant way in the organism [6], 

[7]. This is possible thanks to their swelling properties, as their three-dimensional size 

increases with water absorption, enabling the release of the drug through the polymeric 

network. 

 This study is focused on chitosan/poly (vinyl alcohol) hydrogels. Chitosan (CS) is a 

semicrystalline aminopolysaccharide obtained by deacetylation of chitin. Owing to 

properties such as non-toxicity, antimicrobial [8], biodegradability and excellent 

biocompatibility, it is being widely used in biomedical and pharmaceutical fields. These 

applications include tissue engineering [9], drug delivery systems [10], wound healing 

[11], [12], nanoparticle carriers [13], or coatings for implants [14], for example. 

Poly (vinyl alcohol) (PVA) is a semicrystalline synthetic polymer of vinyl acetate and vinyl 

alcohol. It is a suitable material for biomedical applications [15] such as wound dressings 
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[16] or nanoparticles fabrication [17], due to its properties. It is water soluble, non- toxic 

and biocompatible. 

The combination of both polymers results in a hydrogel with a three-dimensional 

network formed through physical interactions, avoiding the use of cross-linking agents. 

One of the characteristics to highlight of these hydrogels is their thermosensitivity [18]. 

This property enables them to change from sol to gel state when it reaches the 

transition temperature, which is 37°C in this case, close to body temperature [19]. 

Thanks to this characteristic, its use as an injectable liquid which transforms into a 

semisolid hydrogel is possible [20], [21]. 

Although they have many advantages, the mechanical properties of these hydrogels are 

insufficient to withstand some loads that can occur in certain areas of the body, such as 

joints. Therefore, it is proposed to add inorganic particles of bioactive glass in order to 

improve these properties [22]. In addition to improving the mechanical properties, 

bioactive glass is a class A bioactive material, that is, osteoconductive and 

osteoinductive. Moreover, it does not only forms bonds with bone tissues, but it can 

also form chemical and biological bonds with soft tissues [23]. The formation of these 

bonds is based on the fact that the products of the bioactive glass solution have a direct 

effect on the deposition of an apatite layer on the surface of the material and on the 

genetic expression of the surrounding cells [24]. Consequently, there is better 

integration with the surrounding tissues, prolonging the period that can remain 

implanted without causing rejection reactions. 

In the present work, chitosan and PVA hydrogels with different amounts of bioactive 

glass were developed, with the aim of studying their effect on the mechanical 

properties, bioactivity and drug release of the resulting hydrogels. These hydrogels were 

prepared by blending PVA with chitosan at two different concentrations followed by 

addition of the inorganic nanoparticles. The swelling and rheological properties were 

determined as a function of chitosan concentration and bioactive glass content. The 

bioactivity was determined through the observation of the formation of an apatite layer 

on the surface of gels by Scanning Electron Microscopy (SEM) and the determination of 

the crystalline structure as a function of time of immersion of gels in Simulated Body 
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Fluid (SBF) at 37°C. Finally, the release kinetics of a model drug, Levofloxacin, was 

determined.  

2.2. EXPERIMENTAL SECTION 

2.2.1. Materials 

Poly (vinyl alcohol) (PVA, Mw = 13000-23000 g/mol), chitosan (CS) of low molecular 

weight (degree of deacetylation = 75%), sodium bicarbonate (NaHCO3), phosphate 

buffered saline (PBS), hydrochloric acid (HCl) and Levofloxacin (C18H20FN3O4, Mw = 

316.37 g/mol) were supplied by Sigma Aldrich and used as received. 0.5 L of Simulated 

Body Fluid (SBF) was prepared by dissolving 4.0145 g sodium chloride (NaCl) purchased 

from Panreac Química S.A.U., 0.1775 g sodium bicarbonate (NaHCO3), 0.1125 g 

potassium chloride (KCl), 0.1155 g potassium hydrogen phosphate trihydrate 

(K2HPO4·3H2O), 0.1555 g magnesium chloride hexahydrate (MgCl2·6H2O), 0.146 g 

calcium chloride (CaCl2) and 0.036 g sodium sulfate (Na2SO4), all of them acquired from 

Sigma Aldrich and adjusting its pH to 7.4 using hydrochloric acid (HCl) and 3.059 g tris 

(hydroxymethyl aminomethane) [(CH2OH)3CNH2] also from Panreac Química S.A.U. 

Bioactive glass was purchased from Novabone and used as received, and distilled water 

was provided by Iberia Agua.  

2.2.2. Preparation of chitosan/PVA hydrogels 

Hydrogels were prepared using the method described by Tang et al [25]. A 2% (w/w) CS 

solution was obtained by dissolving chitosan in 0.1 M HCl, and stored in the fridge. A 

0.5% (w/w) PVA aqueous solution was obtained by adding PVA to distilled water, under 

magnetic stirring at 80°C for one hour. To prepare the hydrogel, 0.3 ml of 1 M NaHCO3 

were added to 3 ml of 0.5% (w/w) PVA, and kept in an ice bath under magnetic stirring 

for 5 minutes. This mixture was slowly added to 3 ml of 2% (w/w) CS solution in an ice 

bath, and kept under magnetic stirring for 2 minutes. Then, bioactive glass was added 

and maintained under magnetic stirring in ice bath, until homogeneous dispersion. The 

gels were then formed by putting them in the oven at 37°C.  

Different samples were prepared with varying concentrations of bioactive glass (0% 

(v/v), 0.5% (v/v) and 1.5% (v/v)) at two CS concentrations (2 and 4% (w/w)). The 

designation of the different samples under study is reported in Table 2.1. 
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Table 2. 1. Designation of all samples under study. 

Sample name of the gel 

Ratio 

between 

PVA/CS in 

the gel 

Concentration of 

PVA (% w/w) in 

the gel 

Concentration of 

CS (% w/w) in the 

gel 

Concentration of 

bioactive glass (% 

v/v) in the gel 

PVA/CS 2 50/50 0.5 2 0 

PVA/CS/BG 2/0.5 50/50 0.5 2 0.5 

PVA/CS/BG 2/1.5 50/50 0.5 2 1.5 

PVA/CS 4 50/50 0.5 4 0 

PVA/CS/BG 4/0.5 50/50 0.5 4 0.5 

PVA/CS/BG 4/1.5 50/50 0.5 4 1.5 

 

2.2.3. Swelling properties 

Samples were lyophilized and immersed in distilled water (50ml) at room temperature. 

At various time intervals, the excess surface water was removed with filter paper, and 

the swollen samples were weighed. This procedure was repeated until the equilibrium 

swelling of the samples was reached. With the obtained data, swelling index (SI) (Eq. 

(2.1)) and equilibrium water content (EWC) (Eq. (2.2)) were determined, using the 

following equations: 

  

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 =  
𝑆𝑤𝑜𝑙𝑙𝑒𝑛 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒

𝐷𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒
 

 

(2.1) 

 
𝐸𝑊𝐶 (%)  =  

𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 𝑖𝑛 𝑡ℎ𝑒 𝑔𝑒𝑙

𝑇𝑜𝑡𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 ℎ𝑦𝑑𝑟𝑎𝑡𝑒𝑑 𝑔𝑒𝑙
 × 100 (2.2) 

 

The experiment was repeated with three different samples to ensure reproducibility. 

2.2.4. Rheological measurements 

The rheological characterization of the hydrogels was performed in a TA Instruments AR-

G2 Rheometer using a steel plate cross hatched geometry (20 mm diameter). Aqueous 

solutions were poured in Teflon molds (20 mm diameter) and maintained overnight at 

37°C for sol-to-gel transition. A strain sweep test was carried out to determine the linear 

viscoelastic range. Frequency sweep experiments were performed over the frequency 
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range of 0.01 – 100 Hz. All experiments were carried out at 37°C and at a constant strain 

of 1% located within the linear viscoelastic region. The elastic modulus (Gˈ) and viscous 

modulus (Gˈˈ) were calculated using the Rheology Advantage Data Analysis Software. 

The experiment was performed in triplicate for each sample. 

2.2.5. Bioactivity studies 

For the study of the in vitro bioactivity of the prepared samples, PVA/CS 2, PVA/CS/BG 

2/0.5 and PVA/CS/BG 2/1.5 were immersed in SBF at 37°C and extracted at different 

periods (0, 7, 14 and 28 days). Then, they were washed and frozen, in order to lyophilize 

them and obtain dehydrated samples. In order to maintain the concentration of cations 

throughout the whole experiment, the SBF was renewed every 7 days [24].  

The formation of an apatite layer on the surface of the hydrogel was observed through 

scanning electron microscopy (SEM) performed on dehydrated samples using a Hitachi 

S-4800, after coating them with a 15 nm gold layer in an Emitech k55x Sputter Coater at 

25 mA. 

An X-ray diffraction (XRD) analysis was performed to confirm the formation and 

crystallization of the apatite layer. A Phillips X’pert Pro diffractometer was used 

operating at 40 kV and at 40 mA, theta-theta configuration, with a Cu anode and a PSD 

detector. The scanning scope of 2θ was 10-50°, with a step size of 0.026° and step time 

of 148.92 s, at 25°C. 

Experiments were repeated with three different samples to ensure reproducibility.  

2.2.6. Drug release 

For the study of the drug release from PVA/CS hydrogels, levofloxacin was employed as 

a model drug.  Levofloxacin (5 mg/ml) was dissolved in PVA/CS solutions by magnetic 

stirring, and then the chitosan/PVA gels were prepared following the same procedure 

previously described. Gels were immersed into 100 ml of 0.1 M phosphate buffered 

saline (PBS), pH 7.4, at 37°C and aliquots of 0.2 ml were taken out at regular time 

intervals. The release of Levofloxacin was determined by UV spectrophotometry at 288 

nm (Perkin Elmer Lambda 265).  
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The kinetics of the release from the different samples was determined by finding the 

best fit of the curves to different kinetic models. Four different mathematical models 

were considered: 

Zero order: 𝐶𝑡 𝐶∞ = 𝑘0𝑡⁄  

 

(2.3) 

First order: ln(1 − 𝐶𝑡 𝐶∞⁄ ) = −𝑘1𝑡 

 

(2.4) 

Higuchi: 𝐶𝑡 𝐶∞⁄ = 𝑘ℎ𝑡
1

2⁄  

 

(2.5) 

Korsmeyer – Peppas: 𝐶𝑡 𝐶∞⁄ = 𝑘𝑡𝑛 

 

(2.6) 

where Ct is the cumulative amount of drug released at time t, C∞ is the starting amount 

of drug, n is the release exponent, and k0, k1, kh and k are the kinetic constants. Zero 

order kinetics represents a release process that is controlled by relaxation of polymeric 

chains, with a constant release rate of drug, independent of its concentration (Eq. (2.3)). 

On the other hand, a drug release rate that depends on its concentration is represented 

by first order kinetics model (Eq. (2.4)) [26]. In the case of Higuchi (Eq. (2.5)), it describes 

drug release as a diffusion process, square root time dependent, based in Fick’s law. The 

last model, Korsmeyer – Peppas model (Eq. (2.6)), is useful when the release mechanism 

is not well known or when more than one type of release phenomena could be involved. 

Depending on the values obtained for the release exponent, n, it is possible to define 

whether if the release happens by Fickian diffusion, anomalous transport, Case-II 

transport or Super Case-II transport [27]. 

2.2.7. Statistical analysis 

Data were subjected to one-way analysis of variant (ANOVA) with the level of 

significance set at p < 0.05. 

2.3. RESULTS AND DISCUSSION 

2.3.1. Gel formation 

To determine gel formation after the addition of bioactive glass, an inverted vial test was 

employed and the representative images corresponding to samples prepared at 2% w/v 

CS concentration are shown in Figure 2.1. The formation of gel was verified for the 
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samples as the non-flowing gel maintained its position after vial inversion. Similar results 

were obtained for samples prepared at 4% w/v CS concentration (results not shown).  

 

Figure 2. 1. Representative results obtained from inverted vial tests: a) PVA/CS 2, b) PVA/CS/BG 2/0.5 and c) 
PVA/CS/BG 2/1.5 hydrogels. 

 

2.3.2. Effect of the chitosan concentration and bioactive glass content on the swelling 

and rheological properties 

Figure 2.2. shows the result corresponding to swelling experiments carried out on the 

samples under study. As can be observed, all the samples showed a fast swelling, 

reaching equilibrium after 20 minutes of immersion in distilled water at room 

temperature, with equilibrium water contents (EWC) that exceeded 90%. The increase 

of chitosan concentration caused a decrease of the swelling index (SI) (Figure 2.3.), 

which is in agreement with the work of Tang et al. [25], as long as the PVA proportion is 

kept low. Regarding the effect of the bioactive glass concentration on the swelling 

properties of the samples under study, except for the case of PVA/CS/BG 4/0.5, a 

decrease of the swelling ability with the increase of bioactive glass concentration was 

observed (Figure 2.2.). This same effect was described in literature, and could be the 

result of retractile forces of the hydrogel caused by the ion release of bioactive glass 

particles [28], or to the lack of empty gaps after the addition of bioactive glass.  
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Figure 2. 2. Equilibrium Water Content (EWC) of the hydrogels immersed into 50 ml 
distilled water at room temperature for 2 hours. 

 

 

Figure 2. 3. a) Swelling Index (SI) of the hydrogels immersed into 50 ml distilled water at 
room temperature for 2 hours. 

 

The effect of the incorporation of bioactive glass on PVA/CS on the rheological 

properties of PVA/CS hydrogels was determined by means of oscillatory shear 

measurements. Figure 2.4. shows representative results corresponding to frequency 

experiments carried out on samples PVA/CS 2 and PVA/CS/BG 2/1.5.  As can be 
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observed both samples present gel-like behavior which is characterized by i) values of 

the elastic modulus higher than the corresponding to the viscous modulus (G′ > G″) in all 

the frequency range and ii) G and G´´ are independent on frequency in all the range 

under study. 

 

Figure 2. 4. Elastic modulus (closed symbols) and loss modulus (open symbols) as a function of frequency of PVA/CS 2 
(●) and PVA/CS/BG 2/1.5 (■). 

 

The values of the elastic modulus measured at frequency =1Hz are depicted in Figure 

2.5. for samples PVA/CS and samples PVA/CS/BG. As can be observed, the increase of 

chitosan concentration results in an increase of the elastic moduli obtained for gels 

without bioactive glass, which can be related to the decrease of the swelling index (SI) 

[29] found for PVA/CS 4 with respect to sample PVA/CS 2 (Figure 2.3.). With the 

incorporation of 1.5% (w/v) bioactive glass, the elastic modulus measured for PVA/CS 

and PVA/CS/BG 1.5 hydrogels remains within the experimental error being 129±9 y 

149±11 Pa respectively. Taken into account that the SI determined for PVA/CS/BG 1.5 

greatly decreases with respect to PVA/CS, the results might indicate that the 
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incorporation of 1.5% bioactive glass prevent the formation of crosslinking interactions 

between PVA and CS leading to the loss of elastic properties of the resulting composite 

gel [30]. In contrast, the sample PVA/CS/BG 4/1.5 shows an increase of elastic modulus 

with respect to PVA/CS 4. In this case, and taking into account that the swelling index 

does not change with the incorporation of bioactive glass, the results obtained could be 

attributed to the reinforcement effect of micrometric bioactive glass particles onto the 

polymer matrix as previously reported for other composite gels [31], [32].  

