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The present thesis studies the assembly of semicrystalline biopolyesters in 

bulk and in solution, with a special focus on poly(butylene succinate) (PBS) and 

poly(ε-caprolactone) (PCL). Both approaches –with the preparation of 

nanostructured films and gels in the assembly in solution, and blends in the 

assembly in bulk– have been extensively studied, establishing the relationship 

between the morphology/crystalline structure and their properties. Among 

biopolyesters, poly(lactic acid) (PLA) is the mostly employed one; other less-used 

materials are poly(butylene adipate-co-terephthalate) (PBAT), PCL and PBS. All 

of them are fully biodegradable, and can also be bio-based polymers through 

enzymatic synthesis. PLA, PBAT, and PCL have been exhaustively explored in 

recent years; however, less information regarding PBS can be found. This reason 

encouraged the evaluation of the state of the art on biopolyesters, with a focus on 

PBS. In the introductory part, the mechanical and crystalline behavior, barrier 

properties, and biodegradation of PBS-based materials are presented. 

The first part of the original results of this thesis concerns the preparation of 

ultrathin nanostructured films with semicrystalline structure from organic 

solutions of PBS, PCL, and a random copolyester PBS-ran-PCL, and the 

characterization of the resulting morphology and structure. These films were 

prepared through sequential dip-coating on a silicon substrate into three different 

organic solutions, resulting in varying compositions of PBS and PCL, which were 

dependent on the initial concentration and the number of dipping steps. The results 

showed a partial dissolution of the film, as the solvent was able to dissolve all the 

three components, giving rise to a final composition (spherulitic/axialitic 

morphology) which was always richer in the last deposited layer component. 

The assembly of biopolyesters and polysaccharides is presented in the second 

part, where the mechanical behavior and enzymatic biodegradation of PBS films 

with multilayer alginate/chitosan (Alg/Chi) coatings was studied. Firstly, an 

indepth study of the enzymatic degradation of PBS was done. The degradation rate 

of PBS films coated with Alg/Chi was lower the higher the number of layers, 

constituting an effective barrier to the diffusion of the enzyme. This modulation of 
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the enzymatic degradation of biopolyesters films was further explored with the 

preparation of self-degradable PBS films with enzyme embedded alginate particles 

through melt-extrusion, paving the way for the employment of this innovative 

procedure despite the minor degradation observed. Blends obtained from PLA, 

PBAT, and PBS were also prepared in the same way, producing novel materials 

that allowed the evaluation of the degradation mechanisms of these three 

biopolyesters. The results obtained evidence the importance of selecting the most 

appropriate enzyme for each polymer, exposing the need to explore enzymes 

capable of degrading all blend components. 

The final part of this research deals with the preparation of hydrogels from 

linear triblock and 3- and 4-arm star block copolymers consisting of poly(ethylene 

oxide) (PEO) and semicrystalline blocks of PCL, synthesized by a combined ring-

opening polymerization and organic catalyst switch strategy. Hydrogels from the 

linear copolymers underwent a temperature-dependent sol-gel-sol transition, 

behaving as a solution at room temperature (RT) and transforming into a non-

flowing gel upon heating. On the other hand, hydrogels from the 4-arm star 

copolymers showed a single gel-sol transition with no flow at RT, making them 

suitable for 3D printing. Additionally, the crystalline organization of the PEO and 

PCL blocks within the hydrogels was evaluated through DSC and SAXS/WAXS, 

and compared with bulk materials. Results evidenced a clear structural 

organization in the hydrogels related to the crystallization of the PCL blocks, and 

unexpectedly, the presence of PEO block crystals was also perceived. Hence, 

remarkable double crystalline hydrogels were obtained for the first time. 

The materials generated in this thesis and prepared through the assembly of 

different biopolyesters evidenced improved properties in terms of mechanical 

behavior and enzymatic biodegradation, which were closely related to their 

crystalline structure and morphology. The results obtained in this work have 

demonstrated the possibilities of employing them in sustainable applications (e.g., 

as biodegradable films for agricultural applications) or for biomedical purposes, 

with the preparation of biomaterials inks.
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La presente tesis estudia el ensamblaje de biopoliésteres semicristalinos en 

masa y en solución, destacando el polibutilén succinato (PBS) y la poli(ε-

caprolactona) (PCL). Ambos enfoques –preparación de películas y geles 

nanoestructurados por ensamblaje en solución, y mezclas por ensamblaje en 

masa– han sido ampliamente estudiados, estableciendo la relación entre la 

morfología/estructura cristalina y sus propiedades. De entre todos los 

biopoliésteres, el ácido poliláctico (PLA) es el más utilizado; otros materiales son 

el polibutilén adipato-co-tereftalato (PBAT), PCL y PBS. Todos ellos son 

biodegradables y también pueden ser polímeros de base biológica mediante 

síntesis enzimática. El PLA, PBAT y PCL han sido explorados exhaustivamente 

en los últimos años; sin embargo, hay poca información sobre el PBS. Ello 

motivó la evaluación del estado del arte sobre biopoliésteres, con énfasis en PBS. 

En la parte introductoria se presenta el comportamiento mecánico y cristalino, las 

propiedades barrera, así como la biodegradación de materiales basados en PBS. 

La primera parte de los resultados originales de esta tesis se ocupa de la 

preparación de películas nanoestructuradas ultrafinas a partir de soluciones 

orgánicas de PBS, PCL, y un copoliéster aleatorio PBS-ran-PCL y la 

caracterización de la morfología y estructura. Las películas se obtuvieron por 

recubrimiento por inmersión de un sustrato de silicio en disoluciones de los tres 

polímeros, resultando en composiciones variables de PBS y PCL, dependientes 

de la concentración inicial y del número de pasos. Se observó una disolución 

parcial de las capas, ya que el disolvente podía disolver los tres componentes, 

dando lugar a una composición final (morfología esferulítica/axialítica) 

enriquecida en el componente de la última capa depositada. 

El ensamblaje de biopoliésteres y polisacáridos se presenta en la segunda 

parte, donde se estudió el comportamiento mecánico y la degradación enzimática 

de películas de PBS con recubrimientos multicapa de alginato/quitosano 

(Alg/Chi). Primeramente, se hizo un estudio en profundidad de la degradación 

enzimática de PBS. La degradación de películas de PBS recubiertas era menor 

cuanto mayor era el número de capas, constituyendo una barrera eficaz a la 
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difusión de la enzima. Esta modulación de la degradación enzimática en 

biopoliésteres se exploró más a fondo en películas de PBS autodegradables 

preparadas por co-extrusión con partículas de alginato y enzima, allanando el 

camino para el empleo de este procedimiento a pesar de la baja degradación 

apreciada. También se prepararon mezclas a partir de PLA, PBAT, y PBS, 

generando nuevos materiales que permitieron ahondar en el estudio de sus 

mecanismos de degradación. Estos resultados evidencian la importancia de 

seleccionar la enzima más adecuada para cada polímero, exponiendo la necesidad 

de explorar enzimas capaces de degradar todos los componentes de una mezcla. 

La parte final de esta investigación trata sobre la preparación de hidrogeles 

a partir de copolímeros lineales tribloque y en estrella de 3 y 4 brazos 

compuestos por polióxido de etileno (PEO) y PCL, sintetizados mediante 

polimerización por apertura de anillo y una estrategia de intercambio de 

catalizador orgánico. Los hidrogeles de los copolímeros lineales mostraron una 

transición sol-gel-sol dependiente de la temperatura, comportándose como una 

solución a temperatura ambiente y transformándose en gel al calentarse. Por otro 

lado, los hidrogeles de los copolímeros estrella de 4 brazos mostraron una única 

transición gel-sol sin fluir a temperatura ambiente, haciéndolos adecuados para 

impresión 3D. Además, la organización cristalina de los bloques de PEO y PCL 

en los hidrogeles se estudió por DSC y SAXS/WAXS, evidenciando una 

organización estructural en los hidrogeles relacionada con la cristalización de los 

bloques de PCL e, inesperadamente, se observó la presencia de cristales de PEO. 

De este modo se obtuvieron por primera vez hidrogeles doblemente cristalinos. 

Los materiales generados en esta tesis y preparados mediante el ensamblaje 

de diferentes biopoliésteres mostraron mejores propiedades en términos de 

comportamiento mecánico y biodegradación enzimática, estrechamente 

relacionadas con su estructura cristalina y morfología. Los resultados obtenidos 

en este trabajo han demostrado las posibilidades de emplearlos en aplicaciones 

sostenibles, como películas biodegradables para aplicaciones agrícolas, o con 

fines biomédicos, con la preparación de tintas de biomateriales. 
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1.1. Introduction 

Currently, many research efforts within the field of polymers are aimed at 

designing and developing polymeric materials under environmental sustainability 

criteria with the aim of reducing dependence on petroleum raw materials and 

eliminating plastic waste. In fact, in 2018 the EU Commission published the 

document “A European Strategy for Plastics in a Circular Economy” in which it 

proposes as a challenge for the year 2030 Transform the way in which plastic 

products are designed, produced, used and recycled in the EU and more recently 

in the “The Plastics Transition” strategy issued by Plastics Europe aimed to 

establish a roadmap for plastics in Europe to be circular and have net-zero 

emissions by 2050.1,2 One of the strategies to address this challenge is the design 

of new materials from biodegradable polymers, including petroleum derivatives 

such as polyesters –poly(lactic acid) (PLA), poly(ε-caprolactone) (PCL), 

poly(butylene succinate) (PBS) and their copolyesters and blends, among others– 

as well as the use of polymers obtained from renewable sources, among which 

those extracted from biomass, polysaccharides or proteins (agropolymers) stand 

out.3,4 Taking into consideration the high importance of focusing polymers towards 

zero-waste materials, the biodegradation of biopolymers and its comprehension 

becomes an area of intensive research nowadays.5,6  

The development of new polymeric materials obtained through combination 

of biopolyesters, such as PCL or PLA with polysaccharides such as potato starch, 

has been carried out mainly by formulating mixtures through reactive extrusion 

processes in the melt.7 As an example, the MATER-BI company 

(https://www.novamont.com/eng/mater-bi) commercially manufactures 

compostable bags based on mixtures of PCL (or PLA) and potato starch, among 

other biodegradable products. When this type of polyesters with a hydrophobic 

character are combined with hydrophilic polymers or components, obtaining 

homogeneous materials constitutes a research challenge that requires the 

development of strategies to avoid thermal degradation of the natural polymer in 
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the melt, improve the interfacial adhesion properties or covalent cross-linking to 

obtain final materials with good mechanical properties. 

In these regards, the present PhD project aims to develop novel strategies for 

the assembly of biopolymers in solution (layer-by-layer assembly and gelation) 

through combination of biopolyesters and polymers from the biomass 

(polysaccharides) with the aim of improving and/or modulating the bulk properties 

of the final materials such as mechanical properties or biodegradability among 

others.  

The first part of this PhD project studies the structure and properties 

relationship of biopolyesters thin films prepared through a dip-coating deposition 

and their combination with biobased polysaccharidic coatings manufactured 

through layer-by-layer methodology. To that aim, as a first step, a fundamental 

study was carried out aimed to understand the nanostructural organization of thin 

films produced through dip-coating starting from organic solutions of PCL, PBS 

and random copolymers PBS-ran-PCL synthesized in the group of Prof. Alejandro 

J. Müller.8–13 The combination of advanced characterization techniques such as 

Grazing-Incidence X-ray Scattering at Wide Angle (GIWAXS) and Scattering-

type Scanning Near-field Optical Microscopy (s-SNOM) and Fourier Transform 

Infrared nanospectroscopy (nano-FTIR) allows for the characterization of the 

structure and chemical organization of the thin films at the nanoscale.  

Then, a procedure for coating of PBS films with layers of alginate and 

chitosan assembled through spray-coating assembly has been implemented. 

Biobased coatings have been employed before as barriers for modulation of drug 

release14,15 and for tuning of barrier properties in packaging materials. In the 

present thesis, biobased coatings have been employed as a means to modulate 

enzymatic degradation and the process has been monitored through weight loss 

degradation measurements and modelled according to a modified Michaelis-

Menten model. After the analysis of enzymatic degradation of PBS in bulk and 

coated films, such study was extended to the study of enzymatic degradation of 
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poly(lactic acid) (PLA), poly(butylene adipate-co-terephthalate) (PBAT) and their 

blends with PBS. The materials were provided by the group of Prof. Supakij 

Suttiruengwong in Silpakorn University (Thailand). Because of their mechanical 

properties and ability to be processed, they are material candidates for the 

replacement of conventional plastics, for instance in the packaging area.16 The aim 

in here is to implement a preparation method for achieving self-degradation of the 

biopolymers and their blends through embedding of enzymes within biopolymers 

formulations able to be processed through extrusion. Few examples of this 

approach exist in literature, and such approach has been pioneered by Carbios as a 

means to obtain home-compostable PLA through trapping ‘‘active” enzymes 

within bioplastics such as PLA.17 

Finally, since the pioneering works of Bae et al.,18,19 many works have been 

published regarding self-assembly in solution and as gels of biodegradable 

amphiphilic block copolymers, and specifically, those constituted of blocks of 

poly(ethylenoxide) (PEO) and PCL (as diblocks, triblocks and random 

copolymers),20 however, the influence of the crystallization over the gelation is an 

aspect that has been poorly understood in literature. In this PhD thesis, the 

objectives have been enlarged to undertake the study of fundamental aspects of 

gelation and its relation to the crystalline structure of the blocks in model linear 

and star block copolymers of PEO and PCL. In addition, a proof-of-concept of 

their applicability as sacrificial (biodegradable) biomaterial inks for applications 

in 3D (bio)printing. The linear and star block copolymers under study in this thesis 

have been synthesized by the group of Prof. Nikos Hadjichristidis in King 

Abdullah University of Science and Technology (Saudi Arabia), using a ring 

opening polymerization strategy which is explained in the experimental part.  