 

Figure 2. 5. Elastic modulus at frequency =1Hz for PVA/CS 2, PVA/CS/BG 2/1.5, PVA/CS 4 and PVA/CS/BG 4/1.5. 

 

2.3.3. Determination of the bioactivity 

When introducing the hydrogels with bioactive glass in SBF, a layer of apatite must form 

on the surface, creating both chemical and biological bonds with bone or soft tissue. 

Observing this layer, it is possible to determine if the samples under study are bioactive. 

The morphology of PVA/CS 2/1.5 hydrogels after being immersed in SBF for 28 days can 

be observed in Figure 2.6c and d at two different magnifications (x600 and x3500). The 

results obtained are compared to the morphology obtained for PVA/CS (figures a and b).  
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The hydrogel with no BG particles shows a porous morphology typical of a hydrogel. In 

contrast, the surface corresponding to PVA/CS/BG 2/1.5 hydrogels shows no porosity 

and seems to be covered by an external layer that presents a cauliflower shape. It is 

thought that this layer could be the result of the formation of hydroxyapatite from the 

added bioactive glass, as it has been reported in other works [28], [33], [34]. 

 

Figure 2. 6. Scanning electron micrographs of PVA/CS 2 at day 0 ( a) magnification x600, b) magnification x3500) and 
PVA/CS/BG 2/1.5 after 28 days submerged in SBF ( c) magnification x600, d) magnification x3500). 

 

By means of X-ray crystallography (XRD), the formation of crystalline structures on 

hydrogels immersed in SBF for different periods of time up to one month was 

determined. In order to deduce whether there was hydroxyapatite formation or not, 

special attention was paid to the characteristic peaks of HA found at 2Θ of    ̴26° and    ̴

32°. In hydrogels without any added bioactive glass (Figure 2.7a), it was possible to see 

that there are calcium impurities (   ̴ 27° and    ̴ 32°), and no hydroxyapatite was found. 

Impurities could be due to insufficient washing of the gels after being immersed in SBF. 

With the incorporation of 0.5% (w/v) bioactive glass, hydroxyapatite appears almost 

from the beginning (Figure 2.7b), increasing over the course of days. This could be 
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ascertained because of the appearance of the diffraction peaks located at    ̴ 26° and    ̴

32°. Although at the beginning the peak was more characteristic of calcium, it widened 

to become more similar to that of hydroxyapatite. Finally, hydrogels with 1.5% (w/v) 

concentration of bioactive glass exhibited similar results to those corresponding to 

hydrogels with 0.5% (w/v) BG (Figure 2.7c), showing a progressive increase of the peak 

located at   ̴ 26° and the broadening of the peak located at   ̴32°. The diffraction peaks 

observed in the experiments corresponding to hydrogels with added bioactive glass are 

wide which suggests that the size of the crystalline structures is small, as those that can 

be found in bone [33].  

XRD experiments allowed confirming that the formation of hydroxyapatite is progressive 

over time. The reason why there was not much difference between the results found for 

samples with two different concentrations of bioactive glass (0.5 and 1.5% (w/v)) could 

be attributed to the formation of agglomerates. It is extremely difficult to achieve a 

homogenous dispersion with such a considerable amount of bioactive glass, losing 

surface due to the agglomerates. The results obtained are in agreement to those 

reported in literature for hydrogels [28], [33], [34] and other types of scaffolds with 

added bioactive glass [24].  
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Figure 2. 7. XRD patterns of hydrogels after immersion in SBF for different times.a) PVA/CS 2 ; b) PVA/CS/BG 2/0.5 and 
c) PVA/CS/BG 2/1.5. 
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2.3.4. Study of the kinetics of release of a model drug 

Drug release was tested for all the samples under study employing Levofloxacin as a 

model drug. For hydrogels with 2% (w/v) chitosan concentration, the release was almost 

complete after 5 hours regardless the concentration of bioactive glass (Figure 2.8.). In 

fact, no differences were observed in between the sample with no added bioactive glass 

and samples with 0% and 1.5% (w/v) bioactive glass which indicates that the release 

kinetics of Levofloxacin are not affected by the presence of BG particles. On the other 

hand, hydrogels with 4% (w/v) chitosan concentration showed a much faster release 

rate reaching an almost complete release after 2h (Figure 2.9.). It is important to note 

that the amount of drug release was lower with respect to that found for samples with 

2% (w/v) chitosan concentration. In addition, hydrogels with added bioactive glass 

showed a lower amount of drug release with respect to the hydrogel with no added 

bioactive glass.  

 

Figure 2. 8. Drug release profiles of PVA/CS 2 (■), PVA/CS/BG 2/0.5 (●) and PVA/CS/BG 2/1.5 (▲) samples immersed 
into 100 ml of PBS (pH 7.4) at 37°C for 5 hours. 
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Figure 2. 9. Drug release profiles of PVA/CS 4 (■), PVA/CS/BG 4/0.5 (●) and PVA/CS/BG 4/1.5 (▲)   samples 
immersed into 100 ml of PBS (pH 7.4) at 37°C for 5 hours. 

 

In order to shed further light on the results obtained, the kinetics of release were fitted 

to different kinetic equations used to study the mechanism of drug release. Table 2.2. 

shows the regression coefficients. PVA/CS 2 and PVA/CS 4, the two systems without 

added bioactive glass fit with Korsmeyer-Peppas model, with correlation coefficients of 

0.968 and 0.998, respectively. However, their release exponents show different release 

mechanisms. The release exponent for PVA/CS 2 is 0.29, too low to fit the mechanisms 

that were previously mentioned. This could happen due to the pore size distribution of 

the matrix, leading to a deviation of the diffusion laws [35]. Analyzing the correlation 

coefficients of the rest of the models, the release mechanism of this system could be 

closer to first order kinetics that to Fick’s law. On the other hand, the release exponent 

for PVA/CS 4 is 0.61, which indicates abnormal transport, but predominantly controlled 

by Fick’s diffusion. PVA/CS/BG 2/0.5 and PVA/CS/BG 2/1.5 systems fit Higuchi model, 

thus, the release is based in Fick’s law, so the rate of diffusion is directly proportional to 

concentration gradient across the membrane [36]. However, PVA/CS/BG4/0.5 and 

PVA/CS/BG 4/1.5 follow first order kinetics. In this case, the release depends on drug 

concentration. This could be due to the difficulty of the drug to go through the matrix 

when the pore size is smaller, in addition to the obstruction caused by bioactive glass 
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particles. When the drug concentration is higher, there is a bigger amount closer to the 

surface, which makes the release faster. 

Table 2. 2. Fitting of the release data to the mathematical models for drug release kinetics. R2 is the correlation 
coefficient, and n is the release exponent. 

 Zero order First order Higuchi Korsmeyer-Peppas 

 R2 R2 R2 R2 n 

PVA/CS 2 0.65 0.955 0.92 0.968 0.29 

PVA/CS/BG 2/0.5 0.773 0.958 0.974 0.933 0.38 

PVA/CS/BG 2/1.5 0.832 0.872 0.972 0.804 0.42 

PVA/CS 4 0.765 0.901 0.955 0.998 0.61 

PVA/CS/BG 4/0.5 0.916 0.996 0.961 0.978 0.97 

PVA/CS/BG 4/1.5 0.888 0.993 0.963 0.961 0.96 

 

2.4. CONCLUSIONS 

In the present work, CS/PVA hydrogels were reinforced with inorganic bioactive glass 

particles, in order to improve their mechanical properties and bioactivity. The effect of 

the chitosan and bioactive glass concentration on the swelling and mechanical 

properties was studied. After the satisfactory formation of the hydrogels, it was found 

that the increase of chitosan concentration results in a lower swelling index for all the 

samples regardless bioactive glass concentration. For samples with 2% (w/v) chitosan 

concentration, the addition of BG particles decreases the swelling index without 

increasing the elastic moduli. This is not the case for the samples prepared with 4% 

(w/v) chitosan concentration for which the swelling index is not affected by the addition 

of BG particles, however, the elastic modulus largely increases with the addition of 1.5% 

(w/v) BG particles. The results point on the one hand, to the decrease of effective 

crosslinking points in between polymer chains as a result of the BG incorporation, and 

on the other hand, to a reinforcement effect of the BG particles as previously seen for 

other composite gels. Bioactivity of the hydrogels containing BG particles was confirmed 

after immersion of the hydrogels in SBF for one month at physiological temperature, 

being able to appreciate the formation of a layer of apatite on the surface of hydrogels 

through SEM carried out on lyophilized samples. XRD further confirmed the formation of 

crystalline hydroxyapatite. The potential application of CS/PVA hydrogels with inorganic 
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BG particles as drug delivery matrixes was also proven employing levofloxacin as a 

model drug. The presence of bioactive glass particles does not influence the kinetics of 

the release in the case of hydrogels with 2% (w/v) concentration of chitosan, however, it 

slows the release when the concentration of chitosan is increased to 4% (w/v) in 

agreement with the lower swelling index found for these samples. 
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3a.1. INTRODUCTION 

The aim of this chapter is to study possible combinations of biodegradable 

polymer/active pharmaceutical ingredient (API) that result in stable mixtures for their 

antimicrobial application, in addition to being able to seek medical benefits beyond the 

inhibition of infections. One of the biggest problems that appear when obtaining these 

systems is the crystallinity and low solubility of most of the active molecules (in this 

case, most of them of vegetal origin). These characteristics mean that the bioavailability 

of the active agent is reduced, causing less absorption by the body, especially in the case 

of oral applications, since the percentage that can be dissolved in the gastrointestinal 

tract is reduced. 

In order to solve this situation, one of the approaches that is being successful is the 

formation of amorphous solid dispersion (ASDs). In this kind of system, the drug can be 

kept in an amorphous state within a polymeric matrix, thus improving its solubility and, 

therefore, its bioavailability. The key to these systems lies in the formation of a single 

phase through the formation of favorable interactions between the API in an amorphous 

state and the polymer, thus being able to inhibit the formation of API crystals inside the 

polymeric matrix. However, for these mixtures to be successful, it is essential that they 

remain stable, therefore, it is desirable that there is a miscibility between both 

components, creating a single phase [1]. 

In order to confirm that a polymer/drug blend is miscible, it is essential to verify that the 

free energy of mixing is negative (ΔGmix<0) [2], and this free energy can be calculated 

using the Flory-Huggins theory (eq. (3a.1)): 

 

∆𝐺𝑚𝑖𝑥

𝑘𝑇
= 𝑛𝑑𝑟𝑢𝑔 ln 𝜙𝑑𝑟𝑢𝑔 + 𝑛𝑝𝑜𝑙𝑦𝑚𝑒𝑟 ln 𝜙𝑝𝑜𝑙𝑦𝑚𝑒𝑟 + 𝑛𝑑𝑟𝑢𝑔𝜙𝑝𝑜𝑙𝑦𝑚𝑒𝑟𝜒 (3a.1) 

 

where n is the number of molecules, φ is the volume fraction, χ is the Flory-Huggins 

interaction parameter, k is Boltzmann’s constant and T is the absolute temperature. The 

first two terms represent the entropic contribution (which will have a negative but small 

value) and the third term represents the enthalpic contribution to the free energy of 
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mixing. To determine the miscibility of polymer/API blends the interaction parameter 

must be negative (χ<0) or lower than 0.5 [3], since this will imply a negative enthalpic 

contribution, resulting in a free energy of negative value. 

However, obtaining a miscible blend is not an easy task, since it is common to have to 

study several mixtures before finding one that has the desired characteristics, this being 

a long and tedious task. 

In order not to have to study the free energy in each of the blends, a preliminary filter 

can be performed. One of the properties expected when two components are miscible is 

a single glass transition temperature (Tg) intermediate between those of the two pure 

components. To theoretically calculate the Tg that would correspond to each blend, 

there are different methods, such as Gordon-Taylor (GT), Couchman-Karasz (CK) or the 

Fox equation. In this case, considering that the polymer and drug densities are similar, 

the Fox equation [4] can be derived as (eq. (3a.2)): 

 

1

𝑇𝑔𝑏
=

𝑤1

𝑇𝑔1
+

𝑤2

𝑇𝑔2
 (3a.2) 

 

where w1 and w2 are the weight fractions of components 1 and 2 respectively, Tg1 and 

Tg2 are the glass transition temperatures of the pure components and Tgb is the glass 

transition temperature of the blend (values in Kelvin). That is, for a 50/50 blend of 

polymer and drug, the Tg would approach an intermediate value between the Tg of the 

polymer and that of the drug. It is worth mentioning that in the case of many of the 

drugs used, being mostly crystalline, it is impossible to measure their Tg experimentally, 

so their Tg has been estimated according to the following formula (eq. (3a.3.)) [5]: 

 

𝑇𝑔𝑡 =
2

3
𝑇𝑚 (3a.3) 

 

The following section presents the first approach to the study of miscibility between the 

selected polymers and drugs by studying the intermediate glass transition temperature. 
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3a.2. MISCIBILITY PREDICTION: INTERMEDIATE GLASS TRANSITION 

TEMPERATURE 

As mentioned in the introduction to this chapter, an initial filter has been performed, 

with poly(D,L-lactide) (PDLLA) and poly(ε-caprolactone) (PCL) being the polymers 

selected for mixing with a wide variety of drugs. 

PDLLA is one of the four chiral macromolecules of PLA (Poly (lactic acid)), which is one of 

the most studied biodegradable polyesters for medical and environmental applications 

since the U.S. Food and Drug Administration (FDA) approved it in 1970 for use in contact 

with human biological fluids [6]. PDLLA is one of the most widely used chiral 

macromolecules due to its amorphous nature, having a more controllable in vivo 

degradation profile than PLLA, with a half-life of around 2-3 months under physiological 

conditions. The mechanical, thermal, rheological and biological properties of PDLLA can 

be modulated based on the different proportions of L- and D- isomers in its 

formulations. Higher proportion of the D- isomer lead to faster resorption and a less 

crystalline structure, while the L- isomer is characterized by slower resorption and higher 

crystallinity [7], [8]. The ratio of the isomers can also vary the glass transition 

temperature, which can be between 40°C – 50°C. This polymer is widely used in fields 

such as tissue engineering or drug delivery, as the products generated from its 

degradation are not toxic to the human body. This degradation occurs in two phases. 

First, the longer polymer chains are hydrolyzed by water molecules, separating into 

shorter segments. In the second phase, these shorter fragments are phagocytosed and 

metabolized by macrophages, in a physiological response of the body [7]. 

Poly (ε-caprolactone) is a biodegradable semicrystalline polyester, also approved by the 

U.S. Food and Drug Administration (FDA) with a very wide use in biomedical 

applications, especially in drug delivey and tissue engineering. It has a glass transition 

temperature of around -60°C, and its melting temperature is between 55°C-70°C [8], [9]. 

Its degradation can take from a few months to years depending on the environment, 

and the products generated are not toxic to the body or the environment. Like PDLLA, 

there is a first phase of degradation by hydrolysis, in which there is a decrease in its 

molecular weight with its corresponding macroscopic changes, to later increase this 
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fragmentation of the chains through metabolism and phagocytosis [10]. Despite having 

interesting properties for biomedical applications, it also has limitations, such as low 

mechanical properties or poor bioactivity. For this reason, there is great interest in 

improving these properties by mixing it with other components, or adding nanofillers, 

especially those of natural origin [11]. 

In order to perform the search for miscible polymer/API blends, a wide variety of active 

molecules have been selected, mostly coming from essential oils or plants. Most of them 

are plant polyphenols (Figure 3a.1.), basically composed of aromatic rings and hydroxyl 

groups, facilitating hydroxyl-hydroxyl and hydroxyl-carbonyl interactions with the 

polymers. The drugs, that can be seen in Table 3a.1., have been selected from the book 

Encyclopedia of Traditional Chinese Medicines – Molecular Structures, Pharmacological 

Activities, Natural Sources and Applications [12]. 

 

 

Figure 3a. 1. Different polyphenol examples. 

 

Once the polymers and drugs had been chosen, films with 50/50 polymer/drug 

compositions were formed, mixing each polymer with each of the drugs. These were 

manufactured using the solvent casting procedure, dissolving the polymer and the active 
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molecule together and letting them to air dry in a petri dish. Most of them were 

dissolved in dichloromethane (DCM) or tetrahydrofuran (THF). 

Having obtained the films, the thermal measurements were performed in a Modulated 

DSC Q200 (TA Instruments), using samples of between 5 and 10 mg of each of the blends 

in hermetic aluminum pans, in a nitrogen atmosphere. Two consecutive scans were 

performed for each sample. The first, coming to melt the polymeric part without 

degrading it or the drug, and the second up to higher temperatures, regardless of its 

degradation. The glass transition temperatures were measured in the second scan as the 

midpoint of the specific heat increment. It is worth mentioning that before measuring 

the blends, the same was done with the polymers and with each drug in its pure state. 

Thus, it was possible to obtain the experimental Tg of some drugs, while in other it was 

necessary to estimate it theoretically, using (Eq. (3a.3)). 

In order to analyze the miscibility of the blends, two consequtive DSC scans were carried 

out in properly dry samples. Thermally unstable drugs tend to degrade fast after 

melting, and in these cases the first scan was stopped below the melting temperature of 

the drug. In the case of thermally stable drugs, the first scan was performed up to the 

melting point of the bioactive molecule. In general, our experimental results followed 

the following trends (though some exceptions were also observed). In most cases, the 

first scan showed negligible variations in the locations of the characteristic thermal 

transitions (the melting points of the polymer and the drug and the glass transition of 

the polymer), and miscibility was discarded. However, in some of these systems 

containing thermally stable drugs (which were melted during the first scan), the second 

scan showed clear displacements in the characteristic thermal transitions, indicating the 

possibility to use quenching procedures to obtain ASDs that are probably unstable and in 

which the drug is expected to crystallize over time. In the case of the thermally unstable 

drugs with negligible changes in the features present in the first scan, the second scan 

was also similar to the first one, discarding the possibility of using thermal treatments to 

obtain ASDs. In other systems, significative variations of the characteristic thermal 

transitions were observed from the first scan, indicating some degree of miscibility in 

the system. A second scan was also carried out to erase the thermal history of the 

system and to analyze the effect of quenching from the melt on the degree of dispersion 
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of the drug. Finally, the experimental Tg obtained during the second scan for the 

polymer rich phase were then compared with the theoretical Tg obtained by means of 

the Fox equation (Eq. (3a.2)). However, these theoretical Tg may present large deviations 

particularly in cases where Tg of the drug has been estimated using (eq. (3a.3)), in 

addition to taking into account that the Fox equation (Eq. (3a.2)) is more reliable in 

systems with weak interactions than in systems with specific interactions. Taking all 

these considerations together, systems were classified as partially miscible blends (PM) 

and not miscible ones (NM), which can be seen in Table 3a.1. 

Table 3a. 1. Miscibility prediction for different polymer/API blends. Partially miscible (PM, in green) or Not miscible 
(NM, in red). 

API PCL PDLLA 

Vanillic acid NM PM 

ρ-coumaric acid crystalline PM NM 

5-Hydroxy-1,4-Naphthoquinone 97% PM NM 

Trans-cinnamic acid 99% NM NM 

Trans-ferulic acid 99%  NM NM 

Mycophenolic acid PM - 

Succinic acid bioxtra NM NM 

Gallic acid PM NM 

Caffeic acid PM NM 

Octyl gallate, antioxidant, >=99% PM - 

Sclareol NM NM 

Cholic acid from bovine or ovine NM NM 

Xanthohumol PM NM 

Tannic acid - NM 

3,4-dihydroxybenzoic acid >=97% - NM 

Methyl 3,4,5-trihydroxybenzoate 98% PM NM 

Salicylic acid extra pure PM PM 

2,5-dihydroxybenzoic acid - NM 

(+/-) – Isoborneol, 95% NM NM 

β-Thujaplicin 99% NM PM 

8-Hydroxyquinoline 99% NM NM 

Isoliquiritigenin PM NM 
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Dihydromyricetin PM NM 

Metronidazole - NM 

Doxycycline monohydrate - NM 

Sulfanilamide NM NM 

Pyrazinamide NM NM 

(+) – Catechin hydrate >=96% PM NM 

Methylhydroquinone 99% PM PM 

L-ascorbic acid NM NM 

Ellagic acid from chestnut bark - NM 

Chlorogenic acid crystalline NM NM 

 

3a.3. MISCIBILITY PREDICTION: BAGLEY PLOTS 

As much as experimental prediction by measuring Tg facilitates the search for miscible 

blends, ideally one should be able to predict it theoretically. An approximation can be 

obtained knowing its solubility parameters, as is done to find out the solubility of 

polymers in certain solvents, or to predict the miscibility between two polymers [13]. It 

is worth mentioning that even so it is complex to predict, and the reliability is limited. 

However, the test has been performed to see if it is possible to find any connection 

between the experimental prediction and the theoretical prediction. 

To predict the miscibility between a polymer and a drug, the solubility parameter 

difference between both must be calculated, determining the cohesive energy density 

(CED) of each component. The lower the cohesive energy density difference between 

two substances , the higher the chance of obtaining a miscible blend. There are different 

ways to calculate the solubility parameters, one of the most used is the so-called Hansen 

approach [14], [15], which can be seen below (Eq.(3a.4.)): 

 

𝛿2 = 𝛿𝑑
2 + 𝛿𝑝

2 + 𝛿ℎ
2 (3a.4) 
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where δ is the total solubility parameter, δd refers to the contribution of dispersion 

forces, δh represents the contribution of hydrogen bonding and δp refers to the 

contribution of the polar forces. 

One of the methods to estimate solubility parameters apart from experimental 

techniques is to use group contribution (GC) method, one of the most widely used 

classical methods being the Hoftyzer-Van Krevelen (HVK) method [16]. Hoftyzer and Van 

Krevelen proposed the following equations (Eq. (3a.5-7)) to estimate the three partial 

solubility parameters: 

𝛿𝑑 =
∑ 𝐹𝑑𝑖

𝑉
 

 

 

(3a.5) 

𝛿𝑝 =
√∑ 𝐹𝑝𝑖

2

𝑉
 

 

(3a.6) 

 

𝛿ℎ = √
∑ 𝐸ℎ𝑖

𝑉
 

 

 

(3a.7) 

 

where Fdi and Fpi are the molar attraction constants, Ehi is the molar energy of hydrogen 

bonding and V is the molar volume of the compound. 

One of the most widely used resources to represent solubility parameters are solubility 

maps, which represent the three parameters (δd. δp, δh) experimentally. However, 

Bagley et al. concluded that a two-dimensional map with two parameters would be 

sufficient, since the effect of δd and δp is similar, while the effect of δh presents a 

different nature [13], [16] Therefore, δv parameter was introduced (Eq. (3a.8)): 

 

𝛿𝑣
2 = 𝛿𝑑

2 + 𝛿𝑝
2 (3a.8) 
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One of the parameters to represent would be δv, which corresponds to “physical” 

interactions (polar and nonpolar effects) and the other would be δh, corresponding to 

“chemical” interactions (hydrogen bonding effects). Thus, plotting these two parameters 

the solubility parameter of each component would be displayed. In order to calculate 

the distances between two components and thus know if they are in the miscible area, 

the following equation is used (Eq. (3a.9)): 

𝐷12 = √(𝛿1,𝑣 − 𝛿2,𝑣)
2

+ (𝛿1,ℎ − 𝛿2,ℎ)
2

 

 

(3a.9) 

The radius of the area is delimited by the maximum difference between solubility 

parameters (Δδ) for two components to be considered miscible. According to 

Greenhalgh et al, in amorphous solid dispersions the blends that show a solubility 

parameter difference of <7 MPa1/2 between the polymer and the drug are more likely to 

be miscible, while the mixtures whose solubility parameters show a greater difference 

that 10 MPa1/2 are generally immiscible [17]–[19]. Table 3a.2. shows the results that 

were obtained for δv and δh. 

In Figure 3a.2. the Bagley plot resulting from the solubility parameters of PDLLA and the 

drugs is shown. With PDLLA as the center, two radii, R1 and R2, corresponding to the 

limits of 7 MPa1/2 and 10 MPa1/2 respectively, were extended. 

According to the results of the experimental measurements, only four drugs show 

partial miscibility with PDLLA: vanillic acid, β-thujaplicin, salicylic acid and 

methylhydroquinone (Figures 3a.3-6). The Bagley plot show how vanillic acid and β-

thujaplicin are within the radius R1, that is, within the miscible area. Salicylic acid and 

methylhydroquinone, on the other hand, are on the edge or close to the R2 radius, so 

the possibility of showing miscibility is at the limit. However, the graph also shows that 

most of the drugs are in the miscible region, while the experimental results do not agree 

with this. It should be mentioned that this difference between the experimental and the 

theoretical results is explainable. The group contribution methods used to obtain the 

solubility parameters were obtained from substances in a liquid state. However, these 

drugs are in a crystalline state, so it is likely that the cohesive energy density of the drug 

is higher than calculated in this case, making miscibility less likely, since miscibility is a 
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balance between the strength of the interassociation interactions and the 

autoassociation ones.  

 

Figure 3a. 2. Bagley plot resulting from the solubility parameters of PDLLA and the drugs. R1 and R2 correspond to 7 
MPa1/2  and 10  MPa1/2 , respectively. The compound corresponding to each symbol can be seen in Table 3a.2. 

Table 3a. 2. Solubility parameters and symbols for each of the compounds. 

Symbol 
Name of the compound 

δv (x axis) 

(MPa1/2) 

δh (y axis) 

(MPa1/2) Fig. 3a.2 Fig.3a.7 

  Poly(ε-caprolactone) 17.1 8.1 

  Poly(D,L-lactide) 17.6 11 

  Vanillic acid 20.9 14.9 

  ρ-coumaric acid crystalline 20.2 18.1 

  5-Hydroxy-1,4-Naphthoquinone 97% 21.6 13.4 

  Trans-cinnamic acid 99% 20 13.3 

  Trans-ferulic acid 99% 19.6 17.2 

  Mycophenolic acid 18.4 14.1 
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  Succinic acid bioxtra 25.2 18.4 

  Gallic acid 21.8 25.7 

  Caffeic acid 20.4 21.6 

  Octyl gallate, antioxidant, >=99% 18.4 16.4 

  Sclareol 16.3 11.5 

  Cholic acid from bovine or ovine 14.6 15 

  Xanthohumol 18.5 14.9 

  Tannic acid 18.3 22.6 

  3,4-dihydroxybenzoic acid >=97% 22.2 24.3 

  Methyl 3,4,5-trihydroxybenzoate 98% 21 22.5 

  Salicylic acid extra pure 22 20.3 

  2,5-dihydroxybenzoic acid 22.2 24.3 

  (+/-) – Isoborneol, 95% 17.2 12.1 

  β-Thujaplicin 99% 19.5 12.1 

  Isoliquiritigenin 19.6 17.7 

  Dihydromyricetin 18.9 24.3 

  (+) – Catechin hydrate >=96% 18.1 22.1 

  Methylhydroquinone 99% 20.3 19.8 

  L-ascorbic acid 20.2 26.0 

  Ellagic acid from chestnut bark 20.6 22.8 

  Chlorogenic acid crystalline 17.3 22.1 

 

 

Figure 3a. 3. Vanillic acid 

 

 

Figure 3a. 4. β-Thujaplicin 
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Figure 3a. 5. Salicylic acid 

 

 

 

Figure 3a. 6. Methylhydroquinone 

 

 

Taking a look at the Bagley plot for PCL and the drugs shown in Figure 3a.7., it can be 

seen that, applying the same R1 and R2 limits, the result is quite different from that of 

PDLLA.  

The number of drugs that have shown a favorable result in experimental prediction is 

high: dihydromyricetin, catechin hydrate, methylhydroquinone, isoliquiritigenin, octyl 

gallate, xanthohumol, mycophenolic acid, gallic acid, methyl 3,4,5-trihydroxybenzoate, 

caffeic acid, salicylic acid, P-coumaric acid and 5-hydroxy-1,4-naphtoquinone (Figure 

3a.8-20). However, in this graph only three of them are within the miscible region of <7 

MPa1/2, and another three between the limits of 7 and 10 MPa1/2. In general, a 

connection between experimental and theoretical results cannot be defined, since the 

drugs are scattered throughout the graph. Even so, it would be interesting to analyze the 

blends of each of the drugs with the polymer experimentally in more depth, in order to 

see if the degree of miscibility of each of them is related to their position in the graph. 
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Figure 3a. 7. Bagley plot resulting from the solubility parameters of PCL and the drugs. R1 and R2 correspond to 7 
MPa1/2 and 10 MPa1/2 , respectively. The compound corresponding to each symbol can be seen in Table 3a.2. 

 

Figure 3a. 8. Dihydromyricetin 

 

 

Figure 3a. 9. Catechin hydrate 

 

 

Figure 3a. 10. Gallic acid 

 

 

Figure 3a. 11. Methyl-3,4,5-trihydroxybenzoate 
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Figure 3a. 12. Caffeic acid 

 

 

 

Figure 3a. 13. Salicylic acid 

 

 

Figure 3a. 14.  Methylhydroquinone 

 

 

Figure 3a. 15. Isoliquiritigenin 

 

 

Figure 3a. 16. P-coumaric acid 

 

 

Figure 3a. 17. Octyl gallate 

 

 

 

 

Figure 3a. 18. Xanthohumol 

 

 

Figure 3a. 19. Mycophenolic acid 

 

 

Figure 3a. 20. 5-Hydroxy-1,4-Naphtoquinone 
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For this work, after seeing both the theoretical and experimental results, it was decided 

to develop two specific blends: poly (ε-caprolactone)/xanthohumol (PCL/XH) and poly 

(ε-caprolactone)/mycophenolic acid (PCL/MPA). Regarding drugs, both xanthohumol 

and mycophenolic acid have been raising great interest lately, and both showed a better 

miscibility than the rest of the compounds. Apart from working against bacteria, both 

display remarkable medical properties, which will be explained in the following sections 

of this chapter. In addition, they are two of the three drugs that are in the miscible 

region of the Bagley plot, so it is interesting to verify if the theoretically predicted 

miscibility is fulfilled in both cases. But even if it does, it should be taken into account 

that these predictions should be applied to liquid blends, so it would be a better 

approximation if the drugs were in a liquid state, above their melting temperature. 