Therefore, in Chapter 1, a general introduction and objectives of this doctoral 

research are presented. Chapter 2 provides a general overview on current 

investigation about biodegradable biopolyesters, including general properties of 

PBS and PCL, self-assembly of block copolymers with crystallizable blocks, PCL 

and PEO and biodegradation of biopolyesters focused on enzymatic degradation. 
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Chapter 3 aims to study the nanostructural organization of thin films formed 

through assembly of PBS, PCL and their random copolymers through advanced 

characterization techniques such as Grazing-Incidence X-ray Scattering at Wide 

Angle (GIWAXS) and Scattering-type Scanning Near-field Optical Microscopy 

(s-SNOM) and Fourier Transform Infrared nanospectroscopy (nano-FTIR). 

Chapters 4 and 5 are focused on biodegradation studies of PBS films and their 

blends and propose novel strategies to modulate enzymatic degradation through 

polysaccharidic coatings and self-degradation. Chapter 6 shows the results 

corresponding to the study of self-assembly of block copolymers with 

crystallizable blocks, PCL and PEO into polymer hydrogels. To finish, Chapter 7 

reports the final remarks of this doctoral research along with the list of the 

publications and conference contributions derived from this thesis.  

The current thesis has been carried out in the framework of the research 

project MAT2017-83014-C2 (1 and 2) coordinated between the Advanced 

Multiphasic Polymers Group from the University of the Basque Country 

(UPV/EHU) and POLYMAT (IP: Alejandro J. Müller), in Donostia/San Sebastián 

and the Nanostructured Polymers and Gels group (IP: Rebeca Hernández) in 

Madrid, which is part of the Institute of Polymer Science and Technology from the 

Spanish National Research Council (ICTP-CSIC). During the first period of this 

thesis (approximately 2 years), the experimental work was carried out at the ICTP-

CSIC, whereas for the second period, the experimental work was carried out at 

UPV/EHU and POLYMAT. Further fruitful collaborations were established with 

Prof. Jean-Marie Raquez and his group at the University of Mons (Belgium), 

through a 3-months internship. The work developed during this internship let us 

delve in the enzymatic biodegradation of PBS, explored in Chapters 4 and 5. 
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1.2. Objectives 

1.2.1. General objective 

The main objective of the present work is the design of novel strategies for 

the assembly of semicrystalline biopolyesters, mainly PBS and PCL, and their 

copolymers with crystallizable blocks in the bulk and in solution. Assembly in 

solution will result in the formation of nanostructured films and gels whereas 

assembly in the bulk will give rise to blends. For the three systems under study, 

the relation between the resulting morphology and crystalline structure and the 

influence on properties such as mechanical properties and enzymatic 

biodegradation will be established.  

Hence, three main systems are studied:  

i) Nanostructured films formed through multilayer assembly of 

semicrystalline biopolyesters;  

ii) semicrystalline biopolyesters and their blends and biobased coatings; 

iii) polymer hydrogels formed through self-assembly of copolymers with 

crystallizable blocks.  

1.2.2. Specific objectives 

i) Nanostructured films formed through multilayer assembly of 

semicrystalline biopolyesters (PBS, PCL and PBS-ran-PCL) 

 Optimization of the processing parameters to obtain nanostructured thin 

films through dip-coating procedure 

 Determination of the composition of the thin films 

 Analysis of the morphology and crystallinity of the resulting thin films 
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 Nanoscale chemical characterization by s-SNOM and nano-FTIR 

techniques 

ii) semicrystalline biopolyesters and their blends and biobased coatings: PBS, 

PLA, PBAT and their blends and coatings with alginate and chitosan 

 Preparation of biobased coated PBS films through spray-assisted LbL 

procedure 

 Analysis of the morphology and nanomechanical properties of biobased 

coatings 

 Establishment of experimental protocols for the determination of 

enzymatic degradation in solution 

 Optimization of the processing parameters for the preparation of 

enzyme-embedded extruded films 

 Analysis of the mechanism for enzymatic degradation of biopolyesters, 

coated films and their blends through combination of different 

experimental techniques 

iii) polymer hydrogels formed through self-assembly of copolymers with 

crystallizable blocks: triblock copolymers of PEO and PCL (linear and star 

copolymers) 

 Establisment of phase diagrams (concentration-temperature) through 

inverted vial tests combined with rheological measurements 

 Analysis of the crystalline organization of the PCL and the PEO blocks 

in the bulk and in the gels by synchrotron SAXS and WAXS combined 

with DSC results 

 Evaluation of the performance of the hydrogels and sacrificial 

(bio)material inks in direct ink printing 
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2.1. Brief Introduction to Crystalline Biopolyesters 

Plastic consumption has undergone an incredible increase over the last 

decades, reaching a record of 400 million tons produced in 2022 worldwide, with 

a rise of 9.5 % with respect to 2018,1 with a deceleration period in 2019-2020 due 

to the COVID-19 pandemic.2 Since the 1950s, worldwide plastic production has 

increased by a factor of more than 200, with a compound annual growth rate 

(CAGR) of 8.4 %.3–5 As plastic production increases, plastic waste follows a 

similar increment. This fact is a significant problem, as most plastic materials are 

single-use products, which implies that they end up in the environment, such as 

landfills, or directly in the oceans, remaining there for many years. Over the last 

decades, research on biodegradable polymers has exponentially increased, 

motivated by the need to diminish human impact on the environment and reduce 

global plastic pollution, which is also related to the emission of greenhouse gases.6 

Plastic wastes produced within the last seven decades have reached the astonishing 

amount of 6300 million tons,3,7 setting up plastic pollution in the spotlight as a 

highly concerning problem to be solved with haste. Among the multiple 

applications, packaging leads plastic wastes production, with almost 150 million 

tons in 2015, of which less than 4 % were recycled.4 Additionally, the more 

concerning fact is that about 1-5 % of all plastics end up in marine environments, 

as around 80 % of oceanic wastes come from landfills.8 The direct consequence of 

this is the production of microplastics, which cause important damage in the 

terrestrial and marine wildlife,6 while also affecting human beings, not only 

producing health issues, but also damaging tourism, fishing, and shipping 

industries.9 Although the COVID-19 pandemic has slightly diminished the total 

production of plastics, the problem of wastes has increased for all the single-use 

plastic products required in this pandemic situation, such as masks, face shields, 

gloves, and other personal protective equipments.4 Within this context, research 

on biodegradable polymers, defined as those “whose chemical and physical 

characteristics undergo deterioration and completely degrade when exposed to 

microorganisms, aerobic and anaerobic processes”, has attracted increasing 
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attention.10 Although the bio-based plastic capacities have shown an increasing 

trend in the past years, circular plastics (i.e., recycled and bio-based plastics) 

production is still ~10 % of the world plastic production.2 Among them, global 

bioplastics production was 2.22 million tonnes in 2022 (0.5 % of the total plastic 

production), with almost a half of it devoted to packaging. Plastic industries are 

making the effort to reduce the use of fossil-based materials, as evidenced by the 

forecasted production data for bioplastics, with an exponential increase up to 7.43 

million tonnes in 2028 and a CAGR of 14 % for the 2022-2027 period (3-4 % for 

the overall growth of polymers).11,12 

In this thesis, apart from PBS, other aliphatic polyesters: poly(ε-

caprolactone) (PCL) and poly(lactic acid) –or polylactide– (PLA); as well as 

poly(butylene adipate-co-terephthalate) (PBAT), a common aliphatic/aromatic 

copolyester are also investigated. These biopolyesters (i.e., PCL, PLA and PBAT) 

are fully biodegradable polyesters, which can be obtained either from fossil-based 

derivatives, or from renewable resources, as in the case of poly(butylene succinate) 

(PBS).13 PCL is an aliphatic biopolyester, which can be obtained from cyclic ε-

caprolactone via ring-opening polymerization (ROP), generally with petroleum-

based raw materials, although it is possible to produce bio-based PCL from 5-

hydroxymethyl furfural.14 Commonly employed for packaging and drug delivery, 

PCL can be blended or copolymerised with other polymers to enhance its 

properties, increasing its usage. PLA is typically produced through 

polycondensation of lactic acid, which can be obtained via a bio-based procedure 

from the fermentation of sugars or through ROP of lactide (the cyclic dimer of 

lactic acid). The excellent optical properties and its low price compared with other 

biopolymers make PLA the most price-competitive synthetic bioplastic.4 The 

biocompatility of PLA-based materials make them suitable for biomedical 

applications. Finally, PBAT is obtained from fossil-based raw materials (as PCL), 

through direct esterification or ester exchange polymerization of its three 

monomers: adipic acid, terephthalic acid, and 1,4-butanediol. Its good mechanical 

and barrier properties (comparable to low density polyethylene, LDPE), together 

with the easy thermal-processing make PBAT a commonly employed biopolymer 
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in agriculture for the production of mulching films, which can degrade in soil in 

~9 months.4,15 The main characteristics and properties of these biopolyesters, as 

well as PBS, are included in Table 2.1. 

Table 2.1. Thermal and mechanical properties, and main characteristics of the 

studied biopolyesters. 

Parameters PBS PCL PLA PBAT Ref. 

Tg (ºC)  -32 -60 61 -29 16,17 

Tm (ºC) 115 57 169 110-115 16,17 

Xc (%) 31 38 1 9 17–19 

E (MPa) 580 220 2230 56 17–19 

εb (%) 8 110 3 680 17–19 

Price (USD/kg) 4.5 n.a. 2-3 4.1 4 

Global production 

(kton/year) 
20 n.a. 676 100 12 

Main applications 

Packaging, 

biomedicine, 

agriculture 

Packaging, 

biomedicine, 

agriculture, 

commodities 

Packaging, 

biomedicine, 

agriculture, 

automotive 

Packaging, 

biomedicine, 

agriculture 

20,21 

Despite the fact that PCL, PLA and PBAT have also been studied within this 

thesis, PBS constitutes the main focus in this research. Considering the limited 

amount of information available in the literature about this biopolyester in 

comparison to other biopolyesters, the current chapter will present a 

comprehensive review of recent investigations on PBS. Poly(butylene succinate) 

(PBS or PBSu), also known as poly(tetramethylene succinate) (PTMS), is an 

aliphatic polyester that can be included in fossil-based biodegradable polymers. 

However, many advances have been made in preparing 100 % bio-based PBS 

(Bio-PBS) produced from bio-based 1,4-butanediol.22 Among the group of 

bioplastics, polyhydroxyalkanoates (PHA), which can be produced in aqueous 

environments by the actions of different microorganisms,6 present many 

advantages that make these materials suitable for many applications, such as 

packaging, biomedical devices, electronics, and agricultural purposes, among 
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others.23 Notwithstanding the higher production of PBS compared to PHA (4.3 vs. 

1.2 % of total bioplastics production in 2019),24 as well as the higher cost of PHA 

against PBS (USD 4000–15,000/t of PHA vs. USD 2000–5000/t of PBS),23,25,26 

make PBS a more suitable candidate to be used for commercial purposes in the 

field of biodegradable plastics. Furthermore, a drop in price for Bio-PBS by almost 

half is expected, a move from USD 4400/t to prices of USD 2700/t.27 

PBS presents interesting physicochemical properties; it is biodegradable and 

nontoxic, making this polymer a good candidate for various biomedical 

applications, packaging, agriculture, and others. In an extensive review by Gigli et 

al., the main biomedical applications of PBS are summarized, including its 

employment as scaffolds for tissue engineering or matrixes for drug delivery.21 In 

agriculture, PBS has been investigated to develop biodegradable polymeric mulch 

films to reduce plastic accumulation in soil.28 PBS has also been studied for the 

fabrication of soft packaging because, in comparison to poly(lactic acid) (PLA), 

PBS is more flexible with a higher value of elongation at break, and presents 

similar good barrier properties to oxygen and water vapor.29 Despite extensive 

research on PBS and its potential applications, the widespread employment of this 

polymer is still limited due to its relatively high cost. Hence, many strategies are 

being developed to, on the one hand, lower the cost of PBS and, on the other hand, 

modify the mechanical, physicochemical, and thermal properties of PBS to adjust 

degradation times and meet specific requirements for selected applications. Such 

approaches include the formation of blends, the synthesis of copolymers, and the 

addition of filler materials to prepare composite materials.30 Over the last few 

years, many reviews have provided a thorough analysis of the thermal, mechanical, 

and biodegradation properties of PBS in comparison to other biodegradable 

polyesters,31 in PBS composites and nanocomposites with incorporated natural 

fillers,5 and in blends with other polymers, most notably with PLA.32 It is important 

to remark that, even if the blending of PBS with synthetic and natural polymers 

constitutes one of the most straightforward routes to modulate PBS properties, 

PBS-based blends are often immiscible, leading to phase separation and hence 

poor mechanical properties. One alternative is using compatibilizers or 
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crosslinkers in the blend, aiming to improve phase mixing in the blends. However, 

such a strategy might compromise the degradability of the material.33 In this 

regard, a recent study has shown the employment of a PBS-based copolymer as an 

effective compatibilizer in a compostable ternary blend made of PBS, random 

PBS-based copolymers, and plasticized wheat flour.34  

For PBS, random copolymerization constitutes a common strategy for 

combining the desired properties of two different homopolymers. In PBS 

copolyesters, the comonomer composition strongly influences the crystallization 

behavior, which in turn affects their biodegradation, thermal, and mechanical 

properties.14 It follows that a thorough investigation of the crystallinity behavior 

of PBS copolymers as a function of the comonomer composition is necessary to 

design PBS-based materials with the physical and biodegradation properties 

required for specific applications. In the current Chapter, we summarize and 

quantitatively compare the results corresponding to PBS copolyesters synthesized 

in our group and other research groups to determine, on the one hand, the influence 

of different synthetic routes on the resulting molecular weight of PBS copolyesters 

and, on the other hand, the impact of the comonomer content on the crystallization 

behavior and resulting mechanical properties of the selected PBS copolyesters, 

including a series of biodegradable PBS-ran-PCL synthesized and characterized 

in our group.35 Such analysis is extended to PBS composite films, for which the 

effect of the incorporation of the selected fillers on the mechanical and barrier 

properties is analyzed. In a recent study from our group, authors presented the 

peculiar rheological properties for these PBS-ran-PCL copolymers, and their 

applications such as hot melt adhesives.36 Moreover, a thorough analysis of 

experimental protocols aimed to determine the biodegradation of PBS and its 

copolyesters is provided, with emphasis on PBS enzymatic degradation. Finally, 

future perspectives for the design of PBS-based materials with tailored properties 

are discussed. 
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2.2. Poly(butylene succinate) (PBS) 

2.2.1. Synthesis of PBS 

Poly(butylene succinate) is obtained from two monomers: succinic acid (SA) 

and 1,4-butanediol (BD). SA can be obtained through the hydrogenation of fossil-

derived maleic acid (anhydride) or 1,4-butanediol. BD is produced through the 

hydrogenation of 1,4-butynediol, previously obtained from acetylene and 

formaldehyde. This monomer (i.e., BD) can also be obtained through the 

hydrogenation of methyl maleate ester derived from maleic anhydride. In order to 

move to greener production methods, SA can be prepared through fermentation, 

whereas it is possible to obtain the BD monomer from a genetically modified 

organism.37,38 The polymerization routes for the production of PBS can be divided 

into two categories: petroleum-based synthesis and bio-based polymerization. The 

petroleum-based synthesis relies on polycondensation reactions, generating higher 

molecular weight than the bio-based polymerization. However, the latter is based 

on enzymes as catalysts of the reaction, representing a greener alternative. The 

description of the experimental methodology for each of the polymerization routes 

is provided below.  

a. Petroleum-based synthesis: transesterification polymerization: melt, chain 

extender, and solution 

The petroleum-based synthesis is based on transesterification polymerization 

(shown in Scheme 2.1), carried out in the melt or in solution. Through these 

methods, PBS of intermediate and high molecular weight can be obtained.  
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Scheme 2.1. Transesterification polymerization of PBS: a) transesterification step, 

b) direct polymerization step, and c) polycondensation step. 