However, the temperature difference could also cause wrong results, as theoretical 

CEDs are valid at room temperature. 
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ABSTRACT 

This paper reports the obtention of amorphous solid dispersions (ASDs) of Xanthohumol 

(XH) into poly (ε-caprolactone) (PCL) containing up to 50 wt% of the bioactive compound 

in amorphous form thanks to the advantageous specific interactions stablished in this 

system. The miscibility of the PCL/XH blends was investigated using DSC. The melting 

point depression analysis yielded a negative interaction parameter indicating the 

occurrence of favorable inter-association interactions. XRD analyses performed at room 

temperature agree with the crystallinity results obtained on the heating runs performed 

by DSC. FTIR spectroscopy reveals strong C=O···O-H specific interactions between the 

hydroxyl groups of XH and the carbonyl groups of PCL. The AFM analysis of the blends 

obtained by spin-coating shows the variation of crystalline morphology with 

composition. Finally, tensile tests reveal high toughness retention for the blends in 

which XH can be dispersed in amorphous form (containing up to 50 wt% XH). In 

summary, PCL is a convenient matrix to disperse XH in amorphous form, bringing the 

possibility to obtain completely amorphous bioactive materials suitable for the 

development of non-stiff biomedical devices. 

3b.1. INTRODUCTION 

The successful therapeutic use of medical devices can be compromised by the risk of 

bacterial infection, that usually begin through biofilm formation. Biofouling is an 

undesirable process by which harmful microorganisms and their subproducts attach to 

surfaces, producing extracellular polymers that facilitate adhesion and provide a 

structural matrix, the so-called biofilm. These biofilms represent a huge risk for public 

health, as they are responsible for several device-related infections caused by gram-

positive or gram-negative bacteria composed biofilms on indwelling medical devices, 

such as prosthetic heart valves, central venous catheters or urinary catheters, among 

others [1]–[3]. According to EPINE (Study of the prevalence of nosocomial infections in 

Spain), urinary infections caused by urinary catheters represent 20.8% of the total 

nosocomial infections, while vascular catheterization associated bacteremias represent 

15.9% [4]. According to World Health Organization (WHO), 8.7% of hospitalized patients 

present nosocomial infections [5]. Furthermore, biofilms are highly resistant to antibiotic 
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treatment. Antibiotic therapies can reverse symptoms caused by biofilms, but the sessile 

population of the biofilm remains, having to remove it surgically from the body. This 

causes a need for removal of any foreign-body material, in addition to long-term, high-

dose antibiotic therapies [6]–[8]. 

Mimicking the defense mechanisms present in nature has been proposed to prevent 

bioaccumulation, inhibiting both adhesion and growth of microorganisms [9]–[13]. 

Within this strategy, the antifouling mechanisms of many plant species have aroused 

great interest, paying attention to the flavonoids that are obtained from their extracts 

and essential oils. Flavonoids are part of the defense of plants against external 

aggressions, and works in which their antifouling properties are investigated have been 

published recently [14]–[18]. In recent years, the interest in Xanthohumol (XH), a natural 

polyphenol obtained from Humulus lupulus has received growing attention due to its 

wide spectrum of biological activities with beneficial effects on human health [19]. 

According to recent studies, it presents anti-inflammatory, antioxidant or anti-cancer 

properties, among others [19]–[25]. In addition, Xanthohumol displays a broad spectrum 

of anti-infective activities against different bacteria, such as Staphylococcus aureus and 

Streptococcus mutans, with a powerful anti-adherent and antibiofilm activity [26], [27]. 

Xanthohumol has been reported to inhibit the growth of the Gram-positive bacteria 

Staphylococcus aureus (with a minimal inhibitory concentration MIC of 17.7 μM) and 

Streptococcus mutans (with MIC of 35.3 μM) [28]. Antiviral activity of xanthohumol, in 

combination with interferon α-2b, was demonstrated against the virus that causes 

bovine diarrhea (bovine viral diarrhea virus, BVDV E2), which shows considerable 

similarities with the human hepatitis C virus, and against herpes virus (herpes simplex 

virus HSV 1 and HSV 2), cytomegalovirus (CMV) and rhinovirus [29]. The xanthohumol 

concentrations required for antiviral activity (IC50) were in a range of 4.2-7.6 μM. Wang 

et al. investigated the activity of xanthohumol to suppress several crucial steps in the 

replication of HIV-1 to treat AIDS patients [30]. A recent review on the antiinfective 

properties of hop constituents, describes xanthohumol as a broad spectrum anti-

infective agent against Gram-positive bacteria, several viruses, fungi (trichophyton spp.) 

and malarial protozoa (plasmodium falciparum) [28]. The mechanism/s of the observed 

inhibitory activities are still under investigation. However, no influence has been 



3b. Amorphous solid dispersions in poly(ε-caprolactone)/xanthohumol bioactive blends: physicochemical 
and mechanical characterization 

119 
 

reported on Gram-negative bacteria (e.g. Escherichia coli) or the Candida albicans 

fungus [31]. 

Xanthohumol is a prenylated chalcone, a subclass of the flavonoids family [25]. 

Flavonoids are sparingly soluble compounds, making difficult their obtention and 

handling [32]. In particular, the solubility reported for xanthohumol in common organic 

solvents is about 10 mg/ml in ethanol and 35 mg/ml in DMSO (approx. 1 and 3.5 wt% 

respectively) [33], [34]. This low solubility could be related to comparatively larger 

intermolecular crystal forces than in other compounds [35]. A priori, compounds poorly 

soluble in organic solvents are not good candidates to obtain miscible blends with 

polymeric materials, since increasing the molecular size decreases the favorable 

entropic contribution to miscibility. But, on the other hand, polymer matrixes can delay 

the crystallization process of amorphous drugs in the metastable region of the binary 

phase diagram, increasing the composition range available to obtain useful ASDs [36]–

[38]. Using polymers with high glass transition temperatures may further favor ASD 

obtention due to the vitrification of the system upon cooling [38]; but this property may 

hardly allow extending the composition range to the unstable region of the miscibility 

diagram because glassy systems also evolve with time and the unstable amorphous drug 

will tend to crystallize [39], [40]. Consequently, miscibility is considered a key requisite 

to obtain stable enough ASDs for practical applications [41]. Unfortunately, polymer-

drug interactions cannot be currently accurately predicted, hence obtaining ASDs is 

nowadays a trial-and-error effort [42]. Hence, the number of formulations containing 

drug in the amorphous form that have made it through to the market is limited due to 

the generally poor physical stability of the amorphous form [39]. This reveals the need of 

attention in this research area, particularly considering that about 50% of the new 

molecules discovered are estimated to have solubility problems [41]. 

In addition, due to its non-polar, highly hydrophobic nature, XH is nearly insoluble in 

water. Dispensing the drug in the form of an amorphous solid dispersion (ASD) is usually 

a good strategy to improve its bioavailability [43], [44]. In this paper, poly (ԑ-

caprolactone) (PCL) has been selected as a suitable matrix to disperse Xanthohumol in 

the amorphous form based on the hypothesis of the occurrence of favorable hydrogen 

bonding interactions between the OH groups of XH and the C=O groups in PCL (see 
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Figures 3b.1-2). PCL is a biodegradable semicrystalline polyester, with glass transition 

temperature located at about -60° C, and melting point at about 60° C. This polymer is 

suitable for long-term biomedical applications, as the degradation can last from several 

months to years [45]. 

 

 

Figure 3b. 1. Poly(ε-caprolactone) 

 

            

Figure 3b. 2. Xanthohumol 

 

3b.2. EXPERIMENTAL SECTION 

3b.2.1. Starting materials 

Poly(ԑ-caprolactone) (PURASORB® PC12 trade name) with an average molecular weight 

(Mw) of 1.3∙105 g mol-1 and Mw/Mn ꓿ 1.76 was purchased from Purac Biochem (The 

Netherlands). Xanthohumol (purity 98%) was obtained from Chengdu Biopurify 

Phytochemicals (China) and tetrahydrofuran (THF) was supplied by Labkem. 

3b.2.2. Blend preparation 

Films were prepared by solvent casting at room temperature from tetrahydrofuran 

(THF) solutions containing 2.5 wt% of PCL/XH blend. 
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3b.2.3. Differential Scanning Calorimetry (DSC) 

Thermal analyses were conducted on a Modulated DSC Q200 from TA Instruments. All 

the scans were carried out in hermetic aluminum pans under nitrogen atmosphere with 

sample weights between 5 and 10 mg. In order to study the glass transition 

temperatures, two consecutive scans were performed with a scan rate of 20°C/min: the 

first one from -90°C to 130°C to ensure complete melting of the polymeric phase and the 

second one from -90°C to 300°C. In the case of neat XH, the sample was heated up to 

175ºC during the first scan in order to be able to observe the glass transition heat jump 

during the consecutive DSC scan with minimal sample degradation.  The glass transition 

temperatures (Tg) were measured in the second scan as the midpoint of the specific heat 

increment. 

3b.2.4. Melting Point Depression 

The melting point depression of XH was analyzed in XH-rich blends containing 0-20% 

PCL. To obtain the melting temperature of XH crystals, samples were heated in the DSC 

with a scan rate of 1°C/min. Three samples were measured for each composition. No 

weight loss was observed during the thermal treatments. 

3b.2.5. Fourier Transform Infrared Spectroscopy (FTIR) 

A Nicolet AVATAR 370 Fourier transform infrared spectrophotometer was used to record 

FTIR spectra of the blends, averaged over 64 scans in the 400-4000 cm-1 range with a 

resolution of 2 cm-1. Tetrahydrofuran solutions containing 2 wt% PCL/XH blends were 

cast on KBr pellets by evaporation of the solvent at room temperature. Traces of 

tetrahydrofuran were removed placing the films into a heated vacuum oven for 24 h. 

The absorbance of the samples was within the range where Lambert-Beer law is obeyed. 

Second derivative spectra were smoothed using the Norris-Williams Gap Derivatives 

using maximum gap sizes and segment lengths of 5 points and 5 cm-1 respectively in the 

derivative transformations. 

3b.2.6. Atomic Force Spectroscopy (AFM) 

Atomic Force Microscopy was performed using a Nanoscope V controller multimode 

AFM (Veeco, Santa Barbara, USA). The images were recorded in tapping mode between 

0.2 and 2 Hz. Silicon tip on nitride lever cantilevers of 0.4 N m-1 with reflective aluminum 
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back sides (Bruker AXS, Santa Barbara, USA) were used. The image processing was 

performed using the Nanoscope 9.2 program (Bruker AXS, Santa Barbara, USA). 

3b.2.7. X-ray Diffraction (XRD) 

To collect the X-ray diffraction patterns a Philips X’pert PRO automatic diffractometer 

was used, operating at 40 kV and 40 mA, in theta-theta configuration, secondary 

monochromator with Cu-Kα radiation (λ = 1.5418 Å) and a PIXcel solid state detector 

(active length in 2θ 3.347°). Data were collected from 4 to 70° 2θ (step size 0.026 and 

time per step = 72.42 s) at room temperature. A fixed divergence and antiscattering slit 

giving a constant volume of sample illumination was used. 

3b.2.8. Tensile tests 

Tensile tests were carried out in an Instron 5565 universal testing machine at a 

crosshead displacement rate of 5 mm/min at room temperature. Specimens 60 mm 

length and 10 mm wide were cut from films of 80 µm average thickness. Young’s 

modulus (E), yield stress (σy) and strain at break (εb) were determined as the mean value 

of at least four determinations. Data were subjected to one-way analysis of variant 

(ANOVA) with the level of significance set at p < 0.05. 

3b.2.9. In Vitro Release Studies (UV-Vis) 

UV–Vis absorption spectra were recorded using a Perkin Elmer Lambda 265 UV-Visible 

spectrophotometer. Before performing the drug release experiments, a calibration curve 

was obtained measuring the absorbance at a wavelength of 370 nm for solutions of 

xanthohumol in 0.1 M PBS (pH 7.4) with concentrations ranging from 1 to 15 ppm. Three 

PCL/XH systems containing 2, 5 and 10 wt% XH were measured in triplicate using 

samples of about 3 mg (containing about 60, 150 and 300 µg XH) obtained by solvent 

casting. Samples were immersed in 4 ml of 0.1 M PBS buffer at 37º C. At fixed time 

intervals of 15 min., the whole solution was replaced with fresh one, and the solution 

taken out was used to measure the drug concentration by UV spectroscopy using the 

calibration curve.  
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3b.3. RESULTS AND DISCUSSION 

3b.3.1. Miscibility analysis by DSC according to single glass transition criterion 

When two components are miscible, the blend is expected to show a single glass 

transition temperature (Tg) located between the Tgs of the neat materials, which is 

expected to change progressively with composition [46], [47]. On the contrary, more 

than one single value could be detected if there is a separation into individual 

amorphous phases within the system. Figure 3b.3. shows the second scan DSC traces for 

PCL, XH and their blends. As can be seen, the glass transition temperature of pure XH is 

located at about 71°C, while the Tg of pure PCL occurs at about -62° C. All the PCL/XH 

blends show single intermediate glass transition temperatures, indicating miscibility in 

the amorphous phase in the whole composition range.  

 

Figure 3b. 3. Second scan DSC traces for PCL, XH and PCL/XH blends. 

 

Different methods, such as Gordon-Taylor (GT), Couchman-Karasz (CK) or Fox equations, 

have been employed to predict the glass transition temperature of amorphous binary 

systems. Particularly, the Gordon-Taylor equation was derived assuming ideal solution 

behavior; and considering also equal densities, the widely used Fox equation (Eq. (3b.1)) 

can be derived [48]: 
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1

𝑇𝑔𝑏
=

𝑤1

𝑇𝑔1
+

𝑤2

𝑇𝑔2
 

(3b.1) 

where w1 and w2 are the weight fractions of components 1 and 2 respectively, Tg1 and Tg2 

are the glass transition temperatures of the pure components, and Tgb is the glass 

transition temperature of the blend. As can be seen in Figure 3b.4., in the 0-40 XH wt% 

range the experimental values are close to the values predicted by the Fox law, while at 

higher XH concentrations the experimental Tgs lie below the predicted values. This 

behavior can be rationalized considering that XH is completely dissolved in the PCL rich 

blends, while partial XH crystallization occurs in the XH rich blends (see also Fig.3b.3) 

[46]. 

 

Figure 3b. 4. Glass transition temperature versus composition for the PCL/XH system: (■) experimental values (♦) Fox 
equation. 
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3b.3.2. Melting Point Depression Analysis 

Table 3b.1. lists the melting properties of the pure components investigated in this 

work. As can be seen, PCL is a semicrystalline polymer melting at about 57°C, in good 

agreement with the values reported in the literature [45], [49]. However, the DSC scans 

performed on XH reveal an unusually large melting temperature dependence on heating 

rate, since its melting temperature increases by about 20°C when the heating rate 

increases from 1°C/min to 20°C/min. A revision of the literature also reveals a broad 

range of melting temperatures reported for XH, ranging from 148°C to 172°C [50]–[53]. 

The dependence of melting temperature on heating rate is typical of compounds 

exhibiting “apparent melting”, a new term proposed by Lee et al. [54] to distinguish the 

loss of crystalline structure caused by kinetic processes (e.g., thermal decomposition, 

dehydration, and chemical interactions/reactions) from that caused by thermodynamic 

melting. The apparent melting of sucrose (and other related compounds) was initially 

attributed to the kinetic process of thermal decomposition [54], but Magoń et al. [55] 

have recently shown it to be actually due to superheating. The melting of crystalline 

sucrose was found to be kinetically slow and under heating rates faster than equilibrium 

conditions the melting of crystals occurred at higher temperatures [55]. A similar 

behavior is observed in this work for XH. Even though degradation of XH to 

isoxanthohumol can occur upon melting [50], our samples did not show weight loss or 

decoloration during the DSC experiments, and similarly to sucrose, the observed 

dependence of melting temperature with heating rate can be attributed to the 

superheating of the XH crystals. The recommendation to obtain the equilibrium 

transition parameters for this type of compounds is to perform extrapolations to zero 

heating rate [55]. In any case, superheating is reduced with decreasing heating rate, 

hence only the measurements performed at sufficiently low heating rate (1°C/min) will 

be used to analyze the melting point of XH in this section [56], [57]. 

                     Table 3b. 1. Melting properties of PCL and XH obtained from the first heating scans. 

Compound (scan rate) Tm (°C) ΔHm (J/g) 

PCL 57.0 81 

XH (20ºC/min) 

XH (1ºC/min) 

173.2 

153.1 

121 

80 
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The melting point depression method, derived from the Flory-Huggins Theory, provides 

a thermodynamic description of the miscibility between two components. Essentially, a 

pure component melts when the entropic contribution (TΔSm, arising from the increase 

in entropy upon melting) equals the enthalpic contribution (ΔHm, arising from reduced 

intermolecular interactions in the liquid phase). However, in the presence of a second 

miscible component in liquid form, there is an additional entropic contribution arising 

for the combinatorial entropy, and an additional enthalpic contribution arising from 

intermolecular interactions with the second component. Both contributions shift the 

melting temperature of the pure component [58]. The Flory’s relationship for the 

depression of the equilibrium melting point, ΔTm, is (Eq. (3b.2)): 

 

1

𝑇𝑚
−

1

𝑇𝑚
0  =  

−𝑅

∆𝐻2𝑢

𝑉2𝑢

𝑉1𝑢
(

ln 𝜙2

𝑚2
 +  (

1

𝑚2
 −  

1

𝑚1
) 𝜙1  +  χ12𝜙1

2) 
(3b.2) 

 

where 𝑇𝑚
0  is the equilibrium melting point of the pure crystallizable component and 𝑇𝑚 

is the equilibrium melting point of its blends, the subscripts 1 and 2 refer to the 

amorphous and crystallizable components respectively. R is the universal gas constant, 

while ∆𝐻2𝑢 is the heat of fusion per mole of crystalline repeat units. 𝑉𝑢 is the molar 

volume of the repeating unit, 𝑚 is the degree of polymerization, 𝜙 is the volume 

fraction, and χ12 is the interaction parameter. 

In order to analyze the melting point depression of XH (component 2) applying (Eq. 

(3b.2)), the molar volume of the lattice sites can be considered as the molar volume of  

XH (𝑉2 = 285.8 cm3/mol, estimated from its crystalline density), and consequently 𝑚2 =

1. To further simplify the equation, the same volume can be taken as the molar volume 

of the polymeric repeat unit (𝑉2  =  𝑉1𝑢). Since 𝑚1 = 𝑉𝑝𝑜𝑙 𝑉1𝑢⁄  is large, 1 𝑚1⁄ ≈ 0. As a 

result, (Eq. (3b.3)) reduces to: 

 

1

𝑇𝑚
−

1

𝑇𝑚
0 =

−𝑅

∆𝐻2

(ln 𝜙2 + 𝜙1 + χ𝜙1
2) 

(3b.3) 
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where the first two terms in the right-hand side of (Eq. (3b.3)) represent the mixing 

entropy contribution to ΔTm, and the third term the mixing enthalpy contribution. 

Substituting typical numbers for a polymer-monomer system in (Eq. (3b.3)), it is easy to 

show that the entropic term only accounts for a small depression (usually about 1–2°C) 

[44]. 

The average melting point of pure XH obtained at low heating rate (1°C/min) is 𝑇𝑚
0 =

153.1°C. The melting point decreases by about 5°C when 20 wt% PCL is added. 

Considering the average melting enthalpy of pure XH (ΔHXH = 80 J/g), (Eq. (3b.4)) has 

been used in Figure 3b.5. to obtain the interaction parameter from the slope of the plot, 

χ = -1.3. This value confirms a thermodynamically miscible system, since negative values 

for the interaction parameter indicate an exothermic process, as expected when the 

interassociation interactions are stronger than the autoassociation interactions [58]. 

Additionally, it is possible to calculate the interaction energy density, B, at the melting 

temperature of XH according to (Eq. (3b.4)): 

 

χ =
𝐵𝑉𝑟

𝑅𝑇
 

(3b.4) 

 

where 𝑉𝑟 is a reference volumen (𝑉𝑟 = 𝑉2 = 285.8 cm3/mol), yielding 𝐵 = −16 J/cm3. 
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Figure 3b. 5. Analysis of the melting temperature of XH according to (Eq. (3b.3)) for the PCL/XH system. The slope of 
the plot gives the interaction parameter χ = -1.3. 

3b.3.3. FTIR analysis of PCL/XH blends 

Hydrogen bonding interactions between the hydroxyl groups of XH and the carbonyl 

groups of PCL can be expected considering the chemical structures of the species 

investigated in this paper (see Figures 3b.1-2), hence, the occurrence of specific 

interactions has been investigated by infrared spectroscopy. Figure 3b.6 shows the ester 

carbonyl stretching region of the pure components and their blends at room 

temperature (notice that the absorption region corresponding to the aromatic ketone 

present in XH occurs at lower wavenumbers and is not displayed in Fig. 3b.6.). The 

spectrum of pure PCL shows a peak at 1725 cm-1 attributable to crystalline PCL and a 

shoulder at 1735 cm-1 representing the amorphous phase [59]. As can be seen, blending 

with XH results in the occurrence of a new band located at about 1703 cm-1, attributable 

to hydrogen bonded C=O groups in PCL[34]. The observed red shift (~32 cm-1) is larger 

than those reported for blends of PCL with thymol [44] or chloramphenicol [60] (~25 cm-

1) indicating stronger hydrogen bonding interactions.  
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Figure 3b. 6. Carbonyl stretching region for pure PCL and XH and PCL/XH blends of different composition. 

 

Figure 3b.7. displays the hydroxyl stretching region of PCL and PCL/XH blends. The 

spectrum of pure XH shows a very broad band, attributable to the overlap of bands 

corresponding to different hydrogen bonding interactions. The typical location reported 

for pure completely dry XH, about 3300 cm-1 [61] indicates the occurrence of 

cooperative O-H···O-H interactions [60], though the actual location observed can be 

affected by residual water or other compounds that may cocrystallize with the pure 

compound [62], [63]. As can be seen, the addition of PCL to XH shifts the band to higher 

wavenumbers, up to about 3350 cm-1 as the PCL content in the blend increases. Shifting 

to higher wavenumbers is usually attributed to the replacement of the cooperatively 

strengthened hydroxyl-hydroxyl interactions by the weaker hydroxyl-carbonyl 

interactions absorbing at higher wavenumbers [60], [64]. 
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Figure 3b. 7. Hydroxyl stretching region for pure XH and PCL/XH blends of different composition. 

3b.3.4. Crystallization Behavior Based on the X-ray Diffraction Analysis 

The XRD patterns of the pure components are shown in Figure 3b.8.. XH exhibits 

characteristic peaks at 2θ = 5.8° and 7.7° with several peaks between 11° and 28°, while 

the characteristic peaks of PCL occur at 2θ = 21.7° and 24°. As can be seen, the intensity 

of the crystalline peaks of XH decreases with the addition of PCL. The same behavior is 

observed for the PCL peaks upon increasing the XH content. For the PCL/XH 60/40 

composition, the material is an homogeneous, single phase blend. If the XH content is 

increased to 50 wt%, the XRD diffraction pattern shows a weak, broad peak centered at 

about 2θ = 6.6°, shifted form the locations corresponding to the pure XH crystals. This 

suggests that at this composition XH is still unable to form fully developed crystals, and 

the peak arises from small ordered regions intimately connected to the surrounding 

amorphous matrix [24]. Further increase of the XH content to 60 wt% results in the 

occurrence of a fully developed second phase consisting of pure XH crystals, though the 

mass fraction corresponding to this second phase is still small according to the intensity 

of the crystalline peaks. 
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Figure 3b. 8. XRD patterns of: a) pure XH; b) PCL/XH 30/70; c) PCL/XH 40/60; d) PCL/XH 50/50; e) PCL/XH 60/40; f) 
PCL/XH 70/30 and g) pure PCL. 

3b.3.5. AFM Analysis 

Figure 3b.9. shows topographic images of thin films (400 nm) of pure PCL and PCL/XH 

blends of different composition obtained by Atomic Force Microscopy. As can be seen, 

pure PCL shows the characteristic spherulitic morphology of semicrystalline polymers. 

Upon addition of 20 wt% XH, spherulitic boundaries become less defined, and the 

crystalline phase shows a looser, less compact morphology, indicating that crystallization 

of PCL in the presence of XH creates a XH enriched amorphous phase that is displaced by 

the growing crystallites to the interlamellar region and to the spherulitic grain 

boundaries [65]. On the other hand, the PCL/XH 40/60 system shows discrete XH crystals 

dispersed in a smooth and homogeneous film. In case of the intermediate PCL/XH 60/40 

composition, the topographic images obtained lack any crystalline morphology in 

agreement with the XRD analysis, but show a rough surface that suggests the occurrence 

of compositional heterogeneities attributable to a metaestable composition [66]. The 

analysis of the long term stability of this system is, however, beyond the scope of this 

paper. 
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Figure 3b. 9. AFM topographic images for pure PCL and PCL/XH blends of different compsition. 
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3b.3.6. Tensile Behavior 

The tensile behavior of PCLs is strongly dependent on molecular weight [67]. PCL 

oligomers (Mw below several thousands) are brittle and waxy, but both ductility and 

tensile modulus increase with increasing molecular weight [68]. Low molecular weight 

PCLs (Mw from 104 to a few tens of thousands) are soft and show increased ductility, 

while high molecular weight PCL achieves mechanical properties comparable to linear 

polyethylenes, reaching Young's modulus E = 700 MPa and elongation at break in the 

700-1000% range [67], [69]. Figure 3b.10. shows the tensile curves obtained for the high 

molecular weight PCL sample investigated in this work and its blends containing up to 60 

wt% XH. As can be seen, the tensile curves of the blends lie below that of pure PCL, 

indicating that the addition of XH reduces the resistive properties of the blends. This 

behavior should be attributed to the suppression of the crystallinity of PCL occurring 

upon the addition of XH rather than to a plasticizing effect, since the addition of XH 

actually increases the glass transition of the blends. Interestingly, the blends retain high 

ductilities within the composition range in which XH is dispersed in amorphous form. For 

example, adding 50 wt% XH to PCL reduces the strain at break from εb = 595 ± 25 % to εb 

= 374 ± 7 %, hence the films retain nearly 2/3 of the ductility in spite of containing half 

the polymer. However, a strong reduction of ductility is observed when the XH content 

increases further to 60 wt% (εb = 135 ± 21 %). The strong reduction of ductility observed 

upon increasing the XH content from 50 wt% to 60 wt% cannot be explained only in 

terms of the lower polymer content of the latter. In this case, the presence of a 

disruptive second crystalline phase in the sample containing 60 wt% XH must be 

considered as an additional detrimental effect. 

 



3b. Amorphous solid dispersions in poly(ε-caprolactone)/xanthohumol bioactive blends: physicochemical 
and mechanical characterization 

 

134 
 

 

Figure 3b. 10. Tensile tests for the PCL/XH blends. 

 

Figures 3b.11-12 show the Young's modulus and the yield stress for pure PCL and its 

blends with XH of different composition. The Young's modulus for the pure PCL used in 

this work is 686 ± 2 MPa (see Fig. 3b.11), in good agreement with values reported in the 

literature [60]. As can be seen, the addition of XH to PCL halves the stiffness of the films. 

In addition, the yield strength of pure PCL (15.4 ± 0.7 MPa, see Fig. 3b.12) is also halved 

upon the addition of XH. A dependence on composition cannot be established for these 

parameters from our results. In any case, the analysis of the mechanical properties 

shows that soft, flexible PCL/XH blends can be developed, particularly by considering 

also the possibility of tuning the molecular weight of PCL to achieve the desired 

mechanical properties. 
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Figure 3b. 11. Young's modulus for PCL and PCL/XH blends. 

 

Figure 3b. 12. Yield stress values for PCL and PCL/XH blends. 
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Table 3b. 2. Statistical analysis results for the mechanical properties. 

XH wt% 

YOUNG’S MODULUS YIELD STRENGTH 

Average modulus 

(MPa) 

Standard 

deviation 

Average Yield 

strength (MPa) 

Standard 

deviation 

0 685.8 ±2.0 15.4 ±0.7 

20 314.9 ±8.3 5.9 ±0.5 

40 338.5 ±4.6 7.2 ±0.2 

50 263.3 ±3.1 6.1 ±0.2 

60 444.7 ±3.9 8.6 ±0.2 

 

3b.3.7. Drug Release Behavior 

As indicated in the introduction, XH is virtually insoluble in water due to its non-polar, 

highly hydrophobic nature. The solubility reported in aqueous media is 1.3 mg/L (about 

1.3 ppm) at 23°C [70]. Such a low value limits its bioavalavility and makes difficult 

handling XH to perform both in vivo and in vitro pharmacological studies [62]. Hence, 

solubility and drug release studies have been usually carried out in 50:50 (v/v) ethanol–

water solution, where the solubility of XH increases to 7.6 mg/L [62]. 

In an attempt to stick as close as possible to the physiological conditions, release 

experiments have been carried out in 0.1 M PBS (pH 7.4) medium. To avoid the 

precipitation of XH (usually occurring when the solutions reach the unstable region of 

the phase diagram), the total XH concentration has been limited by removing the whole 

solution before each addition of fresh PBS medium. Figure 3b.13 shows the in vitro drug 

release profiles for the PCL/XH blends containing 2, 5 and 10 wt% XH. As can be seen, in 

the experimental conditions chosen for this analysis, all the samples show quasi-linear 

release profiles, and the whole drug was released in short time lapses, of about 1 hour, 3 

hours and 4.5 hours respectively. The XH released in each step reached 50 µg (in 4 ml of 

PBS solution), hence, XH concentrations of about 12 mg/L were achieved without 

precipitation in the release experiments. Both the larger XH concentrations and the 

short release times indicate that releasing from PCL/XH ASDs should increase the 

bioavailability of the drug. 
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Figure 3b. 13. Drug release profiles of PCL/XH films containing 2, 5 and 10 wt% XH immersed into 0.1 M PBS buffer at 
37º C. 

3b.4. CONCLUSIONS 

Miscibility is observed in the PCL/XH system according to the intermediate glass 

transition temperature criterion. The analysis of the melting point depression of the XH 

crystals results in a negative interaction parameter, χ = -1.3, indicating favorable 

interactions between the polymer and the bioactive molecule. Crystallization is 

suppressed for both PCL or XH in the presence of the second component. In fact, the 

PCL/XH 60/40 blend is completely amorphous according to both the DSC and X-Ray 

diffraction pattern analyses. PCL can be loaded with XH contents up to 50 wt% to obtain 

amorphous solid dispersions (ASDs) of the bioactive molecule. 