Intermediate molecular weight, e.g., the number average molecular weight, 

Mn ~60,000 g/mol and the weight average molecular weight, Mw ~100,000 

g/mol,39,40 obtained through a transesterification polymerization carried out in the 

melt. This polymerization employs dimethyl succinate (DMS) and BD as 

monomers, in stoichiometric relation or with an excess of BD below 10 mol%. 

Titanium (IV) butoxide (TNBT) or titanium (IV) isopropoxide (TTIP) are 



Chapter 2 

34 

commonly used as catalysts of the reaction (Figure 2.1).41 Before the reaction 

process, the reactor is filled with nitrogen at room temperature to remove air and 

avoid oxidation during the transesterification step. After that, the reaction system 

is heated at a temperature ranging from 150 to 190 ºC, with constant stirring and 

under a nitrogen atmosphere to start the transesterification reaction (Scheme 2.1a). 

Then, a distillation step is needed to discard most of the methanol and water 

produced during the reaction. In a second stage, polycondensation (Scheme 2.1c) 

is carried out under vacuum at a higher temperature to remove the BD formed in 

the reaction and polymerize the oligomers to the polymer.42 A second option for 

petroleum-based syntheses is the direct polymerization (Scheme 2.1b) of both 

monomeric units (SA and BD), starrom dicarboxylic acids and alkyl diols. High 

molecular weight can be obtained by using a chain-extension step. Direct 

polymerization can be carried out in the melt or in solution. In the melt, the 

polymerization consists of two steps: first, the esterification reaction occurs at 

temperatures from 150 to 200 ºC, under atmospheric pressure, or in a low vacuum. 

In the second step, the polycondensation is carried out under a high vacuum at a 

higher temperature (220–240 ºC) for deglycolization. It is important to note that 

both steps should be done under a nitrogen atmosphere to avoid oxidation.43 

 

Figure 2.1. Chemical structures of two different catalysts employed in the 

transesterification step: a) titanium (IV) butoxide (TNBT), and b) titanium (IV) 

isopropoxide (TTIP). 
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For high-Mw PBS production, an extra chain-extension step (Scheme 2.2) is 

added to the melt condensation polymerization, achieving Mn ~80,000 g/mol and 

Mw ~250,000 g/mol. Some authors have reported even higher values: Mn ~180,000 

g/mol and Mw ~450,000 g/mol,44 ~500,000 g/mol,45 or up to Mw ~1,000,000 

g/mol.46 These values are supported by Showa Denko, which commercially 

produced high-Mw PBS (Bionolle) with a chain extender (hexamethylene 

diisocyanate, HMDI), reaching Mn ~200,000 g/mol and Mw ~300,000 g/mol (see 

Scheme 2.2). A chain extender with two functional groups can react with the 

terminal –OH or –COOH of PBS. The reaction conditions for the chain extension 

are not as critical as the direct melt polycondensation. Therefore, the chain 

extender incorporation decreases the biosafety and could affect the 

biodegradability of PBS, which might prevent the employment of the so-obtained 

PBS in food packaging. Many chain extenders have been investigated, e.g., 

isocyanate,40 oxazoline,47 anhydride, biscaprolactamate,48 silazane,49 and epoxy 

compound.45 Diisocyanate and anhydride are suitable for extending the –OH of the 

PBS, whereas oxazoline and epoxy compounds are used to extend the –COOH 

groups of PBS.41 

 

Scheme 2.2. Chain-extension step with hexamethylene diisocyanate (HMDI) to 

produce high-Mw PBS. 
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In the polymerization from solution, the monomers are dissolved in a solvent, 

such as xylene or decahydronaphthalene. This procedure improves the removal of 

the small molecular materials formed in the reaction process. Both reactions, 

esterification, and polycondensation proceed at lower temperatures, which avoids 

the oxidation of PBS, although the reaction time increases.41 Regarding the 

molecular weight obtained, Mn ~120,000 g/mol and Mw ~280,000 g/mol can be 

achieved,50 although lower values are also obtained.51 

b. Bio-based polymerization: enzymatic synthesis 

This method is relatively recent with respect to petroleum-based synthesis 

and presents the advantages of milder reaction conditions and the absence of 

residual metals and metal salts. Candida antarctica lipase B (CalB) is usually 

employed as a catalyst in synthesizing PBS from the monophasic reaction mixtures 

of diethyl succinate (DES) and 1,4-butanediol (see Scheme 2.3). In this case, the 

reaction temperature dramatically affects the molecular weight of the polymer. In 

general, reaction temperatures are below 100 ºC, with reaction times of 24 hours. 

Another remarkable result obtained from this procedure is the narrow dispersity 

index of the PBS obtained. However, the molecular weight is low compared to 

other polymerization methods.52 Debuissy et al., reported a “green” enzymatic 

procedure to obtain PBS starting from telechelic hydroxylated poly((R)-3-

hydroxybutyrate) (PHB-diol) oligomers and employing CalB and BD in a single-

step process. The same authors also described another procedure for this enzymatic 

synthesis, where the main difference is that the PHB-diol oligomers were 

introduced after 24 hours of the CalB-catalyzed reaction.53 Cyclic butylene 

succinate oligomers have also been obtained through enzymatic ring-opening 

polymerization (eROP) employing CalB as the catalyst at temperatures below 100 

ºC. The obtained oligomers presented low molecular weight: 4700 g/mol and 6100 

g/mol for Mn and Mw, respectively.54  
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Scheme 2.3. Enzymatic synthesis of PBS by the employment of CalB. 

2.2.2. PBS copolyesters 

This section illustrates the effect of the preparation conditions of selected 

PBS-based copolyesters on (a) the molecular weight and (b) the general trends 

found in the literature on the effect of comonomer content on the crystallization 

behavior and mechanical properties. All the results are plotted as a function of the 

PBS content.  

a. Influence of the preparation conditions on the molecular weight  

PBS copolyesters are obtained through the same experimental procedures, 

transesterification, or enzymatic synthesis described for the PBS homopolymer in 

Section 2.2.1. Figure 2.2 shows the variation of Mw with the PBS composition for 

representative PBS copolymers synthesized previously by some of us and reported 

in the literature, such as PBS-ran-ε-caprolactone (PBS-ran-PCL), PBS-ran-

butylene adipate (PBS-ran-PBA), and PBS-ran-butylene azelate (PBS-ran-

PBAz).  
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Figure 2.2. Variation of the weight average molecular weight (Mw) with PBS 

composition. The different comonomers are indicated in the legend. The green area 

corresponds to low-Mw copolymers (obtained by enzymatic synthesis), the blue 

covers intermediate-Mw copolymers, and the orange region indicates high-Mw 

copolymers. Data taken from Refs.35,54–57 

b. Enzymatic synthesis for PBS-based copolyesters 

As can be observed in Figure 2.2, the use of enzymatic synthesis to prepare 

PBS-ran-PCL copolyesters results in polymers with lower Mw than those obtained 

for PBS-ran-PCL copolyesters synthesized by transesterification synthesis. The 

experimental procedure followed for the synthesis of PBS-ran-PCL through 

transesterification is similar to that followed for the synthesis of PBS-ran-PBA and 

PBS-ran-PBAz copolyesters.  

Different polymerization pathways were followed for obtaining PBS-ran-

PCL copolyesters, giving rise to a wide range of molecular weights. For the lowest 

Mw copolyesters (4000-14,000 g/mol), an enzymatic synthesis was performed, 



State of the Art on Biopolyesters 

39 

starting from dimethyl succinate and 1,4-butanediol, at a mild mixing temperature 

(below 100 ºC) to obtain cyclic BS oligomers. Later on, the enzyme (immobilized 

CalB) was added to the reaction medium (in a ratio of 1:1 to the reactants). The 

cyclization reaction was maintained for 48 h under nitrogen flow. The preparation 

methodology continued with the dispersion of the reaction mixture in chloroform 

and the recovery of the enzyme by filtration. The copolyesters were finally 

obtained by mixing the cyclic reactants (BS and CL) with CalB (50 % w/w relative 

to the total mass of reactants) at 130 ºC for 24 h under a nitrogen flow, and finished 

with the dispersion in chloroform and recovery of the enzyme, as in the previous 

step for the obtaining of cyclic BS oligomers.54 

c. Transesterification/ROP reaction 

Safari et al. synthesized PBS-ran-PCL copolyesters with different Mw ranges 

following a transesterification/ROP reaction and a polycondensation step, mixing 

dimethyl succinate, 1,4-butanediol, and ε-caprolactone at different ratios. The first 

reaction was conducted at 160 ºC for 4 h, and later on, the polycondensation step 

was performed at 190 ºC at a high vacuum, in the case of the medium Mw 

copolymers (17,000-30,000 g/mol).55 For the high Mw copolyesters (35,000-

91,000 g/mol), the polycondensation step lasted longer (6 h instead of 4 h) and was 

carried out at higher temperatures (220 ºC instead of 190 ºC).35 

PBS-ran-PBA copolyesters were synthesized following a two-stage melt 

polycondensation reaction (polycondensation and postpolycondensation) starting 

from a bio-based SA (obtained by fermentation of glucose), BD, and adipic acid 

(AA). For the esterification step, the reaction temperature was kept at 200 ºC. Later 

on, TTIP catalyst was introduced into the reactor (210 ºC, with argon flux). For the 

second step (postpolycondensation), the temperature was slowly raised to 230 ºC, 

and reduced pressure was employed to avoid uncontrolled foaming and to 

minimize oligomer evaporation. This procedure led to copolymers with Mw in the 

range 30,000-57,000 g/mol and a polydispersity index of 1.6-2.0, as observed in 

Figure 2.2.56 Similarly, a two-stage melt polycondensation has been employed to 
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synthesize PBS-ran-PBAz copolyesters with some modifications: esterification of 

dimethylazelate (DMAz), SA, and BD was carried out at 200 ºC at atmospheric 

pressure employing TNBT as the catalyst. The polycondensation step was carried 

out at reduced pressure, and for this step, the temperature was raised to 250 ºC. 

The Mw of the so-obtained copolymers were in the 40,000-160,000 g/mol range, 

improving the latter in the case of the copolymers in comparison with the 

homopolymers.er authors have followed a similar procedure to synthesize PBS-

ran-PBAz copolyesters, giving rise to lower Mw than the one observed in Figure 

2.2, due to milder synthesis conditions.58 

d. Crystallization behavior in PBS copolyesters as determined by DSC  

PBS is a promising material since it combines good thermal and mechanical 

properties with easy processability and relatively low cost. PBS possesses a 

relatively high melting temperature (110 ºC) and a low glass transition temperature 

(-25 ºC) crucial for applications. Its mechanical properties are comparable to 

commodity nonbiodegradable polymers, like polyethylene (PE) and 

polypropylene (PP). PBS is fully biodegradable, but its high crystallinity slows 

down its degradation rate and induces low barrier properties. Thus, to overcome 

these disadvantages and tailor the final properties of the PBS, its chain structure is 

modified, mainly to decrease its crystallinity, either by adding additives or a 

second phase, e.g., copolymerization. In this way, the range of applications of the 

PBS-based materials is broadened, and its price is reduced.59–61  

Different strategies have been used to tailor the properties of PBS, such as 

blending with other polymers, incorporating natural fibers, nanofillers, or through 

copolymerization, as block and random copolymers. Here, for brevity, we will 

focus on the thermal behavior of the PBS-based random copolymers. 

In general, the random copolymerization allows achieving final properties in 

between those of the parent components. From a crystallization point of view, 

different crystallization modalities, namely (a) comonomer exclusion, (b) 

isomorphism, and (c) isodimorphism, have been reported and recently reviewed.62 



State of the Art on Biopolyesters 

41 

Further details of the different crystallization modes can be found elsewhere.62,63 

Briefly, if we consider a PA-ran-PB copolymer, three scenarios can occur: (a) 

Total Comonomer Exclusion: In the PA-rich phase, B comonomers are totally 

excluded from the PA crystals, and vice versa. Such excluded B or A comonomers 

will hinder the crystallization of the PA- or PB-rich crystals, respectively. 