The analysis by FTIR spectroscopy for the PCL/XH blends shows new bands in the C=O 

stretching region attributable to C=O···H-O interactions between the carbonyl groups of 

PCL and the hydroxyl groups of XH. In addition, the hydroxyl stretching band of XH shifts 
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to higher wavenumbers in the presence of PCL indicating the replacement of the 

cooperative H-O···H-O autoassociation interactions by C=O···H-O interassociation 

interactions. 

The analysis of the spherulitic morphology of the blends by AFM shows that the addition 

of XH to PCL results in less defined spherulites, showing a looser, less compact 

morphology, characteristic of miscible systems. Tensile tests indicate that the resistant 

properties of PCL are reduced upon the addition of XH, but the materials maintain high 

ductilities even in the presence of XH contents up to 50 wt%. The PCL/XH system shows 

interesting properties for the development of biomedical devices based on soft 

materials. 
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ABSTRACT 

The obtention of amorphous solid dispersions (ASDs) of mycophenolic acid (MPA) in 

poly(ε-caprolactone) (PCL) is reported in this paper. The improvement of the 

bioavailability of the drug is possible thanks to the favorable specific interactions 

occurring in this system. Differential scanning calorimetry (DSC) was used to investigate 

the miscibility of PCL/MPA blends, measuring their glass transition temperature (Tg) and 

analyzing melting point depression to obtain a negative interaction parameter which 

indicates the development of favorable interassociation interactions. Fourier transform 

infrared spectroscopy (FTIR) was used to analyze the specific interaction occurring in the 

blends. Drug release measurements showed that at least 70% of the drug was released 

by the third day in vitro in all compositions.  Finally, preliminary in vitro cell culture 

experiments showed a decreased number of cancerous cells over the scaffolds 

containing MPA, which might be attributed to the possible anti-cancer activity of the 

MPA to be further addressed in future experiments.  

3c.1. INTRODUCTION 

As new treatments and drugs appear for all kind of diseases, we are also faced with 

great challenges to achieve a satisfactory application of these remedies. Although they 

may be effective in theory, most of the drugs that are being approved are not feasible in 

terms of their biopharmacological properties. The main causes are low permeability, 

poor solubility or rapid elimination from the body. In fact, 90% of the drugs being 

developed are molecules with low solubility, in addition to almost 40% of drugs already 

approved [1]. The dimensions of this problem can be seen as an example in the case of 

oral administration of doses. In order to reach the systemic circulation, the drug must be 

dissolved in the intestinal fluids of the gastrointestinal tract, which is difficult in the case 

of low solubility [2]. The cause of this low bioavailability is due to the different molecular 

arrangements, being the crystalline compounds the ones that present the greatest 

problem [3]. In order to solve it, one of the established strategies is amorphization, 

which transforms low-energy crystalline substances into high-energy amorphous 

compounds, giving them greater solubility and bioavailability [4]. However, these 

amorphous solids are not thermodynamically stable due to their excess enthalpy, 
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entropy and free energies, which causes them to tend to form crystals [1], [5]. For this 

reason, achieving the stability of these compounds is a great challenge. 

One of the strategies used for this purpose is developing amorphous solid dispersions 

(ASDs). In the 1970s, Chiou and Riegelman defined the term solid dispersions as the 

dispersion of an active pharmaceutical ingredient (API) in an amorphous carrier in solid 

state prepared by solvent, melting or solvent-melting methods [5]. In these systems, 

there is a mixture at the molecular level between a polymer and the drug in an 

amorphous state, increasing its bioavailability [6]–[10]. It is known that the low 

thermodynamic stability due to the high energy of the amorphous state causes 

relaxation, nucleation and recrystallization under different variables [11]. Thus, the role 

of the polymeric matrix is to inhibit this process and maintain the mixture in a single 

homogeneous phase [12], [13]. To avoid this crystallization and maintain the mixture in 

the metastable region of the binary phase diagram, miscibility between API and polymer 

is essential [14], [15]. The kinetic stability provided by storage below glass transition 

temperature (Tg) must also be taken into account. In fact, according to Hancock et al., 

the stability of the mixture could be ensured for years by storing it at least 50 K below Tg 

[16], [17]. The biggest complication this system presents is the lack of predictability of 

polymer-drug interactions, which is why obtaining them is based on trial-and-error 

effort [18]. 

One interesting drug to test this system is mycophenolic acid (MPA – C17H20O6, 320 

g/mol; aqueous solubility: 35.5 mg/L). Mycophenolic acid (Figure 3c.2) is an antibiotic 

produced by Penicillium family, best known for its use as an immunosuppressive agent 

to prevent rejection in organ transplants [19], [20]. In addition, this drug has more 

biological properties, such as antifungal of antiviral properties [21]. It also has potential 

to prevent and perhaps treat chronic allograft vasculopathy, as it can inhibit the 

proliferation of vascular smooth muscle cells (VSMCs), mesangial cells, and 

myofibroblasts [22]. However, one of the most striking properties is its ability to act 

against tumor cells of various types such as leukemia or lymphoma, among others [23]. 

This is because MPA is an inhibitor of inosine monophosphate dehydrogenase (IMPDH), 

which leads to the reduction of xanthine monophosphate (XMP), guanosine-5’-

triphosphate (GTP) and deoxyguanosine triphosphate (dGTP), thus inhibiting the 
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proliferation of lympholeukocytes and cancer cells [20], [24]. Despite having so many 

favorable properties, the bioavailability of MPA in vivo is relatively poor due to the high 

clearance inside a living organism, which limits its possibility of clinical application [19]. 

This, added to its low aqueous solubility, makes it a perfect candidate to form 

amorphous solid dispersions. 

 

 

Figure 3c. 1. Poly(ε-caprolactone) 

 

 

Figure 3c. 2. Mycophenolic acid 

 

In this work, the polymer selected as matrix to disperse MPA in amorphous form has 

been poly(ε-caprolactone) (PCL) (Figure 3c.1), a biodegradable semicrystalline polyester. 

Its glass transition temperature is around -60°C, and its melting point at around 60°C. 

This polymer is suitable for long-term biomedical application, as the degradation can last 

from several months to years [25], [26]. In this work, miscibility and interactions 

between PCL and MPA have been studied to verify the suitability of this mixture for the 

formation of an amorphous solid dispersion. In addition, it has been tested separately 

the interaction of the blends containing increasing concentrations of MPA with both a 

non-cancerous fibroblast cell line (MRC5) approved by the ISO 10993 for cytotoxicity 

studies [27] and a widely used immortalized HeLa cell line derived from a cervical cancer 

[28]. 

3c.2. EXPERIMENTAL SECTION 
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3c.2.1. Starting Materials  

Poly(ε-caprolactone) (PURASORB® PC12 trade name) with an average molecular weight 

(Mw) of 1.3 x 105 g/mol and Mw/Mn = 1.76 was purchased from Purac Biochem (The 

Netherlands). Mycophenolic acid (C17H20O6, M = 320.34 g/mol) was obtained from 

Fluorochem Ltd (United Kingdom) and Dichloromethane (DCM) was supplied by Labkem. 

3c.2.2. Blend Preparation  

Films were prepared by solvent casting from dichloromethane (DCM) solutions 

containing 2.5 wt% of PCL/MPA blend at room temperature.  

3c.2.3. Differential Scanning Calorimetry (DSC)  

A Modulated DSC Q200 from TA Instruments was used for thermal analyses. All the 

scans were performed in hermetic aluminum pans under nitrogen atmosphere with 

sample weights between 5 and 10 mg. Two scans from -80°C to 160°C with a scan rate of 

20°C/min were performed, in order to measure glass transition temperatures (Tg) in the 

second one. 

3c.2.4. Melting Point Depression Analysis. 

The melting point depression of MPA was observed in MPA-rich blends containing 0-20 

wt% PCL. To obtain the melting temperature of MPA crystals, samples were heated in 

the DSC with a scan rate of 1°C/min. 

The samples were weighed again after the DSC scans, and no weight loss was observed 

during the thermal treatments. 

3c.2.5. Fourier Transform Infrared Spectroscopy (FTIR). 

A Nicolet AVATAR 370 Fourier transform infrared spectrophotometer was used to record 

FTIR spectra of the blends, with a resolution of 2 cm-1 and averaged over 64 scans in the 

range of 400-4000 cm-1. Dichloromethane solutions containing 2 wt% of blends were 

cast on KBr pellets by evaporation of the solvent at room temperature. The absorbance 

of the samples was within the range where Lambert-Beer law is obeyed. 

3c.2.6. In vitro drug release. 
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In vitro drug release experiments were performed for PCL/MPA 99.95/0.05, 99.9/0.1, 

99.8/0.2, 99.5/0.5, 99/1 and 98/2 blends. Round samples of PCL/MPA of Ø10 mm 

obtained by solvent casting were immersed in 1 mL of 0.1M PBS buffer (pH 7.4) at 37°C. 

At fixed intervals, samples of 200 μL were taken and replaced with fresh PBS at 37°C. 

Drug concentration in solution was determined using a BioTech Sinergy H1M MicroPlate 

Reader using a calibration curve that was previously obtained measuring the absorbance 

at a wavelength of 305 nm for solutions of MPA in 0.1 M PBS. 

The release kinetics of mycophenolic acid were examined considering four mathematical 

models:  

Zero order: 𝐶𝑡 𝐶∞ = 𝑘0𝑡⁄  

 

(3c.1) 

First order: ln(1 − 𝐶𝑡 𝐶∞⁄ ) = −𝑘1𝑡 

 

(3c.2) 

Higuchi: 𝐶𝑡 𝐶∞⁄ = 𝑘ℎ𝑡
1

2⁄  

 

(3c.3) 

Korsmeyer – Peppas: 𝐶𝑡 𝐶∞⁄ = 𝑘𝑡𝑛 (3c.4) 

 

Ct is the cumulative amount of drug released at time t, C∞ is the starting amount of drug, 

n is the release exponent, and k0, k1, kh and k are the kinetic constants. Zero order 

kinetics (Eq. (3c.1)) represents a release process that is controlled by relaxation of 

polymeric chains, independent of its concentration and with a constant release rate. 

First order kinetics model (Eq. (3c.2)) represents a drug release rate that depends on its 

concentration [26]. Higuchi (Eq. (3c.3)) describes drug release as a diffusion process 

based in Fick´s law, square root time dependent. If the release mechanism is not well 

known or when more than one type of release phenomena could be involved, 

Korsmeyer-Peppas model (Eq. (3c.4)) is applied. It is possible to define whether if the 

release happens by Fickian diffusion, anomalous transport, Case-II transport or Super 

Case-II transport depending on the values obtained for the release exponent, n [29], 

[30]. 

3c.2.7. In vitro cell culture experiments. 
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In vitro cell culture experiments were performed on PCL/MPA 99.5/0.5, 99/1 and 98/2 

blends. Circular samples of PCL/MPA of Ø6 mm were obtained and each side sterilized 

for 30 min under UV light. Either the immortalized HeLa cell line (ATCC, United States) 

derived from a cervical cancer or the non-cancerous fibroblasts MRC5 (CCL-171, ATCC, 

United States) derived from lung tissue were drop seeded over the materials at a 

concentration of 25000 cells per scaffold. After 1 h, 480 ml of DMEM (Fisher Scientific, 

Spain) supplemented with 10% fetal bovine serum (FBS) (Fisher Scientific, Spain), 1% L-

glutamine (Fisher Scientific, Spain) and penicillin/streptomycin (Fisher Scientific, Spain) 

were added. PCL was used as negative control and for the positive control MPA at a 

concentration of 300 ppm was dissolved on the culture media and filtrated (0.2 µm). 

Cells were incubated at 37°C and 5% CO2. 

3c.2.8. Immunostaining. 

After 1 or 3 days in vitro (DIV), samples were fixed with 4% paraformaldehyde (PFA) 

(Fisher Scientific, Spain) and permeabilized with 0.3% triton-X100 (Fisher Scientific, 

Spain) in 1% PBS-Bovine Serum Albumin (BSA) (Sigma Aldrich, Spain). For the staining, 

rhodamine/phalloidin (Fisher Scientific, Spain) and DAPI, 4',6-diamidino-2-fenilindol, 

dihydrochloride (Fisher Scientific, Spain) were diluted in PBS (Fisher Scientific, Spain) 

containing 1% BSA and incubated for 1.5 h. After washing each sample 2 times in PBS 

containing 0.1% Tween-20 (Fisher Scientific, Spain) and 1 time in PBS, samples were 

mounted using mounting medium (Abcam, USA). The samples were analyzed in an 

inverted fluorescence microscope (Nikon Eclipse Ts2). 

3c.2.9. Statistical Analysis. 

Data were subjected to one-way analysis of variant (ANOVA) using Kruskal-Wallis 

followed by Dunn´s post hoc test. Level of significance was set at p<0.05. Results were 

presented as mean ± SD or SEM. 

3c.3. RESULTS AND DISCUSSION 

3c.3.1. Miscibility analysis by Differential Scanning Calorimetry (DSC). 

When two components are miscible, a single glass transition temperature (Tg) between 

the Tg of each material which changes progressively with the composition is expected 
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[31], [32]. On the contrary, the detection of more than one single value would indicate a 

separation into individual amorphous phases within the system. Different methods have 

been employed to predict the glass transition temperature of amorphous binary 

systems, such as Gordon-Taylor (GT), Couchman-Karasz (CK) or Fox equations (Eq (3c.5). 

Considering that Fox equation was developed to analyze systems formed by 

components of equal densities, it is appropriate to use it in order to estimate this 

intermediate Tg, as the densities of PCL and MPA are 1.14 g/cm3 and 1.3 g/cm3, 

respectively [33]: 

 

1

𝑇𝑔𝑏
=

𝑤1

𝑇𝑔1
+

𝑤2

𝑇𝑔2
 

(3c.5) 

 

where w1 and w2 are the weight fractions of components 1 and 2 respectively, Tg1 and Tg2 

are the glass transition temperatures of the pure components, and Tgb is the glass 

transition temperature of the blend. 

Pure PCL is a semicrystalline polymer displaying a glass transition temperature located at 

about -60°C and a melting endotherm at about 60°C. In turn, MPA displays a glass 

transition at 11°C and a melting point at 145°C. 

Figure 3c.3. shows first DSC traces obtained for the pure components and for different 

PCL/MPA blends. 
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Figure 3c. 3. First scan DSC traces for PCL, MPA and PCL/MPA blends. 

           

Figure 3c. 4. Second scan DSC traces for PCL, MPA and PCL/MPA blends. 
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The traces taken after cooling from the melt showed miscibility in the blends. The Tg of 

pure PCL is -60°C and pure MPA displays a Tg at 11°C. As it can be seen in Figure 3c.4., 

PCL/MPA blends show a single Tg intermediate between pure components for all 

compositions and close to those predicted using the Fox equation (table 3c.1), as Figure 

3c.5. shows. Consequently, it can be inferred that the two components are fully miscible 

in the amorphous phase. Furthermore, melting endotherm and Tm of PCL are lowered as 

the content of MPA becomes higher, until crystallization is totally suppressed when 

there is more than 50 wt% of drug in the blend. 

Table 3c. 1. Thermal properties of PCL/MPA blends. 