Therefore, only the PA- and PB-rich phases can crystallize with low B or A 

comonomer content, e.g., 20 % of the randomly distributed co-units along the 

chain are enough to inhibit the crystallization completely;62 (b) Isomorphism: The 

PA-ran-PB copolymer can crystallize in a single phase due to the total inclusion 

(cocrystallization) of the respective comonomer (isomorphism); (c) 

Isodimorphism: In between cases (a) and (b), the PA-rich phase allows a partial 

inclusion of B comonomers and vice versa, making possible the crystallization in 

all the composition range. For isodimorphic random copolymers, when the melting 

point (Tm) is plotted as a function of the comonomer content, as in Figure 2.3, a 

clear pseudo-eutectic behavior is typically obtained. Considering Figure 2.3 as an 

example, to the left of the pseudo-eutectic point or region, the PA-rich phase 

crystallizes with some inclusion of B comonomers; thus, structurally, the 

copolymer crystallizes with a PA unit cell with distortions, i.e., expansion or 

shrinkage of the unit cell, caused by the inclusion of B comonomers in the crystal 

lattice. The opposite, i.e., the PB unit cell with A comonomers inclusion, occurs at 

the right side of the pseudo-eutectic point or region. In some cases, it has been 

demonstrated that both PA- and PB-rich phases can be formed at the pseudo-

eutectic point. 
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Figure 2.3. Variation of the melting temperature as a function of the PBS 

composition for selected copolyesters. Pseudo-eutectic points can be observed in 

the shaded region. Taken from Refs.35,54–57,60,64–66 

Figure 2.3 shows that, typically, the PBS-based copolymers display an 

isodimorphic behavior, exhibiting a clear pseudo-eutectic point. The determination 

of the position of the pseudo-eutectic point is still unclear; however, it seems that 

it depends on the crystallization ability of the material.67–69 The PBS possesses a 

symmetrical chemical structure, adopting an all-trans conformation within its unit 

cell, facilitating the formation of a highly ordered crystalline structure.68 This 

provides a high melting point to the PBS and a more stabilized crystalline structure 

than other copolyesters. In general, those polymers that can form isodimorphic 

copolymers with PBS are characterized by a strong crystallization ability.68 Thus, 

the PBS-based copolymers display a pseudo-eutectic point or region around 50 %, 

as the PBS-ran-PBAz,57,64,70,71 PBS-ran-PBA,56,59 and PBS-ran-PCL35,54,55,72,73 

studied by our group and shown in Figure 2.3. In these random copolymers, the 
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pseudo-eutectic point or region displays the crystallization of both crystalline 

phases. 

Pérez-Camargo et al.56,59,62 found that for 50:50 PBS-ran-PBA copolymers, 

the “double-crystallization” behavior depends on the cooling rate. Similar results 

are also reported by Arandia et al.57,64,70,71 in 58:42 PBS-ran-PBAz copolymers 

and Safari et al.35,54,55,72,73 in 45:55 PBS-ran-PCL copolymers of different Mw. In 

these systems, a slow cooling rate, e.g., 5 ºC/min, is favored for the crystallization 

of the PBS-rich phase, which has ample time (note that the crystallization of the 

PBS occurs first) to develop spherulites with a relatively high degree of 

crystallinity. This forces the second component, i.e., PBA, PBAz, or PCL, to 

crystallize in the confined interlamellar spaces of the PBS-rich crystalline 

lamellae. However, such confinement effect at slow cooling rates hinders the 

crystallization of the second phase. 

In contrast, at faster cooling rates, e.g., 50 ºC/min, the PBS-rich phase in 

58:42 PBS-ran-PBAz crystallizes during cooling but develops a lower degree of 

crystallinity. This gives a chance to the PBAz to crystallize during the fast cooling 

within the interlamellar regions of the PBS spherulitic templates.70 For 50:50 PBS-

ran-PBA and 45:55 PBS-ran-PCL copolymers, the rapid cooling inhibits the 

crystallization during the cooling of the PBS, allowing the PBA- or PCL-rich 

phases to develop crystallinity. In the subsequent heating, both crystalline phases 

displayed a sequential cold-crystallization and melting. The PBS crystallizes and 

melts at higher temperatures than the other phase, either PBA or PCL; for more 

details, see the following publications.56,62 In the 40:60 PBS-ran-PBA, it was 

found that only favorable thermodynamic conditions, e.g., slow cooling rates, 

allow the crystallization of the minority PBS phase. In contrast, the PBA phase is 

the only one able to crystallize without these conditions.56,74 Similarly, under 

isothermal tests, a low crystallization temperature, Tc, favored the formation of 

both PBA- and PBS-rich phases, while at high Tc a PBS-rich phase was the only 

one formed. Safari et al. reported similar behavior in 45:55 PBS-ran-PCL 

copolymers. It is important to remark that Safari et al.35 studied the PBS-ran-PCL 
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copolymers in a wide range of Mw, obtaining a pseudo-eutectic behavior in all the 

cases, and similar trends due to the Mw are above the critical molecular weight for 

entanglements (Mc). In a more recent contribution, Pérez-Camargo et al.59 found 

that comonomer inclusion depends on the crystallization conditions. The fast 

crystallization, i.e., nonisothermal test, favored the BA inclusion inside the PBS 

crystals, whereas slow crystallization (i.e., isothermal test) strongly limits it. 

Intermediate crystallization, i.e., a combination of nonisothermal and isothermal 

tests, generated in a successive self-nucleation and annealing test, causes an 

intermediate situation.  

Figure 2.3 shows that most of the PBS-based copolymers possess similar 

behaviors; however, there are exceptions, e.g., comonomer exclusion and 

isomorphism, and below, these cases are briefly described. 

e. Pseudo-eutectic point at different content, comonomer exclusion, and 

isomorphism in PBS-based copolymers 

The pseudo-eutectic point at a PBS content of around 50 % for PBS-based 

copolymers has its exceptions, as found by Yu et al.68 These authors studied PBS-

ran-cis-butene succinate, PBS-ran-PcBS, copolymers with a pseudo-eutectic point 

located at 20 % of PBS content. This means that the PBS mainly dominates the 

copolymer crystallization. This behavior was surprising since the PBS and the 

PcBS have the same chain length and similar monomer size, but the PcBS 

possesses one cis double bond in the alkyl unit, generating such a particular 

behavior. The authors attributed the “atypical” pseudo-eutectic behavior for PBS-

based copolymers to the different crystallization abilities. The cis-isomer in the 

PcBS introduces “kinks” into the main chain. This difficulty in forming crystals as 

perfect as the PBS (i.e., all-trans configuration, which generated a more stabilized 

crystalline structure) resulted in a weaker crystallization ability.  

In the PBS-ran-propylene succinate (PBS-ran-PPS) copolymers, prepared by 

Papageorgiou and Bikiaris,75 and more recently by Debuissy et al.,76 the very slow 

crystallization kinetics of the PPS limited the copolymer crystallization to the PBS-
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rich phase. Such very slow crystallization is caused by the odd chain length of the 

1,3-propanediol group.77 For the as-received samples directly obtained from the 

synthesis, the WAXS experiments at RT reveal that the PBS-ran-PPS copolymers 

display PBS unit cells even when it is in the minority phase (i.e., 40 %). In contrast, 

the PPS-rich unit cell is only present with a PPS content from 80 to 90 %.75,78 The 

behavior dramatically changes when the initial thermal history is erased, revealing 

a more complex trend. After erasing the thermal history and cooling the sample 

from the melt, only the PBS-rich compositions can crystallize, while the PPS-rich 

compositions cannot crystalize, as shown in Figure 2.3. After crystallization from 

the melt, such behavior is similar to a comonomer exclusion case. Similar findings 

were reported by Papageorgiou and Bikiaris.75 

The isomorphic behavior, which is not commonly reported, has been found 

in PBS-based copolymers. The PBS-ran-butylene fumarate (PBS-ran-PBF) 

copolymers can form isomorphic copolymers.79 Ye et al.79 found that Tm increased 

linearly with the PBF content, the melting enthalpies hardly changed, and all the 

copolymers displayed similar crystal structures. These authors attributed the 

isomorphism to the match of all-trans conformation adopted by PBS and PBF 

comonomers. Similar behavior was also found by Zheng et al.80 in multiblock 

copolymers of PBS-co-PBF. In the following contribution, Ye et al. found that in 

random terpolyester PBS-ran-PBF-ran-PBA,81 the PBS and the PBF can 

cocrystallize in an isomorphic mode, despite the presence of the PBA comonomer. 

Such isomorphism was even found recently in PBS/PBF blends.82 In this case, the 

isomorphism is located in the PBS-rich blends due to the strong hydrogen bonding 

ability of fumarate units.82 

f. Influence of the comonomer content in the crystallinity 

Figure 2.4 plots the degree of crystallinity (Xc) as a function of the 

comonomer content. Xc is calculated according to Equation 2.1, which is applicable 

in copolymers. 
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Xc = 
ΔHm

ΔHm
0 ·∅

 (Eq. 2.1)

ΔHm and ∆Hm
0  are the melting enthalpy and the equilibrium melting enthalpy 

of the phase under consideration and ∅ is the weight fraction of the phase under 

consideration. In general, the extent of Xc depression is related to the easiness of 

comonomer cocrystallization. As Müller et al.62 pointed out, the decrease of the Xc 

with the comonomer inclusion indicates that the co-units represent defects for the 

crystal. For instance, for comonomer exclusion, a strong depression of Xc with the 

composition is expected since the excluded comonomer decreases the length of the 

crystallizable sequence (by limiting the number of second comonomer units) 

included in the crystalline lattice. In contrast, for the isomorphic copolymer, it is 

reported that Xc remains unchanged or even increases with comonomer content,79 

as the comonomer does not represent an interruption for the crystallizable 

sequences. In the case of isodimorphic copolymers, as shown Figure 2.4, a pseudo-

eutectic behavior of the Xc vs. comonomer content is often obtained due to the 

partial inclusion of comonomer units. 
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Figure 2.4. Variation of the degree of crystallinity as a function of the PBS 

composition for selected copolyesters. Pseudo-eutectic points can be observed in 

the shaded region. Data taken from Refs.35,54–56,65,66 

As summary, Figures 2.3 and 2.4 show that in PBS-based copolymers, the 

second phase (i.e., second comonomer) tailors the temperature of the use of the 

copolymer as well as the crystallinity. Such behavior influences these copolymers' 

mechanical properties and degradation, as shown in the following sections. 

g. Effect of comonomer content on mechanical properties 

PBS presents a lower Young's modulus value compared to other common 

polyesters, such as polyethylene terephthalate (PET) or polylactic acid (PLA), and 

similar values for elongation at break to low-density polyethylene (LDPE), 

polypropylene (PP), or polycaprolactone (PCL).38 The mechanical properties 

range of values commonly reported, for PBS in the literature is: Young's modulus 

of 0.5-1 GPa,83–86 a tensile strength of 30-50 MPa, and elongations at break varying 
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from values below 5 % up to 500 %.87–94 The mechanical properties-molecular 

weight dependence has also been studied in the literature. It has been found that at 

higher Mw values, the elongation at break increases, which ranges from 355 % 

(high Mw) to 25 % (low Mw). Similarly, the tensile strength slightly increases with 

Mw.41 

Figures 2.5a and 2.5b show, respectively, Young's modulus (E) and the 

elongation at break (εb) obtained from the stress–strain curves of selected PBS-

based copolymers plotted against the PBS content of the copolymers.  
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Figure 2.5. a) Variation of the normalized elastic moduli (E) with PBS 

composition for different copolymers, and b) variation of the normalized 

elongation at break (εb) with PBS composition for different copolymers. For a 

better comparison, the values have been normalized to those of neat PBS. Dashed 

colored vertical lines reflect a minimum in the elastic moduli, in agreement with 

the composition of the pseudo-eutectic point observed in the Tm vs. the 

composition graph (Figure 2.3). Data taken from Refs.35,60,80,95–97 
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Generally speaking, for the PBS homopolymer, introducing a comonomer 

results in a decrease in the Young's modulus and an increase in the elongation at 

break values. Going into detail on the results for each particular copolymer shown 

in Figure 2.5a, the variation of the Young's modulus with PBS content has been 

determined for the whole range of BS compositions for PBS-ran-PCL and PBS-

ran-PHS copolyesters. For these two copolymers, the variation of E is clearly 

dependent on the composition range, exhibiting a pseudo-eutectic behavior, 

registering the minimum properties at the pseudo-eutectic point, i.e., at 45 % and 

35 mol% PBS for PBS-ran-PCL35 and PBS-ran-PHS,60 respectively. This is in line 

with the variation of the Tm and Xc values as a function of the PBS content (Figures 

2.3 and 2.4, respectively). As expected, these results show a direct correlation of 

the mechanical properties on Xc. The PBS-co-PBF multiblock copolymers show a 

different trend, since the E values remain practically unchanged with the PBS 

content. This particular trend is caused by the isomorphic-like behavior reported 

for the PBS-co-PBF system. Moreover, the PBS and PBF have similar elastic 

moduli values.80 

For the other copolymers, shown in Figure 2.5a, PBS-ran-decamethylene 

succinate (PBS-ran-PDMSu),95 PBS-ran-butylene terephthalate (PBS-ran-PBT), 

PBS-ran-isosorbide succinate (PBS-ran-PIS) and PBS-ran-butylene furanoate 

(PBS-ran-PBFur),96 and PBS-ran-thiodiethylene glycol succinate (PBS-ran-

PTDGS),97 the variation of E with the PBS composition has only been determined 

for the BS-rich composition range (at compositions higher than ~60 mol% PBS) 

and show a linear decrease of E with the introduction of the comonomer in the 

PBS-rich compositions. A corresponding increase in the values of the elongation 

at break is depicted in Figure 2.5b for these same copolymers. It is important to 

note that, in the case of PBS-ran-PTDGS, the elongation at break increases up to 

35 times at 80 mol% PBS with respect to the PBS homopolymer. Such a result is 

promising for using this copolyester in soft packaging applications.97 
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2.2.3. PBS nanocomposites: modulation of mechanical properties 

The incorporation of organic and inorganic fillers to produce nanocomposites 

are common routes for the modulation of mechanical properties and directly 

impacts the barrier properties of PBS. Figure 2.6 shows representative results 

corresponding to the variation of the mechanical properties, elastic moduli, and 

elongation at break of PBS nanocomposites as a function of filler content. Here, 

we have selected PBS/nanoclays nanocomposites, which incorporate organo-

modified montmorillonite (CLOISITE® 25A, C25A) and other examples of PBS 

nanocomposites, such as those incorporating zinc oxide nanoparticles (ZnO), 

hydroxyapatite nanoparticles (HA), or cellulose nanocrystals (CNC).  

 

Figure 2.6. Variation of the elastic moduli (E) and elongation at break (εb) with 

filler content. For a better comparison, both parameters have been normalized to 

that of neat PBS. The dashed black line corresponds to a “critical” filler content. 

Data taken from Refs.88,90,91,98 
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As shown in Figure 2.6, PBS/nanoclays nanocomposites such PBS/C25A 

increased their elastic moduli up to 1.25 times at 3 wt% nanofiller. Then, above 

this concentration, a decrease of the elastic moduli is observed, ascribed to the clay 

degradation during processing.91 Several reviews on the development of PBS 

nanocomposites, through the incorporation of clays and nanoclays as fillers, show 

different preparation routes, including in situ intercalation, solution casting, melt 

intercalation, transesterification, and master batch.99 The types of clays commonly 

employed for the formation of PBS nanocomposites are mainly constituted by the 

family of 2:1 phyllosilicates: montmorillonite (MMT), saponite (SAP), and 

fluorohectorite (FHT).100  

Figure 2.6 also shows the results corresponding to PBS nanocomposites 

prepared by incorporating inorganic nanoparticles, like zinc oxide (ZnO) and 

hydroxyapatite (HA). Incorporating ZnO nanoparticles (100 nm average size) 

gives rise to a slight increase in the elastic moduli for PBS nanocomposite films 

up to a ZnO concentration of 10 wt% and a decrease of the values corresponding 

to the elongation at break. The rigidity of the ZnO nanoparticles, the restriction of 

the chain entanglement, and the rearrangement of crystallized PBS chains induced 

by the nanoparticles explained the results found for these PBS nanocomposites.88 

The incorporation of hydroxyapatite nanoparticles also increases the values of the 

elastic moduli up to 1.5 times at an HA concentration of 5 wt%.98  

Finally, the incorporation of bionanofillers constitutes an important field of 

research nowadays due to the possibility of preparing fully biodegradable polymer 

nanocomposites. As an example, Figure 2.6 shows the variation of the mechanical 

properties for PBS ternary nanocomposites obtained through the mixing of PBS, 

poly(ethylene glycol) (PEG), and cellulose nanocrystals (CNC) in a weight ratio 

of 80:20 in PBS:PEG, and increasing amounts of CNC (2, 4 and 6 wt%). 

PBS/PEG/CNC nanocomposites showed a slight increase of the elastic moduli up 

to CNC contents of 4 wt%. Above this content, the elastic moduli decreased 

compared to the pristine PBS because of the poor dispersion of the CNC within 

the PBS matrix.90 Other bionanofillers that have been employed to modify the 
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mechanical properties of PBS are isora nanofibers (INF) extracted from Helicteres 

isora by thermo-mechano-chemical treatments,101 wood flour (WF),102 oil palm 

mesocarp fibers (OPMF),86 or konjac fly powders (KFP),103 among others.  

In summary, the general trend found for PBS nanocomposites is that 

incorporating nanofillers, even at a low content (less than 6 wt% filler), results in 

an increase of the elastic moduli and a decrease of the elongation a break. 

However, many factors play a key role, such as the degree of dispersion, the 

crystallinity or the orientation of the nanoparticles, and the interactions between 

the polymer matrix and the nanoparticles, which are necessary to propagate the 

stress through the nanocomposite. That is why each particular PBS nanocomposite 

has to be studied separately to extract proper conclusions on the variation of the 

mechanical properties with the nanofiller content. 

2.2.4. Barrier properties 

The study of barrier properties in the materials field is an important step for 

their evaluation for food packaging applications and food-related categories.104,105 

It is also important for other applications such as coatings for many different 

substrates106 or mulching films that can be employed to protect crops in 

agriculture.20,30,107 This type of study must consider both gas and liquid barrier 

properties, as packages should protect the food from both external gases and 

liquids. Moreover, the shelf life of the product is also affected by these permeants, 

water vapor being one of the most relevant.108 Regarding the liquid barrier 

properties, the most commonly studied one is water,109,110 although other liquids 

have also been studied, such as acetic acid, ethanol, or isooctane, among others.111  

Nevertheless, having a material that accomplishes the required gas barrier 

properties is a must, as food needs to be preserved under certain atmospheric 

conditions. Thus, novel materials should be designed to fulfill all the requirements 

for food packaging in terms of gas permeability. For this purpose, the most 

abundant gases in the atmosphere are commonly studied (e.g., water vapor, 

oxygen, carbon dioxide, and nitrogen).112 Some reports have also included helium, 
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argon, methane or hydrogen, or vapors such as methanol or dimethyl 

carbonate.113,114 It is crucial to have the oxygen levels under control, as high values 

could accelerate the enzymatic degradation of the food, whereas too low levels 

could lead to tissue deterioration. Carbon dioxide is related to antimicrobial 

properties, whereas nitrogen is used to complete the inside atmosphere of the 

package, being inert to food and protecting the film from breaking.115 

The most studied and commonly used materials for food packaging are 

synthetic polymers (e.g., PET, PP, and PE), although PLA has already become one 

of the most important alternatives to these “commodities” among biodegradable 

polymers.116,117 Nonetheless, PBS is promising due to its good processing 

conditions and its wide range of thermomechanical properties. It also shows 

similar/enhanced barrier properties compared to PLA, positioning PBS as a real 

alternative in the field of biodegradable polymeric packages. 

Figure 2.7a shows an overview of the gas barrier properties (O2 and CO2) 

corresponding to several polymers. As it can be appreciated, gas permeabilities of 

polymeric materials cover a wide range of values, starting from the extremely low 

values of polyacrylonitrile (PAN) or a liquid crystal polymer (LCP) from Vectra, 

which present triple bonds or aromatic rings in their structures, to the very high 

values for silicones, such as polydimethylsiloxane (PDMS) or poly(1-

trimethylsilyl-1-propyne) (PTMSP). When expressing the permeabilities in 

Barrers (1 Barrer = 10−10·cmSTP
3 ·cm−2·s−1·cm·cm·Hg−1, where cmSTP

3  stands for 

standard cubic centimeter, representing the number of moles of gas that would 

occupy 1 cm3 at standard temperature and pressure), a common unit used to 

express gas permeability, a range over 10 orders of magnitude can be achieved. In 

the previous expression, cmSTP
3 ·cm−2·s−1 denotes the gas flux through the material, 

cm comes from the thickness of the film, and cm·Hg−1 stands for pressure drop 

across the material. 

Within the group of “commodities” (nonbiodegradable polymers) commonly 

employed in food packaging, or in other applications where gas permeabilities play 



State of the Art on Biopolyesters 

55 

an important role (e.g., mulching films for crops protection), we can see that some 

of them present excellent barrier properties (PVDC), good barrier properties (PET, 

PVC, and Nylon 6), or average barrier properties (HDPE, LDPE, and PP). In the 

field of biodegradable polymers, few polymers show excellent barrier properties: 

chitosan and ethylene vinyl alcohol (EVOH) are two examples.104 Within the 

group of biopolymers with good barrier properties, we can find PLA, PCL, PHB, 

PHBV, or collagen, among others.118 Regarding PBS, it shows slightly enhanced 

barrier properties compared to those mentioned above, which leaves PBS in an 

advantaged place towards barrier properties within biodegradable polymers, and 

similar barrier properties to those of PVA109,119 (see Figure 2.7b). 
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Figure 2.7. Gas barrier properties (O2P and CO2P) for several commercial 

polymers and biopolymers: a) bar chart for a general overview, and b) plot for 

intermediate permeabilities (PBS region). Note that both axes are presented in 

decimal logarithm form. Data taken from Refs.106,109,111,113,114,117,120–130 
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a. PBS-based copolymers 

One possibility of modulation of PBS barrier properties is the 

copolymerization of PBS with different comonomers. A comparison of the 

permeability of PBS, PBS-ran-PBA, and PLA to oxygen and carbon dioxide 

showed a higher permeability of the three polymers to CO2 compared to oxygen, 

as can be observed in Figure 2.7a. Among these three polyesters, PBS-ran-PBA 

showed improved barrier properties to both gases with respect to PLA, while PBS 

showed a lower permeability for oxygen but higher to CO2. These results are quite 

promising for PBS, turning it into an alternative to PLA, one of the most employed 

polymers for biodegradable packaging films.111 Other authors showed that 

PLA/PBS-ran-PBA131 and PLA/PBS130 (80/20) multilayer blend films achieved 

similar barrier properties to those of PLA and PBS, and much better than neat PBS-

ran-PBA. 

Genovese et al. studied the influence in oxygen and carbon dioxide 

permeabilities (i.e., O2P and CO2P) of different poly(butylene succinate-ran-

thiodiethylene glycol succinate) (PBS-ran-PTDGS) copolymers. It was found that 

the barrier properties to both gases were improved when compared to a commercial 

PLA. When compared to the PBS homopolymer, PBS-ran-PTDGS copolymers 

showed a similar performance towards oxygen, with a reduction of up to ~25 % in 

the oxygen transmission rate. Therefore, these materials present a similar or even 

better barrier to oxygen than the PBS homopolymer. However, the incorporation 

of thioether linkages resulted in a worsening of the barrier properties of PBS 

towards carbon dioxide, with transmission rates that doubled those of the PBS 

homopolymer. This behavior was not due to a decrease in crystallinity, but was 

explained by the lower chain mobility induced by the higher Mw in the copolymers. 

Notwithstanding, the PBS-ran-PTDGS copolymer with 30 mol% thiodiethylene 

glycol units exhibited the best barrier properties of the whole series, with a better 

behavior towards oxygen and a similar performance towards carbon dioxide 

compared to PBS, making it a potential candidate for food packaging 

applications.97 
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Duan et al. synthesized two different sugar-based PBS copolymers, 

employing two cyclic alditols: isosorbide and 2,3-O-isopropylidene-L-threitol. 

Results showed that isosorbide copolymers presented a ~60 % diminishment in 

oxygen permeability compared to the PBS homopolymer, whereas the threitol-

based copolymers reduced the O2P by more than 35 % when compared to PBS.132 

The opposite behavior was found when PBS was copolymerized with 

neopentyl glycol and 2-butyl-2-ethyl-propanediol, leading to worse barrier 

properties than the PBS homopolymer. PBS-ran-neopenthyl succinate (PBS-ran-

PNS) and PBS-ran-2-butyl-2-ethyl-propylene succinate (PBS-ran-PBEPS) 

showed a significant increase in gas transmission rates with respect to PBS: more 

than a ~300 % increase for CO2, ~700 % increase in the case of O2, and ~800 % 

increase for N2 for the PBS-ran-PBEPS copolymers; whereas for the PBS-ran-

PNS copolymer, the gas transmission rates doubled when compared to neat PBS. 

According to the authors, this behavior was due to a reduction in the crystallinity 

degree, as gas molecules find it easier to diffuse through the amorphous regions.115 

Despite this, some of these copolymers presented similar or even better barrier 

properties to those of LDPE, commonly employed in flexible food packages. 

b. PBS-based nanocomposites 

Besides the variation of mechanical properties, the incorporation of 

nanofillers within the PBS matrix (and their copolyesters matrices) is a strategy 

widely employed for the modulation of the barrier properties of this biopolyester. 