PCL/MPA Tg Experimental (°C) Tg Theoretical (Fox) (°C) Tm PCL (°C) ΔHf PCL (J/g) 

PCL -60 - 57.2 66.4 

80/20 -44.1 -48.8 51.7 49.8 

60/40 -36.3 -36.3 46.4 25.9 

40/60 -25.7 -22.4 - - 

20/80 -10.2 -6.8 - - 

MPA 11.1 - - - 

 

 

Figure 3c. 5. Glass transition temperature versus composition for the PCL/MPA system: (■) experimental values, (■) 
Fox equation. 
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3c.3.2. Melting point depression analysis. 

If the free energy of mixing of the two components (ΔGmix) is negative, a system can be 

considered thermodynamically miscible. 

 

∆𝐺𝑚𝑖𝑥  =  ∆𝐻𝑚𝑖𝑥  − 𝑇∆𝑆𝑚𝑖𝑥 

 

(3c.6) 

where ΔHmix and ΔSmix are the enthalpy and entropy of mixing, respectively. TΔSmix is 

always positive, since the entropy of mixing is added to the entropy of melting, making 

the entropy change in a miscible blend larger than in the pure component. 

Consequently, the sign of ΔGmix depends on the value of ΔHmix. In order to avoid phase 

separation, the cohesive interactions need to be lower than the sum of adhesive 

interactions, generating a favorable enthalpy of mixing. The miscibility between two 

components in terms of the change of the Gibbs free energy can be described using 

melting point depression method, based on Flory-Huggins theory. According to this 

method, the melting point temperature of the drug will decrease as the polymer content 

in the mixture increases if the cohesive forces in the pure components are weaker than 

the adhesive forces between the drug and the polymer [26], [34]. Flory’s relationship 

can be used to analyze the depression of the equilibrium melting point:  

 

1

𝑇𝑚
−

1

𝑇𝑚
0  =  

−𝑅

∆𝐻2𝑢

𝑉2𝑢

𝑉1𝑢
(

ln 𝜙2

𝑚2
 +  (

1

𝑚2
 −  

1

𝑚1
) 𝜙1  +  χ12𝜙1

2) 

 

(3c.7) 

where 𝑇𝑚
0  is the equilibrium melting point of the pure crystallizable component and 𝑇𝑚 

is the equilibrium melting point of its blends, the subscripts 1 and 2 refer to the 

amorphous and crystallizable components respectively. R is the universal gas constant, 

while ∆𝐻2𝑢 is the heat of fusion per mole of crystalline repeat units. 𝑉𝑢 is the molar 

volume of the repeating unit, 𝑚 is the degree of polymerization, 𝜙 is the volumen 

fraction, and χ12 is the interaction parameter. 

In order to apply (Eq (3c.7)), the molar volume of MPA (𝑉2 = 246.3 cm3/mol) can be 

considered as the molar volume of the lattice sites, resulting in  𝑚2 = 1. The same 



Chapter 3c. Miscibility, interactions and possible anticancer activity of poly(ε-caprolactone)/mycophenolic 
acid blends 

159 
 

volume can be taken as the molar volume of the polymeric repeat unit 𝑉2  =  𝑉1𝑢. Since 

𝑚1 = 𝑉𝑝𝑜𝑙 𝑉1𝑢⁄  is large, 1 𝑚1⁄ ≈ 0. As a result, (Eq (3c.7)) simplifies to: 

 

1

𝑇𝑚
−

1

𝑇𝑚
0 =

−𝑅

∆𝐻2

(ln 𝜙2 + 𝜙1 + χ𝜙1
2) 

 

(3c.8) 

Melting points of pure components and different PCL/MPA blends were measured at 

low heating rate (1°C/min). The average melting point of pure MPA is 𝑇𝑚
0 = 140.3°C, 

and this temperature is decreased by nearly 5°C when 20 wt% PCL is added to the blend. 

The data obtained for each blend can be seen in Table 3c.2. These results, with the 

average melting enthalpy of pure MPA (∆𝐻𝑀𝑃𝐴 = 114.7 J/g) were used to plot (Eq 

(3c.8)) as a function of the square of the volume fraction of the polymer, 𝜙1
2. The slope 

of this plot, which can be seen in Figure 3c.6., gives an approximation of the interaction 

parameter of χ =  −1.18. The negative values for the interaction parameter indicate an 

exothermic reaction, confirming a thermodynamically miscible blend. It is also possible 

to calculate the interaction energy density, B, at the melting temperature of MPA 

according to (Eq (3c.9)): 

 

χ =
𝐵𝑉𝑟

𝑅𝑇
 

(3c.9) 

 

where 𝑉𝑟 is a reference volumen (𝑉𝑟 = 𝑉2 = 246.3 cm3/mol), yielding 𝐵 = −16.5 J/cm3. 

Table 3c. 2. Melting temperatures of MPA obtained from 1 °C min-1 scan rates. 

MPA wt% 
Tm (°C) 

Sample 1 Sample 2 Sample 3 

100 139.2 140.5 140.9 

95 139.6 139.9 138.3 

90 138.4 138.1 137.4 

85 137.4 138.9 136.8 

80 135.8 135.7 135.9 
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Figure 3c. 6. Analysis of the melting temperature of MPA according to (Eq (3c.8)) for the PCL/MPA system. The slope 
of the plot gives the interaction parameter   χ = -1.18. 

 

3c.3.3. Fourier Transform Infrared Spectroscopy (FTIR). 

The analysis of the changes observed in the infrared spectrum upon blending provides 

information about the changes in specific interactions, and can eventually aid to explain 

the energetic contributions driving the miscibility of the system. In the PCL/MPA system 

both the carbonyl and the hydroxyl stretching regions are of main interest because 

hydrogen bonding interactions can be expected for those groups. Figure 3c.7. shows the 

carbonyl stretching region for PCL, MPA and their blends. The spectrum of pure PCL 

shows a peak at 1725 cm-1 attributable to crystalline PCL and a shoulder at 1735 cm-1 

arising from the amorphous phase [26], [34]. On the other hand, pure MPA shows two 

different peaks located at 1744 and 1708 cm-1 attributable respectively to the lactone 

carbonyl and the carboxylic acid carbonyl. Both locations are in the lower end of the 

spectral ranges corresponding to those functional groups [35] because of the hydrogen 

bonding interactions occurring in pure MPA. Figure 3c.8. sketches these interactions as 

derived from XRD studies [36]–[38]. As it can be seen, in pure MPA molecules are joined 



Chapter 3c. Miscibility, interactions and possible anticancer activity of poly(ε-caprolactone)/mycophenolic 
acid blends 

161 
 

in the crystal by carboxylic acid groups forming dimers, along with bifurcated hydrogen 

bonds between the hydroxyl group and the carboxylic acid carbonyl (absorption band at 

1708 cm-1). In addition, an intramolecular bifurcated hydrogen bond red shifts the 

absorption of the lactone carbonyl to the reported wavenumber (1744 cm-1). 

 

Figure 3c. 7. Carbonyl stretching region for pure PCL and MPA and PCL/MPA blends of different compositions. 

The PCL/MPA 20/80 and 40/60 blends show a major peak located at about 1724 cm-1, 

accompanied by two shoulders at higher wavenumbers located at about 1735 cm-1 and 

1750 cm-1. At these compositions, PCL is almost in amorphous form according to the DSC 

results (hence the contribution corresponding to crystalline PCL should be negligible) 

and the absorption bands corresponding to MPA are expected to prevail over those of 

PCL; hence, the band at 1724 cm-1 is most likely attributable carboxylic acid carbonyls 

forming dimers in the amorphous phase. Probably, this band is strongly overlapped with 

PCL carbonyls hydrogen bonded with hydroxyl groups present in MPA, but 

unfortunately, these two components are not distinguishable. The shoulder at about 

1735 cm-1 can be attributed to free C=O groups in PCL, and the one at about 1750 cm-1 

to lactone carbonyls in the amorphous phase. 
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Figure 3c. 8. Hydrogen bonding in crystalline MPA (see text). 

Finally, Figure 3c.9. shows the hydroxyl stretching region for MPA and its blends with 

PCL. As it can be seen, the OH stretching band in pure MPA is located at about 3416 cm-

1, and blending broadens the band and shifts it to higher wavenumbers. Band 

broadening is a consequence of the presence of amorphous MPA, while shifting to 

higher wavenumbers can be attributed to weaker hydrogen bonding interactions in the 

blends compared to pure MPA. In spite of the weaker nature of the interactions, the 

energetic balance will still render favorable to miscibility as long as the blend achieves a 

larger number of interactions, arising from the introduction of additional interacting 

groups (the PCL carbonyls). 
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Figure 3c. 9. Hydroxyl stretching region for pure MPA and PCL/MPA blends of different compositions. 

 

3c.3.4. In vitro drug release. 

Figure 3c.10. shows the in vitro release profiles of MPA from different PCL/MPA blend 

(0.05, 0.1, 0.2, 0.5, 1 and 2 wt% MPA) samples for 3 days (72 hours). From the first 

moment, the release of MPA starts, being faster in the samples with the lowest drug 

content. By the third day, samples of 0.05 and 0.1 wt% MPA had released all the drug, 

while the rest of the samples had released between 69 and 79 wt% of the total amount. 

Figure 3c.11. shows that the release rate slowed down after the third day following an 

asymptotic tendency, thus, it is thought that the remaining drug will be fully released 

when bulk erosion begins.  

The amorphous MPA dissolved in the matrix can easily travel across the polymer matrix 

reaching the outer solution, as the solution temperature (37°C) is higher than the glass 

transition temperature of PCL (-60°C), allowing the chains to have enough mobility. 

 



Chapter 3c. Miscibility, interactions and possible anticancer activity of poly(ε-caprolactone)/mycophenolic 
acid blends 

 

164 
 

 

Figure 3c. 10. Drug release profiles of PCL/MPA films containing different drug concentrations immersed into 0.1 PBS 
buffer at 37 °C, shown in %. 

 

 

Figure 3c. 11. Drug release profiles of PCL/MPA films containing different drug concentrations immersed into 0.1 PBS 
buffer at 37 °C, shown in μg. 
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According to the results observed in table 3c.3., the release mechanisms vary depending 

on the concentration of MPA. For those with the lowest concentration (0.05 and 0.1 

wt% MPA) the model that fits the results is First order [39], while for the rest of the 

concentrations the trend towards Higuchi model is seen [40]. Therefore, at very low 

concentrations, the release kinetics depends on the concentration, while as the amount 

of MPA increases, the drug is released by a diffusion process based in Fick’s law, square 

root time dependent. 

Table 3c. 3. Fitting of the release data to the mathematical models for drug release kinetics. R2 is the correlation 
coefficient, and n is the release exponent. 

MPA % Zero order First order Higuchi Korsmeyer-Peppas 

 R2 R2 R2 R2 n 

0.05 0.64 0.94 0.87 0.81 0.58 

0.1 0.86 0.99 0.98 0.92 0.5 

0.2 0.74 0.88 0.94 0.95 0.46 

0.5 0.75 0.85 0.94 0.99 0.5 

1 0.77 0.89 0.95 0.99 0.5 

2 0.77 0.87 0.95 0.99 0.5 

 

3c.3.5. Cell viability with HeLa immortalized cancer cells. 

In the last decade, some groups have reported the suppression of proliferation and the 

enhancement of apoptosis mediated by MPA in cancerous cells [20], [41], [42]. These 

properties are attributed to several interactions of the MPA with molecules involved in 

cell cycle, cell death, cell proliferation and movement [43]. Here, the combination of the 

PCC with MPA as a possible anticancer therapy was studied. For this purpose, HeLa cells, 

a widely used immortalized cell line derived from cervical cancer were chosen. 

Remarkably, HeLa cells are also the oldest and more used cell line worldwide [44]. First, 

attachment and proliferation capabilities of HeLa cells were analyzed on PCL scaffolds 

containing increasing concentrations of MPA after 1 and 3 days post-seeding (DIV1 and 

DIV3 respectively) by immunofluorescence assays against DAPI and 

rhodamine/Phalloidin (Rh/Ph). Results at DIV1 suggested that the PCL/MPA substrates 

affected the number of attached  HeLa cells in a dose-dependent manner achieving even 

the same impairment on cell viability as the MPA in solution (PCL/MPA 0.5 71.5±6.1%; 
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PCL/MPA 1 64.6±5.3%; PCL/MPA 2 40.1±7.6%; Dis 53.6±5%; PCL 100±9.2%; p < 0.0001, 

One-way ANOVA). Results were further demonstrated at DIV3, when again the number 

of the HeLa cells over the scaffolds containing MPA was reduced with respect to the PCL 

control (PCL/MPA 0.5 32.6±3.1%; PCL/MPA 1 39.1±5.3%; PCL/MPA 2 28.2±2.4%; Dis 

30.0±1.4%; PCL 100±7.6 %; p < 0.0001, One-way ANOVA) (Figure 3c.12.). The results are 

in accordance with other studies were MPA caused the impairment on HeLa cell viability 

[43], [47]. But it may also be taken in consideration the clearance effect of the tissues in 

vivo [48], where the slow release of the MPA by the scaffolds may be an advantage 

compared to the drug administration [49]. Moreover, in future experiments, these 

scaffolds could be further engineered to adequate the release of the MPA to the kinetics 

of the drug by just modifying the degradation ratio of the scaffolds, or the anchoring 

mechanism of the drug [49] being a promising tool for anticancer drug delivery. 

3c.3.6. Cell viability with fibroblasts. 

One big hallmark of anticancer therapies is the possibility of treating cancer cells without 

affecting non-cancerous cells [50]. In this regard, the adhesion and proliferation of the 

normal fibroblasts cell line MRC5 or CCL-171 were tested. This cell line is not 

immortalized and according to ISO 10993-5:2009 it is considered a good control for 

cytotoxic experiments [27]. Results suggested that the number of MRC5 cells able to 

attach and proliferate on the PCL scaffolds containing increasing amounts of MPA at 

DIV1 (PCL/MPA 0.5 113.7±17.2%; PCL/MPA 1 128.7±13.7%; PCL/MPA 2 110.7±11.6%; 

PCL 100±7.1%) and DIV3 (PCL/MPA 0.5 109.1±4.8%; PCL/MPA 1 113.3±8.4%; PCL/MPA 2 

91.6±7.3%; PCL 100±3%) were similar to the pristine PCL scaffolds (Figure 3c.13.). 

Surprisingly, both at DIV1 (Dis 32.2±3.5%; p < 0.05, One-way ANOVA) and DIV3 (Dis 

69.4±4.9%; p < 0.05, One-way ANOVA), the MRC5 cells seeded on the PCL scaffolds 

together with MPA in solution appeared to have an impaired proliferation. These results 

are in accordance with other studies where several tumorigenic and non-tumorigenic 

cell lines showed to be resistant to MPA treatment, by converting MPA into its inactive 

form 7-O-glucuronide [51]–[53]. However, further research is needed to study the 

anticancer capabilities of the MPA blended in PCL films with other cancerous and non-

cancerous cells lines and the advantages and disadvantages compared with MPA in 

solution. 
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Figure 3c. 12. Immunofluorescence assays against rhodamine/phalloidin (Rh/Ph) in red and DAPI in blue of HeLa cells 
cultured over the PCL/MPA scaffolds containing increasing amount of MPA. As negative control HeLa cells were 

cultured over the PCL scaffolds and as positive control HeLa cells cultured over PCL scaffolds were incubated with 300 
ppm MPA in dissolution. (B) Quantification of the percentage of cells over the scaffolds at DIV1 and DIV3. (*p<0.0001 

compared to the PCL scaffold at the same time-points. Dunn´s or Holm-Sidak method One-way Anova Analysis of 
Variance on Ranks). Scale bar 50 μm. 
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Figure 3c. 13. (A) Immunofluorescence assays against rhodamine/phalloidin (Rh/Ph) in red and DAPI in blue of MRC5 
cells cultured over the PCL/MPA scaffolds containing increasing amount of MPA. As negative control MRC5 cells were 

cultured over the PCL scaffolds and as positive control MRC5 cells cultured over PCL scaffolds were incubated with 
300 ppm MPA in dissolution. (B) Quantification of the percentage of cells over the scaffolds at DIV1 and DIV3. 