This is a promising approach for enhanced materials for food packaging 

applications. The reason for this improvement is the physical hindrance to gas 

molecules due to the presence of fillers in the polymer matrix.133 

The reinforcement of PBS with nanocrystalline cellulose (NCC) and 

nanoclays enhances the barrier properties of this biopolyester.110 The study of Xu 

et al. based on PBS nanocomposites with NCC fillers showed a large improvement 

in gas barrier properties. With a low amount of NCC (3 wt%), the gas transmission 

rates were reduced to ~40 and ~60 % for water vapor and oxygen, respectively. 
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Furthermore, the addition of 4 wt% of a compatibilizer (methylene diphenyl 

diisocyanate, MDI) to the PBS with 3 wt% of NCC resulted in a higher reduction 

of water vapor and oxygen transmission rates to ~63 and ~97 %, respectively, 

compared to the PBS homopolymer.87 In another example, with PBS-ran-PBA 

nanocomposites prepared by adding unmodified nanoclays (5 wt%), the O2P of the 

PBS-ran-PBA was reduced by ~35 %. A further reduction of the O2P to values of 

~50 % was obtained with the organic modification of the nanoclays (5 wt%) due 

to better compatibility with the PBS-ran-PBA matrix, which improved the 

dispersion of the modified clays.122 Cloisite 30B, an organically modified 

montmorillonite (OMMT), was studied in PBS/PLA blends (50/50) to improve the 

PBS barrier properties. A linear relationship between the cloisite content and 

oxygen/water vapor permeability was found, showing a decrease of ~50 % for both 

gases with 7 wt% of the OMMT,134 in a similar way as for the PLA/PBS-ran-PBA 

and PLA/PBS clay nanocomposites,135 whereas other authors reported a lower 

reduction of O2P in PLA/PBS blends (80/20 w/w) with Cloisite 30B.123 A similar 

reduction was achieved for PBS nanocomposites with organically modified 

layered silicate (OMLS),120,136 and organomodified beidellite clay 

nanocomposites.137 For PBS-ran-PBA nanocomposites with native 

montmorillonite and OMMT, the gas permeabilities drop between 60 and 70 % in 

water-injection-extruded PBS-ran-PBA/Cloisite 30B nanocomposites.121 

Similarly, Petchwattana et al. reported that the incorporation of ZnO into 

PBS films led to a considerable reduction of the gas permeability, as the 

transmission rates were reduced between ~25 and ~30 % for water vapor and 

oxygen, respectively, for the PBS nanocomposite with a 10 wt% of ZnO.88 The 

addition of 2 wt% graphene nanoplatelets to PBS involved a ~35 and ~40 % 

reduction of oxygen and water vapor permeabilities, respectively, which was 

attributed to an increased tortuosity due to the presence of the filler.128  

The compatibility between banana starch nanocrystals (SNC) and PBS was 

evaluated for its application as bionanocomposites for packaging films. Both water 

vapor and oxygen transmission rates were improved with the incorporation of the 
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modified SNC to PBS, achieving better barrier properties with higher nanocrystals 

content (9 wt%). These parameters were reduced by ~50 and ~60 % for water 

vapor and oxygen, respectively.138 

Considering PBS/PLA blends (60/40), the study of the influence in barrier 

properties of two different types of zeolites (5A and 13X) showed that both zeolite 

nanocomposites achieve lower O2P (~60 % reduction) and CO2P (~40 % 

reduction) when compared to the PBS/PLA blend. This behavior is attributed to 

the tortuosity and the porosity of zeolites, as O2 and CO2 molecules are smaller 

than the zeolite pores. On the other hand, the water vapor permeability increased 

by ~60 % because of the highly polar nature of zeolites.139 

As we have seen within this section, PBS barrier properties can also be 

modulated by copolymerization with different monomers or by preparing PBS 

nanocomposites. In PBS copolymers, barrier properties may be enhanced or 

worsened depending on the nature of the second monomer. The preparation of PBS 

nanocomposites commonly leads to less permeable materials, as the presence of 

fillers induces a more tortuous pathway for gas molecules.100,109,110,140–143 Although 

results may differ from one study to another, the general trend has shown that 

polymeric nanocomposites, and particularly PBS nanocomposites, present better 

barrier properties than PBS. The aforementioned ways of modulation, linked to the 

good barrier properties inherent to PBS, compared to other biodegradable 

polymers (see Figure 2.7b), make it a potential candidate within this polymer 

category for certain applications where barrier properties must be taken into 

consideration, such as food packaging. 
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2.3. Biodegradation of Biopolyesters 

Research on biodegradable polymers has become more and more important 

over the last few years. Nowadays, wastes and landfill accumulation are an 

increasing concern worldwide, and biodegradable polymers emerge as a promising 

alternative for its reduction.144,145 The situation is especially dramatic regarding 

plastic waste into the oceans, where plastic fragments within the range of a few 

micrometers to several centimeters end up in the ocean and cause significant 

damage to the local wildlife and the ecosystems.6,146,147  

PBS, as already mentioned in this Chapter, is a biodegradable polyester that 

can effectively decompose into water and carbon dioxide (CO2). PBS can be 

included in the fossil-based biodegradable polymers, although many advances 

have been made in the field of bio-based PBS (Section 2.2.1). Because of this, PBS 

and many of its copolymers can be biodegraded (i.e., naturally occurring enzymes 

and microorganisms) despite its monomers (SA and BD) being mainly produced 

from petroleum derivatives. Several reviews can be found in the literature that 

discuss the most common biodegradation routes for biodegradable polymers, such 

as PCL, PLA, or PHA.43,148 Nevertheless, less information regarding PBS 

biodegradation is available, as research is still ongoing. PBS degradation methods 

include hydrolytic degradation, enzymatic degradation, and biodegradation in 

environmental conditions, such as burial, activated sludge, and compost.41 

2.3.1. Hydrolytic degradation 

One of the most common mechanisms of polymer degradation is hydrolytic 

degradation. In this case (and in the case of enzymatic degradation), the 

degradation rate depends on PBS crystallinity. Hydrolytic degradation occurs 

faster in the lower density amorphous regions, facilitating water penetration. This 

phenomenon causes an increase in the overall degree of crystallinity due to the 

faster degradation of amorphous domains (that can crystallize once degraded) 

compared to the more crystalline ones.149 Some authors report no variation in 

weight for PBS when exposed to hydrolytic degradation,150 while others report low 
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weight loss.151,152 One study reported a 31 wt% weight loss for PBS after 24 

weeks of hydrolytic degradation at 37 ºC. This result could be explained due to the 

relatively low crystallinity (56 %, as determined by DSC) of the PBS used.153 The 

pH of the media is also an important parameter that must be taken into account. 

Morales-Huerta et al. reported a 10 wt% weight loss for hydrolytic degradation at 

pH = 7.4 after 30 days, whereas the weight loss increased to values higher than 25 

wt% for a pH = 2.0 media.154 

As can be deduced from different studies, PBS can be effectively degraded 

by the hydrolysis of the ester bonds, achieving different results depending on many 

different parameters involved, such as the synthesis method, molecular weight, 

crystallinity, or the experimental conditions of the biodegradation assays. 

2.3.2. Enzymatic degradation 

So far, enzymatic degradation is regarded as one of the most attractive and 

effective methods for the biodegradation of biopolyesters. The main reason is the 

presence of labile ester bonds in the chemical structures of biopolyesters, where 

enzymes can attack.20 Then, the enzymatic degradation process usually starts with 

the attachment of the enzyme on the surface, and hydrolysis proceeds via surface 

erosion. Among all the different types and families of enzymes that can effectively 

biodegrade PBS and its copolymers, some examples are included in this Chapter. 

Table 2.2 shows various enzymes and different experimental conditions for PBS 

enzymatic biodegradation.  
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Table 2.2. Classification of enzymes by families for different PBS enzymatic 

degradation studies. 

Family Enzyme Substrate 
Experimental 

conditions 

Results 

(weight loss) 
Ref. 

Cutinase Fusarium solani 
PBS films 

30·10·0.1 mm3 

pH = 8.0 at 40 

ºC, 20 µg/mL 

100 wt% in 6 

h 
155 

Cutinase Pichia pastoris 
PBS films 

30·10·0.5 mm3 

pH = 7.4 at 37 

ºC, 0.15 mg/mL 

100 wt% in 

12 h 
156 

Cutinase Fusarium solani 
PBS films 

30·10·0.1 mm3 

pH = 7.4 at 37 

ºC, 10 mg/mL 

98.4 wt% in 

12 h 
157 

Cutinase Fusarium solani 
PBS films 

30·10·0.5 mm3 

pH = 7.2 at 37 

ºC, 18 U/mL 

~100 wt% in 

26 h 
158 

Lipase 
Candida antarctica 

(CalB) 

PBS films 

30·10·0.5 mm3 

pH = 7.2 at 45 

ºC, 18 U/mL 

95.1 wt% in 

26 h 
158 

Lipase Candida rugosa 
PBS films 

10·10·0.5 mm3 

pH = 7.4 at 30 

ºC, 0.1 mg/mL 

2 wt% after 7 

weeks 
159 

Lipase 
Pseudomonas 

cepacia 

PBS films 

20·30·0.3 mm3 

pH = 8.0 at 40 

ºC, 0.06 mg/mL 

2 wt% after 

90 h 
160 

Lipase 
Candida antarctica 

(CalB) N435 

PBS films 30·10 

mm2 

pH = 7.4 at 37 

ºC, 1.2 mg/mL 

1.8 wt% after 

90 h 
161 

Lipase Porcine pancreas 
PBS films 30·10 

mm2 

pH = 7.4 at 37 

ºC, 0.8 mg/mL 

0.9 wt% after 

90 h 
161 

Lipase 
Pseudomonas 

cepacia 

PBS films 

10·10·0.1 mm3 

pH = 6.86 at 45 

ºC, 0.22 mg/mL 

4.6 wt% after 

50 h 
162 

Lipase Porcine pancreas 
PBS discs 

10·10·0.2 mm3 

pH = 7.4 at 37 

ºC, 1 mg/mL 

21 wt% after 

30 days 
154 

Lipase 
Pseudomonas 

fluorescens 

PBS films 

10·10·0.2 mm3 

pH = 7.3 at 37 

ºC, 2 mg/mL 

No visible 

degradation 

after 300 h 

163 
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Lipase 
Pseudomonas 

cepacia 

PBS films 

10·10·0.1 mm3 

pH = 6.86 at 45 

ºC, 0.53 mg/mL 

100 wt% 

after 288 h 
80 

Enzymatic degradation assays for biopolyesters and PBS are commonly 

carried out at physiological temperature (i.e., 37 ºC).154,157,160 However, it has been 

demonstrated that this degradation method is favored at a temperature close to Tm 

(the PBS melting temperature is above 100 ºC).164 Some authors have reported low 

weight loss values for PBS homopolymer at different experimental conditions, 

reaching a 3.5 wt% weight loss after 12 days in the presence of P. cepacia lipase,164 

or even lower.159,161 The low degree of degradation obtained could be attributed to 

the high crystallinity of this polymer compared to other aliphatic polyesters.164 

Other studies carried out under different experimental conditions report much 

higher degradation rates. For example, for enzymatic degradation assays 

employing cutinases, weight losses reach almost 100 wt% in just 12 hours,157 as 

seen in Table 2.2. An interesting study developed by Shi et al. showed the 

influence of two different enzymes (Fusarium solani cutinase and Candida 

antarctica lipase B, CalB) in the degradation rate of PBS. They found that the PBS 

degradation rate was much faster by the action of cutinase. PBS degraded in the 

presence of cutinase reached ~50 wt% in 4 hours, whereas those degraded in the 

presence of lipase reached ~20 wt% over the same time. For both cases, a nearly 

total decomposition was achieved after 26 hours.158 

Figure 2.8 shows the results corresponding to different biodegradation 

studies where the weight loss of PBS in the presence of lipase from P. cepacia has 

been reported. As can be observed in Figure 2.8, only one study shows a relatively 

high weight loss of PBS with this enzyme (>40 wt% in 100 hours).80 For the rest, 

the weight loss reached after several hours in contact with P. cepacia is very low 

(<6 wt%), which could be attributed, in part, to the low concentration of the 

enzyme employed for some of the studies.160,162,165 
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Figure 2.8. Weight loss curves corresponding to various enzymatic degradation 

studies of PBS by the action of a lipase from P. cepacia. Experimental conditions 

differ from one study to another, although the same enzyme is used. Data taken 

from Refs.80,160,162,165 

2.3.3. PBS-based copolymers: hydrolytic and enzymatic degradation 

In the case of PBS copolymers, different (and opposite) results are reported 

depending on the nature of the second comonomer. For instance, the 

biodegradability of aromatic polyesters is less favored than in the case of aliphatic 

polyesters such as PBS.154 Thus, incorporating a second comonomer in the 

structure of PBS could favor or prevent the degradation of the polyester, attending 

to the nature of the second constituent.  

Hydrolytic and enzymatic degradation of PBS-ran-PBFur copolyesters have 

been determined by placing 60:40 and 40:60 copolymers in a pH = 2.0 or pH = 7.4 

medium at 37 ºC.154 Firstly, the enzymatic degradation was more effective than 
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hydrolysis, reaching 15-20 wt% vs. 3-5 wt% weight losses for the latter 

(hydrolysis) after 30 days. Furthermore, the behavior of the copolyesters was more 

similar to that of PBS in the case of enzymatic degradation. Regarding the acidic 

medium, the results were in between enzymatic and hydrolytic degradation, but far 

away from those obtained for the PBS homopolymer, as the homopolymer 

achieved a 30 wt% weight loss, compared to the 10-15 wt% of the copolymers.  

Han et al. studied the enzymatic degradation behavior for different 

poly(butylene succinate-ran-butylene 2-methylsuccinate) (PBS-ran-PBMS) 

copolyesters, reporting higher degradation rates for those copolymers with a higher 

PBMS content. Considering the copolymer with 20 mol% in PBMS, the hydrolytic 

degradation (without the enzyme) showed a negligible weight loss compared to 

that of the enzymatic degradation (amano lipase from Pseudomonas fluorescens), 

achieving a 30 wt% weight loss in 300 hours.163 

The copolymerization of PBS with salicylic acid was studied as an attempt 

to produce polymer films with potential applications in agricultural applications. 

Enzymatic degradation assays carried out in the presence of CalB showed very low 

degradation after 20 days (~1.5 wt% for neat PBS); however, the addition of 

salicylic acid increased this value up to ~3.5 wt%.166  

In the case of the enzymatic hydrolysis of PBS and PBS-ran-PBA 

copolymers in the presence of Candida cylindracea lipase,167 the highest 

degradation was obtained for the copolyesters containing 25 and 50 mol% of 

butylene succinate, reaching 20 and 30 wt% weight loss values, respectively, after 

90 hours. It is necessary to remark that the enzymatic degradation is not affected 

by the molecular weight; hence, similar results are obtained for low Mw (~6300 

g/mol) and high Mw (~29,000 g/mol).168  

2.3.4. Biodegradation in environmental conditions 

Although enzymatic hydrolysis (laboratory conditions) has shown 

satisfactory results for PBS biodegradation, this biopolyester commonly degrades 
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in environmental conditions.169 The study of the biodegradation of PBS under 

environmental conditions will give an idea for the implementation of PBS in 

agricultural applications such as mulching films.61,108,170 PE films are commonly 

employed for this application, being an effective method for promoting plant 

growth during the cold seasons (i.e., spring and autumn). The problem here is the 

recyclability of the PE film due to the contamination caused to the soil itself, so a 

biodegradable film is required, and PBS is a suitable candidate to solve this 

issue.171  

The experiments for this type of biodegradation are usually carried out 

following different standards from international organizations (ISO, ASTM, and 

EU). Because of this, the definition of more experimental parameters is required 

as compared to enzymatic and hydrolytic assays. As the conditions and parameters 

differ from one study to another (as well as the soil employed for the tests and the 

microorganisms content in the soil), biodegradation in environmental conditions 

covers a wide range of variable results.172 Below we summarize the representative 

results corresponding to biodegradation studies carried out under environmental 

conditions for PBS homopolymer and copolymers, with special focus on PBS 

composites with biofillers (PBS-based biocomposites). 

a. PBS homopolymer and PBS-based copolymers 

PBS biodegradation in environmental conditions usually takes more time as 

compared to enzymatic/hydrolytic PBS degradation. Kim et al. reported a low 

degradation of PBS when exposed to environmental degradation (<8 wt% weight 

loss after 120 days).173 Similar trends have been obtained by Huang et al. (<3 wt% 

weight loss in 100 days)174 and other reports.145 However, the study of PBS 

biodegradation in a controlled compost at 58 ºC (based on ISO 14855-2) showed 

that PBS powder biodegradation reached 60 wt% weight loss in 40 days and 

increased to 80 wt% in less than 80 days. These results are highly promising, 

opening a path for the establishment of experimental protocols to determine the 

environmental biodegradation of this aliphatic polyester.144 These outstanding 
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results are explained as the PBS was tested in powder form, which differs from the 

tensile specimens commonly used to determine environmental biodegradation. 

The biodegradation of PBS and PBS-ran-PBA copolymers subjected to 

different environments, as biodegradation in compost, soil, and artificial 

weathering, has been reported. For the artificial weathering, both polymers were 

submitted to UVA radiation and artificial rain, whereas in soil and compost 

experiments, no radiation was employed. For the first assay, a ~30 wt% weight 

loss was achieved for PBS in 24 weeks (~50 wt% in the case of the PBS-ran-PBA 

copolymer). In contrast, biodegradation in soil and artificial weathering showed 

negligible degradation for PBS, while PBS-ran-PBA presented a ~20 wt% weight 

loss for the biodegradation in soil experiment and negligible for artificial 

weathering.107 In another study, the biodegradation of PBS-ran-PBFur copolymers 

in compost at 58 ºC showed the best results for the 20 mol% of furanoate 

composition, achieving an almost 100 % of degradation in 80 days.96  

b. PBS-based biocomposites 

The presence of fillers in PBS biocomposites has been widely studied to 

modulate the degradation in environmental conditions, as in the case of other types 

of degradation and thermomechanical and barrier properties, as we have seen in 

previous sections. Special cases are natural fillers, that, in addition to being easily 

biodegraded, can potentially increase the degradation rate of PBS. Table 2.3 

includes several examples of biodegradation studies carried out under 

environmental conditions for different PBS-based biocomposites. Among all the 

examples presented in this table, some interesting results will be commented on 

below. As a general idea to consider, the trend shows that PBS-based 

biocomposites degrade faster than neat PBS. 
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Table 2.3. Different biodegradation studies of PBS and PBS biocomposites carried 

out in environmental conditions. 

Filler 
Content 

(wt%) 

Experimental 

conditions 

Results (Weight 

loss) 
Ref. 

Rubberwood 

powders (RWP) 
0-40 

60 days, no UV 

radiation, water 

control each 48 h 

< 1 wt% (PBS) 

2-10 wt% 

(PBS/RWP) 

145 

Rice husk flour 

(RHF) and 

wood flour 

(WF) 

0-40 4 months 

7 wt% (PBS) 

8-12 wt% 

(PBS/RHF and 

PBS/WF) 

173 

Sugarcane rind 

fiber (SRF) 
0-15 

100 days, natural soil 

in cropland, water 

control each 24 h 

2.5 wt% (PBS) 

10-20 wt% 

(PBS/SRF) 

174 

Microcrystallin

e cellulose 

(MCC) and 

nanofibrillated 

cellulose (NFC) 

0-40 

75 days, simulated 

compost, 58 ºC, pH = 

5.7-6.3, 50 wt% 

water content 

100 wt% in 75-80 

days (PBS) 

100 wt% in 65-70 

days (PBS/MCC 

and PBS/NFC) 

175 

Cotton fiber 

(CF) 
0-40 

Based on ISO 14855-

2 

100 days, 58 ºC, 10 

mL/min air flow 

~60 wt% (PBS) 

~90 wt% 

(PBS/CF) 

176 

Rice husk flour 

(RHF) 
0-40 

Based on ASTM D 

6003-96 

80 days, 30 ºC, pH = 

7, 50-60 wt% water 

content 

~12 wt% (PBS) 

13-18 wt% 

(PBS/RHF) 

177 
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Jute fiber (JF) 0-30 

180 days, compost 

soil, 30 ºC, constant 

water control 

31.4 wt% (PBS) 

47.3-62.5 wt% 

(PBS/JF) 

178 

Abaca fiber 

(AF) 
10 

180 days, black soil 

and leaf mold for 

gardening, 25-30 ºC, 

water control each 48 

h 

~30 wt% (PBS) 

~50 wt% 

(PBS/AF) 

179 

Soy, canola, 

and corn gluten 

meals (SM, 

CM, CGM) and 

switchgrass 

(SG) 

25 

Based on ASTM 

D6400 

200 days, 3 month-

old compost, 58 ºC, 

pH = 7-8, 50-55 wt% 

water content 

~95 wt% (PBS) 

~85 wt% 

(PBS/SG) 

90-95 wt% 

(PBS/SM, 

PBS/CM and 

PBS/CGM) 

180 

Organically 

modified 

montmorillonite 

(OMMT) 

0-10 

180 days, natural 

compost, 30 ºC, pH = 

7.46, 60-70 wt% 

water content 

~9 wt% (PBS) 

~3.5-5 wt% 

(PBS/OMMT) 

 

181 

Nanofibrillated 

cellulose (NFC) 

and recycled 

cellulose (rCell) 

0-15 

(PBS/NFC) 

0-50 

(PBS/rCell) 

80 days, 58 ºC, pH = 

5.7-6.5, >50 wt% 

water content 

~80 wt% (PBS) 

~85-92 wt% 

(PBS/NFC) 

100 wt% in 70 

days (PBS/rCell) 

182,183 

Pistachio shell 

flour (PSF) 
0-30 

Based on ISO 20200 

112 days, compost, 

58 ºC, 55 % relative 

humidity 

~18 wt% (PBS) 

~14-17.5 wt% 

(PBS/PSF) 

184 
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Although the experimental conditions differ from one study to another, it has 

been observed that cellulose fillers (micro- or nano-sized) achieve one of the best 

results for PBS degradation. Platnieks et al. have studied many different 

PBS/cellulose-based composite films: microcrystalline cellulose (MCC),175 

nanofibrillated cellulose (NFC),161,168 and recycled cellulose from TetraPak®.183 

The experimental conditions were similar for all the studies, employing a 

simulated compost under aerobic conditions at 58 ºC, with a slightly acidic 

medium (pH = 5.7-6.5) and a water content of 50 % or higher. The authors found 

that, although almost every sample was completely disintegrated within 75-80 

days, PBS-biocomposites degraded 5-10 days earlier than neat PBS films. In 

general, the degradation rate was faster at higher filler content. However, for the 

PBS/rCell biocomposite with the highest content in rCell, the degradation rate was 

faster in the early stages of the assay, whereas it slowed down during the course of 

the experiment (see Figure 2.9a-c). If we compare the results corresponding to the 

PBS biocomposites with high filler content (i.e., 40 wt%), it was found that the 

PBS/MCC composite degraded faster than the other two biocomposites (i.e., 

PBS/NFC and PBS/rCell) which present a similar behavior, being much faster than 

the biodegradation of neat PBS (see Figure 2.9d). 
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Figure 2.9. Biodegradation in environmental conditions for several PBS/cellulose-

based biocomposites: influence of filler content in weight loss for: a) PBS/MCC 

composites, b) PBS/NFC composites, and c) PBS/rCell composites. d) Variation 

of biodegradation rates for PBS and the three PBS/cellulose-based biocomposites. 

In Figures 2.9a-c, weight losses at 20, 40, and 60 days are represented. Data taken 

from Refs.175,182,183 

Other PBS biocomposites include rubberwood powder (RWP) from sawdust 

wastes as a natural filler (lignocellulosic nature). The environmental degradation 

of these PBS/RWP biocomposites was studied, showing a ~10 wt% weight loss 

after 60 days of soil burial testing. This behavior was attributed to the decrease in 

the crystallinity of the PBS biocomposites with the increasing content of RWP.145 

In another example, the biodegradation of the PBS biocomposites with rice husk 

flour (RHF) and wood flour (WF) in soil burial testing showed a 10 wt% 

degradation for the RHF composites after 120 days.173 In both cases, the weight 

loss was directly related to the biocomposite content, increasing with the filler 

content.  
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In this section, we have discussed the biodegradation of PBS and PBS-based 

materials in environmental conditions, which could lead to the employment of this 

biopolyester as mulching films for agricultural purposes. As has been commented 

on within this section, PBS presents a slower degradation rate when subjected to 

environmental conditions than enzymatic and hydrolysis conditions. However, its 

effective disintegration in the environment opens the door to many interesting 

applications where the material should not remain in the environment but needs to 

be usable for a certain period of time, as for the aforementioned agricultural uses 

such as plastic mulching films.20 
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2.4. Conclusions and Future Perspectives 

This Chapter focused on reviewing the current strategies to modulate the 

thermo-mechanical, barrier, and biodegradation properties of PBS. The 

modulation of the high crystallization and low degradation rates are desired for the 

commercial applications of PBS. With this aim, we revised the random 

copolymerization of PBS. PBS random copolyesters displayed a rich 

crystallization behavior since they can crystallize in three crystallization modes: 

isomorphism, comonomer exclusion, and isodimorphism. Independently of the 

crystallization mode, the PBS-rich compositions can crystallize, in most cases with 

a depression of the transition temperatures and the crystallinity. These thermal 

properties depression, on the one hand, extends the applications of PBS 

copolymers to a broad range of final use temperatures, and, on the other hand, 

represents the desired reduction of the high crystallinity of PBS, which influences 

its mechanical properties and degradation, among others. As a result, PBS-based 

copolymers are promising materials, as copolymerization is an excellent route to 

tune the properties of PBS.  

The modulation of the mechanical and barrier properties can also be achieved 

by using fillers (micro- and nanosized particles) as additives, creating composite 

materials based on PBS. Currently, in this revision, we have found that several 

fillers are being investigated to tailor the PBS properties, including inorganic and 

organic fillers with bio-based nanofillers. One of the most investigated bio-based 

nanofillers is cellulose nanowhiskers due to the possibility of achieving fully 

biodegradable composite materials. The mechanical and barrier properties 

improvements are generally attained at a low filler content. Nevertheless, the 

design of composite PBS materials and the study of the resulting properties must 

be done on a one-by-one case because the final performance depends on many 

variables (filler dimensionality, interaction between the polymer matrix and the 

filler, and many others).  
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This Chapter highlights the wide variety of existing methodologies in the 

literature to measure PBS degradation through different routes (hydrolytic, 

enzymatic, and soil). Enzymatic degradation constitutes one of the most promising 

routes to biodegrade this polymer. However, the results reported in the literature 

are highly influenced by the type and concentration of the enzyme employed in the 

experiments and the experimental conditions (i.e., temperature), making it difficult 

to establish common trends in the enzymatic degradation of PBS. It is then 

foreseeable and necessary to develop standard protocols or set up general 

experimental methodologies to measure enzymatic PBS degradation to support the 

rapid development of PBS and its copolymers. 

Future research is needed to continue tailoring PBS properties. From a 

synthesis point of view, implementing sustainable and efficient polymerization 

routes from bio-based monomers will be required. In this line, “green catalysts” 

(i.e., enzymes, revised in this contribution) emerge as a strong alternative, 

intending to achieve high-Mw PBS with comparable properties to those obtained 

from traditional polycondensation routes. For the modulation of PBS properties, 

investigating the structure–properties relationship of PBS and PBS-based 

materials and its relation to processing is necessary in aiming to design commercial 

applications for this biopolyester. The modulation strategies should strive to 

achieve the desired changes, e.g., decreasing the crystallinity, without affecting the 

biodegradable character of the PBS.  
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3.1. Introduction 

Poly(ɛ-caprolactone) (PCL) and poly(butylene succinate) (PBS) are fully 

biodegradable aliphatic polyesters. They have attracted a great deal of attention 

for the development of biodegradable packaging and biomedical applications, 

such as implant devices, tissue scaffolds and wound dressings.1 The blending of 

biodegradable polyesters is considered one of the most promising ways to obtain 

sustainable materials with enhanced and tailored properties. PCL/PBS blends 

have been prepared by melt blending or solution mixing methods attempting to 

improve the properties of the individual polymers. Regardless of the preparation 

method used, PCL/PBS blends are immiscible, as evidenced by composition 

independent Tgs and a biphasic melt, which leads to poor interfacial adhesion and 

macrophase separation.2 Nevertheless, earlier reports on PBS/PCL blends have 

indicated that a noticeable improvement in the mechanical properties of 

PBS/PCL blends could be obtained. These results were explained by considering 

possible interactions between the ester groups of the neat polymers through 

hydrogen bonds.3 Although bulk properties of these two polymers and their 

blends have been extensively studied,4–7 not much information about the 

structure and morphology of their thin and ultrathin films has been reported.  