(*p<0.05 compared to the PCL scaffold at the same time-points. Dunn´s or Holm-Sidak method One-way Anova 
Analysis of Variance on Ranks). Scale bar 50 μm. 

 

3c.4. CONCLUSIONS 

In the present work the possibility to form an amorphous solid dispersion of 

mycophenolic acid using poly(ε-caprolactone) as matrix was confirmed. Miscibility 

between the two compounds was observed in thermal properties. On the one hand, the 

intermediate glass transition temperature criterion was confirmed for all the 

compositions. On the other hand, the analysis of the melting point depression of the 

MPA crystals resulted in a negative interaction parameter, χ =  −1.18, indicating 

favorable interactions between the polymer and the bioactive molecule. 
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The analysis by FTIR spectroscopy for the PCL/MPA blends does not allow to clearly 

confirm the occurrence of hydrogen bonding interactions between the hydroxyl groups 

present in MPA and the C=O groups of PCL due to the complex nature of the C=O 

stretching region. Nevertheless, the overall results observed in both the C=O and O-H 

stretching regions follow the typical trends observed in other polymer blends with 

miscibility driven by hydrogen bonding interactions. 

The potential application of this PCL/MPA amorphous solid dispersion as drug delivery 

matrices was proven, as at least 70% of the drug was delivered by the third day in vitro 

in all compositions. In addition, in vitro cell culture experiments with HeLa and MRC5 

cells showed that it is possible to maintain the active form of MPA for cancer treatment, 

as there is a decreased viability of cancerous cells when cultured over PCL materials 

containing MPA. Here the possible beneficiary outcome of dissolving MPA in PCL 

matrices for anticancer treatment was observed, although further research is needed to 

study the anticancer capabilities with other cell lines and the advantages and 

disadvantages these amorphous solid dispersions offer compared to crystalline MPA. 
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GENERAL CONCLUSIONS 

Chapter 2. Novel hydrogels of chitosan and poly (vinyl alcohol) reinforced with 

inorganic particles of bioactive glass. 

• Initial chitosan/poly (vinyl alcohol) hydrogels with 2% chitosan are useful in 

terms of drug release, but lack sufficient mechanical properties to withstand the 

mechanical loads they may receive in the human body. 

 

• The addition of bioactive glass particles and the increase of chitosan to 4% are 

effective in increasing the mechanical properties of hydrogels. 

 

• The addition of bioactive glass particles in 2% CS hydrogels does not influence 

the drug release kinetics. However, increasing chitosan to 4% slows it down. 

 

• Scanning electron microscopy (SEM) and X-ray diffraction (XRD) confirmed the 

formation of apatite crystals on the surface of hydrogels reinforced with 

bioactive glass particles after immersion in simulated body fluid (SBF) for 28 days 

at physiological temperature (37°C). 

 

• The increase in chitosan to 4% complicates the manufacture of hydrogels due to 

its high viscosity, as well as its injectability. 

 

• It is necessary to optimize the dispersion process of the bioactive glass particles, 

in order to achieve a more homogeneous hydrogel with fewer agglomerates. 

 

Chapter 3. Poly (ε-caprolactone) based polymer/drug amorphous solid dispersions. 

3a. Introduction and miscibility prediction 

• Experimentally, analysis of the glass transition temperature of a polymer/drug 

system provides information about the miscibility of the mixture. 
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• In order to confirm miscibility, the melting point depression must be studied in 

order to obtain the interaction parameter, χ, applying the Flory-Huggins theory. 

 

• It is possible to predict the miscibility of a polymer/drug system using its 

solubility parameters, but only in an approximate way, since at the moment it 

has not been possible to find a connection between the theoretical and the 

experimental prediction. 

 

• It is more difficult to find drugs that are miscible with PDLLA than with PCL. 

 

3b. Amorphous solid dispersion in poly (ε-caprolactone)/xanthohumol bioactive 

blends: physicochemical and mechanical characterization. 

• Initially, the intermediate glass transition temperature criterion indicates 

miscibility in the PCL/XH system. 

 

• Miscibility is confirmed by obtaining a negative interaction parameter, χ=-1.3. 

 

• Up to 50% XH content, solid amorphous dispersions of PCL/XH can be obtained 

as observed in DSC, XRD and AFM imaging results. 

 

• The analysis by FTIR spectroscopy shows the existence of new interassociative 

interactions between drug and polymer, reducing the autoassociative 

interactions. 

 

• The mechanical resistance of PCL is reduced by the addition of XH, but the 

mixtures maintain a high ductility until reaching 50% XH. 

 

3c. Miscibility, interactions and anti-cancer activity of poly (ε-

caprolactone)/mycophenolic acid blends. 
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• Initially, the intermediate glass transition temperature criterion indicates 

miscibility in the PCL/MPA system. 

 

• The miscibility is confirmed by obtaining a negative interaction parameter, χ=-

1.18. 

 

• Using FTIR spectroscopy, the overall results observed follow typical trends seen 

in other polymer blends with miscibility driven by hydrogen bonding interactions. 

 

• All compositions showed the ability to release at least 70% drug in the first three 

days in vitro. 

 

• In vitro cell assays with HeLa and MRC5 cells showed the ability of these mixtures 

to fight cancer cells without affecting healthy cells. 
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CONCLUSIONES GENERALES 

Capítulo 2. Nuevos hidrogeles de quitosano y poli (vinil alcohol) reforzados con 

partículas de vidrio bioactivas. 

• Los hidrogeles iniciales de quitosano/poli (vinil alcohol) con quitosano de 2% 

resultan útiles en cuanto a la liberación del fármaco, pero carecen de 

propiedades mecánicas suficientes para hacer frente a cargas mecánicas que 

pueden recibir en el cuerpo humano. 

 

• La adición de partículas de vidrio bioactivas y el aumento del quitosano al 4% 

resultan efectivas a la hora de aumentar las propiedades mecánicas de los 

hidrogeles. 

 

• La adición de partículas de vidrio bioactivas en hidrogeles de 2%CS no influye en 

la cinética de liberación de fármaco. No obstante, el aumento del quitosano al 

4% la ralentiza.  

 

• Mediante microscopía electrónica de barrido (SEM) y difracción de rayos-X (XRD) 

se confirma la formación de cristales de apatita en la superficie de los hidrogeles 

reforzados con partículas de vidrio bioactivas tras su inmersión en fluido corporal 

simulado (SBF) durante 28 días a temperatura fisiológica (37°C). 

 

• El aumento del quitosano al 4% complica la fabricación de los hidrogeles debido 

a su alta viscosidad, al igual que su inyectabilidad. 

 

• Resulta necesario optimizar el proceso de dispersión de las partículas de vidrio 

bioactivas, para poder conseguir un hidrogel más homogéneo y con menos 

aglomerados. 
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Capítulo 3. Dispersiones sólidas amorfas polímero/fármaco basadas en poli (ε-

caprolactona) 

3a. Introducción y predicción de la miscibilidad. 

• Experimentalmente, el análisis de la temperatura de transición vítrea de un 

sistema polímero/fármaco proporciona información acerca de la miscibilidad de 

la mezcla. 

 

• Para poder confirmar la miscibilidad, se debe estudiar la depresión del punto de 

fusión para poder así obtener el parámetro de interacción, χ, mediante la teoría 

de Flory-Huggins. 

 

• Cabe la posibilidad de predecir la miscibilidad de un sistema polímero/fármaco 

utilizando sus parámetros de solubilidad, pero solamente de una forma 

aproximada, ya que de momento no ha sido posible encontrar una conexión 

entre la predicción teórica y la experimental. 

 

• Resulta más complicado encontrar fármacos miscibles con PDLLA que con PCL. 

 

3b. Dispersiones sólidas amorfas en mezclas bioactivas poli (ε-

caprolactona/xanthohumol) : caracterización fisicoquímica y mecánica. 

• Inicialmente, el criterio de temperatura de transición vítrea intermedia indica 

miscibilidad en el sistema PCL/XH.  

 

• La miscibilidad se confirma mediante la obtención de un parámetro de 

interacción negativo, χ = -1.3. 

 

• Hasta un 50% de contenido de XH, se pueden obtener dispersiones sólidas 

amorfas de PCL/XH, según se aprecia en los resultados de DSC, XRD y las 

imágenes obtenidas mediante AFM. 
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• El análisis por espectroscopía FTIR muestra la existencia de nuevas interacciones 

interasociativas entre fármaco y polímero, reduciendo las interacciones 

autoasociativas. 

 

• La resistencia mecánica del PCL se ve reducida ante la adición de XH, pero las 

mezclas mantienen una alta ductilidad hasta alcanzar un 50% XH. 

 

3c. Miscibilidad, interacciones y actividad anticáncer de mezclas poli (ε-

caprolactona)/ácido micofenólico. 

• Inicialmente, el criterio de temperatura de transición vítrea intermedia indica 

miscibilidad en el sistema PCL/MPA.  

 

• La miscibilidad se confirma mediante la obtención de un parámetro de 

interacción negativo, χ = -1.18. 

 

• Mediante espectroscopía FTIR, los resultados generales observados siguen las 

tendencias típicas observadas en otras mezclas de polímeros con miscibilidad 

impulsada por interacciones de enlaces de hidrógeno. 

 

• Todas las composiciones mostraron la capacidad de liberar como mínimo un 70% 

de fármaco en los tres primeros días in vitro. 

 

• Los ensayos celulares in vitro con células HeLa y MRC5 mostraron la capacidad de 

estas mezclas para hacer frente a las células cancerígenas sin afectar a las células 

sanas. 
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ONDORIO OROKORRAK 

2. kapitulua. Beira bioaktibo partikulekin sendotutako kitosano/poli (binil alkohol) 

hidrogel berriak. 

• Lehen kitosano/poli (binil alkohol) hidrogelak %2 kitosanoarekin erabilgarriak 

dira farmakoen liberaziorako, baina bere propietate mekanikoak ez dira nahikoak 

giza gorputzean jaso ditzakeen kargei aurre egiteko. 

 

• Beira bioaktibozko partikulen gehitzea eta kitosanoaren kontzentrazioa %4ra 

igotzea eraginkorrak dira hidrogelen propietate mekanikoak hobetzeko. 

 

• %2 kitosano hidrogelei beira bioaktibozko partikulak gehitzeak ez du eraginik 

farmakoen liberazioan, baina kitosanoaren kontzentrazioa %4ra igotzeak 

liberazioa moteltzen du. 

 

• Ekorketa elektronikoko mikroskopia (SEM) eta X-izpien difrakzioaren (XRD) bidez 

beira bioaktibozko partikulaz kargatutako hidrogelen gainazalean apatita 

kristalen formazioa baieztatu da, gorputz-fluido simulatuan (SBF) 28 egunez 

murgilduta egon ondoren, tenperatura fisiologikoan (37°C). 

 

• Kitosanoaren kontzentrazioa %4ra igotzeak hidrogelen fabrikazioa eta 

injektagarritasuna zailagoa egiten du, biskositate altuaren ondorioz. 

 

• Beira bioaktibo partikulen dispertsio prozesua hobetu beharra dago, hidrogel 

homogeneoago bat lortu ahal izateko, aglomeratu gutxiagorekin. 

 

3. kapitulua. Poli (ε-kaprolaktona)n oinarritutako polímero/farmako dispertsio solido 

amorfoak 

3a. Sarrera eta nahasgarritasunaren predikzioa 

• Esperimentalki, polimero/farmako sistema baten beira trantsizio tenperaturaren 

analisiak sistemaren nahasgarritasunari buruzko informazioa ematen du. 
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• Nahasgarritasuna baieztatu ahal izateko, urtze puntuaren depresioa aztertu 

behar da, interakzio-parametroa, χ, kalkulatu ahal izateko Flory-Huggins 

teoriaren bidez. 

 

• Polimero/farmako sistema baten nahasgarritasuna aurreikusi daiteke bere 

disolbagarritasun-parametroak erabiliz, baina hurbilpen bat soilik, oraingoz ezin 

izan baita predikzio teorikoaren eta esperimentalaren arteko loturarik aurkitu. 

 

• PDLLArekin nahasgarriak diren farmakoak aurkitzea zailagoa da PCLrekin 

nahasgarriak direnak aurkitzea baino. 

 

3b. Poli (ε-kaprolaktona)/xanthohumol nahaste bioaktibozko dispertsio solido 

amorfoak: karakterizazio fisikokimiko eta mekanikoa. 

• Hasiera batean, erdiko beira trantsizio tenperaturaren irizpideak PCL/XH 

sistemaren nahasgarritasuna adierazten du. 

 

• Nahasgarritasuna interakzio-parametro negatiboaren (χ=-1,3) lorpenarekin 

baieztatu daiteke. 

 

• %50 XH arte, PCL/XH dispertsio solido amorfoak ikusi daitezke, DSC eta XRD 

emaitzek eta AFM bidez lortutako irudiek erakusten dutenaren arabera. 

 

• FTIR espektroskopia bidezko analisiak polímero eta farmakoaren arteko 

interakzio interasoziatio berriak erakusten ditu, interakzio autoasoziatiboak 

murriztuz. 

 

• XHen gehitzearen ondorioz PCLaren erresistentzia mekanikoa jaisten da, baina 

%50 XH arte nahasketek harikortasun altua mantentzen dute. 
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3c. Poli (ε-kaprolaktona)/azido mikofenoliko nahasketen nahasgarritasun, 

elkarrekintza eta minbiziaren aurkako aktibitatea. 

• Hasiera batean, erdiko beira trantsizio tenperaturaren irizpideak PCL/MPA 

sistemaren nahasgarritasuna adierazten du. 

 

• Nahasgarritasuna interakzio-parametro negatiboaren (χ=-1,18) lorpenarekin 

baieztatu daiteke. 

 

• FTIR espektroskopia bidez lortutako emaitza orokorrek nahasgarritasuna duten 

beste poljmero nahaste batzuetan ikusten den hidrogeno-loturen elkarrekintzek 

bultzatutako joera tipikoak jarraitzen dituzte. 

 

• In vitro, konposizio guztiek lehen hiru egunetan gutxienez farmakoaren %70a 

askatzeko gaitasuna erakutsi dute. 

 

• HeLa eta MRC5 zelulekin in vitro egindako saiakuntza zelularrek nahasketa hauek 

zelula kantzerigenoei aurre egiteko gai direla erakutsi dute, zelula osasuntsuei 

kalterik eragin gabe. 
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SEM Scanning Electron Microscopy 
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G’’ Viscous modulus 

k Boltzmann constant 

m Degree of polymerization 

Mn Number average molecular weight 

Mw Weight average molecular weight 

R Universal gas constant 

t Time 

T Temperature 

Tg Glass transition temperature 

Tm Melting temperature 

V Volume 

w Weight fraction 
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