Thin polymer films obtained from deposition of polymer blends in solution 

has been widely reported in literature as a bottom up method to produce 

patterned surfaces arising from different phenomena such as dewetting and phase 

separation.8 The preparation of thin polymer films through sequential deposition 

of polymer aqueous solutions, known as layer-by-layer (LbL) method has been 

widely investigated to achieve nanostructured films and coatings through the 

incorporation of successive polymer layers that interact with each other 

electrostatically, H-bonded or covalently.9–11 In contrast, the preparation of thin 

polymer films through sequential deposition of different polymers in organic 

solutions is less addressed in literature. Such method of preparation allows to 

deposit first a polymer layer on a substrate to have an ordered structure followed 

by the deposition of a second layer of a different polymer (or organic molecule) 
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in order to minimize their intermixing. Such approach has been employed mostly 

for the preparation of thin films applied as electronic devices and energy 

conversion set‐ups.12–14 

The morphology of polymer thin films deposited by spin-coating is mostly 

driven by the composition of the polymer solution and post-treatments such as 

thermal or solvent annealing are employed as a mean to modulate their final 

morphology. During the annealing process, surface segregation is induced by 

preferential wetting of one component in polymer blends and block copolymer 

thin films.15 This phenomenon known as surface wetting induced surface 

segregation results in changes of the surface chemical composition of thin films 

and influences crystallization for crystalline block copolymer thin films and 

blends.16–19 On the other hand, for thin films obtained by dip-coating, the final 

film morphology depends to a high extent on the experimental conditions, such 

as withdrawal speed, nature of the solvent, solution concentration and geometry 

of the reservoir and it can be modulated without the need of additional post 

annealing techniques.20–22 Within this context, dip-coating constitutes one 

effective process for the fabrication of thin polymer films, with extensive 

application in small-scale fabrication for academic studies.23 The method is based 

on the deposition of thin films via precision immersion and withdrawal of a 

substrate into a reservoir containing a polymer solution. Specifically, dip-coating 

has been extensively reported to prepare PCL thin films that can be employed as 

coatings for degradation prevention in biodegradable magnesium alloys and 

blend coatings with PEG for their application as biomaterials.24,25 To the best of 

our knowledge, the preparation and characterization of PCL/PBS thin polymer 

films have not been described in the literature.  

In this Chapter, thin films of PCL, PBS and a random copolyester (PBS-

ran-PCL) were prepared by sequential dipping steps of a silicon substrate into 

chloroform solutions of the respective polymers, previously synthesized by some 

of us.26 The use of poly(butylene succinate-ran-ɛ-caprolactone) (PBS-ran-PCL) 

copolymer layers together with PCL and/or PBS is expected to improve 
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miscibility, interfacial adhesion and the resultant mechanical properties of 

PCL/PBS blends as previously reported.27 A nearly symmetric copolymer was 

chosen for this study, as this has a better chance of interacting with neat PCL and 

neat PBS, hence it would have a better chance to promote adhesion between a 

layer of neat PBS and a layer of neat PCL. Copolymer compositions different to 

approximately 50/50 would be more compatible with either PBS or PCL 

depending on the composition. The resulting morphology was observed by 

atomic force microscopy (AFM), and it was related to the thickness and 

composition of the films. The presence of PCL or PBS crystals was explored by 

Grazing-Incidence X-ray Scattering at Wide Angle (GIWAXS). Previous studies 

carried out on blend thin films prepared by dip-coating have employed selective 

dissolution of one of the polymers in order to be able to assign the polymer 

phases observed in AFM images.22 For the films under study here, it is not 

possible to selectively eliminate one polymer as the three polymers dissolve in 

common solvents. Therefore, scattering-type Scanning Near-field Optical 

Microscopy (s-SNOM) and Fourier-Transform Infrared nanospectroscopy (nano-

FTIR) were employed in selected samples to image the local distribution of the 

three polymers in the films under study. The information obtained allows us to 

correlate the dip-coating processing employed for the preparation of the samples 

to the structure and morphology exhibited by PCL/PBS thin films.  
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3.2. Experimental Part 

3.2.1. Materials 

Poly(butylene succinate) (PBS), poly(ɛ-caprolactone) (PCL) and a 

poly(butylene succinate-ran-ɛ-caprolactone) random copolyester, designated as 

COPOL, were synthesized according to a method reported elsewhere.26 Table 3.1 

reports the average molecular weight and composition for the polymers under 

study. 

Table 3.1. Molecular characterization data.a 

Polymer 
Composition 

(BS/CL mol/mol) 

Mw 

(g/mol) 
Mw/Mn 

PBS (100/0) 21,470 2.9 

PCL (0/100) 17,400 3.2 

COPOL (51/49) 23,500 3.1 

a Data taken from Ref.26  

3.2.2. Thin films preparation 

Solutions of PCL, PBS and COPOL were prepared by dissolving the 

appropriate mass of polymer in CHCl3 to obtain concentrations of 1 mg/mL and 

2 mg/mL. Thin films of PCL, PBS, and COPOL were prepared by dip-coating 

silicon wafers (40 x 9 x 0.5 mm3), previously washed out from impurities with a 

piranha solution (60:40 H2SO4:H2O2), into the corresponding CHCl3 solutions 

during 2 minutes. The film drying time for pristine thin films of PCL, PBS, and 

COPOL was determined by visualization of the height position of the drying line 

after withdrawing sample, located by a sharp colour. The evaporation speed, 

calculated by considering that the solution height was maintained at 30 mm, was 

~3 mmꞏs-1 in all cases. It is important to note that concentrations of the polymers 

in the dipping solutions higher than 2 mg/mL led to the formation of stripes on 

the surface of the film, perpendicularly to the withdrawal direction (Figure 3.1). 
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This phenomenon, named “stick-slip motion” has been observed and described 

for films prepared by dip-coating, and it is the result of the deposition of high 

concentrations of the polymer in the upper part of the meniscus giving rise to the 

formation of local thickness heterogeneities.22 

 

Figure 3.1. Image corresponding to a silicon substrate coated with a PBS 

solution in chloroform at 5 mg/mL. (Not considered for the current study. Note 

that only polymer films prepared from chloroform solutions of the polymers at 1 

and 2 mg/mL were considered). 

For the preparation of films containing PBS, PCL, and COPOL, Si wafers 

were sequentially immersed in CHCl3 solutions of PCL, COPOL, and PBS at 1 

and 2 mg/mL (series I and II in Table 3.2, respectively). A schematic 

representation of the process employed for the preparation of the samples is 

shown in Scheme 3.1. The immersion time was 2 min with an air-drying step of 

20 s in between dipping steps. 

 

Scheme 3.1. Schematic representation of the method of preparation of the films. 
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Films corresponding to series I were 3-layer films prepared from CHCl3 

solutions of PCL, COPOL, and PBS at 1 mg/mL. The difference among them 

was the order employed for the deposition of the polymers. For the film 

designated as 3-layer (PBS)_1, the last deposited layer was PBS (i.e., the layers 

were deposited in the following order: PCL, COPOL and PBS), and for the film 

designated as 3-layer (PCL)_1, the last deposited layer was PCL (i.e., the layers 

were deposited in the following order: PBS, COPOL and PCL).  

Films corresponding to series II were prepared from CHCl3 solutions of 

PCL, COPOL, and PBS at 2 mg/mL. Two films were prepared with different 

number of layers (3 and 13) in order to determine the effect of the number of 

layers on the morphology of the resulting films. In both cases, the last deposited 

layer was PBS. The 3-layer film was designated as 3-layer (PBS)_2, whereas the 

13-layer film was designated as 13-layer (PBS)_2.  

Table 3.2. Nomenclature employed for all the samples under study. 

Sample 
C 

(mg/mL)a 

Number of 

layers 

Last deposited 

layer 

Series I    

3-layer (PBS)_1 1 3 PBS 

3-layer (PCL)_1 1 3 PCL 

Series II    

3-layer (PBS)_2 2 3 PBS 

13-layer (PBS)_2 2 13 PBS 

a Concentration of the dipping solutions. 

3.2.3. Proton Nuclear Magnetic Resonance (1H-NMR) 

Thin polymer films were dissolved in 1 mL of deuterated chloroform and 
1H-NMR spectra were taken in a Varian System 500 MHz NMR equipment.  
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3.2.4. Atomic Force Microscopy (AFM) 

The morphology and thickness of the layers were observed by AFM 

(Multimode Scanning Probe Microscope, Veeco/Bruker), employing a di 

NanoScope IVa Controller with the conventional height mode (tapping mode, 

normal AFM) at a nominal force constant of 42 N/m and 320 kHz resonant 

frequency. The AFM samples (9 x 9 x 0.5 mm3) were cut from the previously 

prepared films on silicon wafer substrates. Film thicknesses were measured by 

AFM by the scratch method and the results were compared to those obtained 

from the analysis of the AFM height profiles. WSxM5.0 software was employed 

for the visualization and analysis of the AFM images.  

3.2.5. Grazing-Incidence X-ray Scattering at Wide Angle (GIWAXS) 

Grazing-Incidence X-ray Scattering at Wide Angle (GIWAXS) was 

measured using synchrotron radiation at the NCD-SWEET beamline at the 

ALBA Synchrotron (Cerdanyola del Vallès, Barcelona, Spain). The sample was 

inclined to achieve different incidence angles, ranging from 0.1º to 0.3º between 

the sample surface and the X-ray beam. The X-ray wavelength used was 1 Å. 

The scattering intensity was collected by a Rayonix detector of 960 × 2880 pixels 

(pixel size 88.54 μm), placed at 145.6 mm from the sample. Patterns acquired 

with an exposition time of 5 s were corrected for background scattering and 

analyzed by the Fit2D software.28 

3.2.6. Scattering-type Scanning Near-field Optical Microscopy (s-SNOM) 

and Fourier-Transform Infrared nanospectroscopy (nano-FTIR) 

s-SNOM, based on the AFM technique, is carried out with a metallized tip 

which is illuminated with a monochromatic infrared laser radiation concentrated 

at the vertex of the tip, acting as an antenna. s-SNOM yields infrared amplitude 

and phase infrared images at nanoscale resolution and allows to obtain maps of 

the chemical properties of the surface of the sample. Nano-FTIR is based on s-

SNOM, where the tip is illuminated with a broadband infrared radiation. The tip-
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scattered light is recorded with an asymmetric Fourier transform spectrometer at 

a fixed sample position, yielding amplitude- and phase-resolved infrared 

spectra.29–31  

A commercial s-SNOM/nano-FTIR setup (NeaSNOM, Neaspec GmbH, 

Germany) was employed for measuring s-SNOM phase images and nano-FTIR 

phase spectra using gold-coated commercial Si tips (Nanosensors, PPP-

NCSTAu) with a mechanical resonance frequency ~135 kHz for tapping mode 

atomic force microscope (AFM). s-SNOM imaging was collected directly on thin 

film samples prepared in silicon wafers by means of a microscope equipped with 

a MIRcat laser (MIRcat Mid-IR laser, Daylight Solutions, USA), at a laser power 

of 3 mW, and a tapping amplitude of 50 nm. The acquisition time of one s-

SNOM image was 11 minutes. For nano-FTIR, a broadband infrared laser 

continuum was employed with an average output power of ~600 µW covering a 

spectral range from 2200 to 650 cm-1. All nano-FTIR spectra were recorded with 

a spectral resolution of 17 cm-1 and a tapping amplitude of 80 nm. Reported 

nano-FTIR spectra are averages of 10 full spectra.  
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3.3. Results and Discussion 

3.3.1. Determination of the composition of the films  

The process of sequential dip-coating employed for producing the films 

takes place through sequential immersion of a silicon substrate onto chloroform 

solutions of each of the polymers as shown in Scheme 3.1. Given the fact that 

chloroform is a solvent for PCL, PBS and COPOL, as a first step, we set to 

determine the (BS/CL) ratio for all the samples under study. For comparison, the 

spectra corresponding to neat PBS, PCL and COPOL (see chemical structures in 

Figure 3.2) are also included in Figure 3.3 and the peaks are assigned according 

to literature.26  

 

Figure 3.2. Chemical structures of pure polymers a) PBS, and b) PCL; and c) 

random copolymer PBS-ran-PCL, COPOL. 

The triplet signal centered at 4.06 ppm can be assigned to the methylene 

proton resonance of CH2 (7) in PCL and the multiplet signal centered at 4.12 

ppm corresponds to the proton resonances of CH2 (1,4) in PBS, indicated in 

Figures 3.2a-b. For COPOL, it was not possible to obtain separate signals 

corresponding to PBS and PCL sequences within this ppm region. In the films, 

the presence of a resonance peak at 4.08 ppm that can be assigned to COPOL 

(marked with an arrow in Figure 3.3) is observed, most notably for films 
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corresponding to series II, which confirms the presence of the three components 

for all the samples under study. Nevertheless, a quantitative determination is not 

possible due to the overlapping of the 1H-NMR signals of the COPOL with those 

corresponding to the pristine polymers, PBS and PCL.  

 

Figure 3.3. 1H-NMR spectra in the 4.00-4.20 ppm region of films corresponding 

to series I, 3-layer (PBS)_1 and 3-layer (PCL)_1, and series II, 3-layer (PBS)_2 

and 13-layer (PBS)_2. For comparison, the spectra corresponding to neat PBS, 

PCL and COPOL are also included in the figure. 
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3.3.2. Study of the morphology and crystallinity 

Figure 3.4 shows AFM height images for pristine films obtained from 

CHCl3 solutions of PBS and PCL and films corresponding to series I prepared at 

polymer concentrations of 1 mg/mL, 3-layer (PBS)_1 and 3-layer (PCL)_1. All 

the samples under study are ultrathin films with thicknesses below 10 nm as 

determined by AFM by the scratch method. The results were shown to match the 

depth profile analyzed for each of the samples, both analysis are shown in Figure 

3.5. 

 

Figure 3.4. Tapping mode AFM height images of a) PBS films, b) PCL films, c) 

3-layer (PBS)_1, and d) 3-layer (PCL)_1 prepared by dip-coating from CHCl3 

solutions at 1 mg/mL. Black arrows mark the straight boundaries observed 

between superstructural structures (spherulites, axialites or dendrites) which are 

caused by the impinging of these structures as they grow radially. The black 

square in Figure 3.4c marks the occurrence of new crystalline morphologies as 

explained in the text. 
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Figure 3.5. Scratch (left) and depth (right) profiles obtained from AFM height 

images shown in Figure 3.4 for: a) PBS 1 mg/mL, b) PCL 1 mg/mL, c) 3-layer 

(PBS)_1, and d) 3-layer (PCL)_1.  
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The morphology of PCL in ultra‐thin films has been reported in the 

literature,32,33 however, to the best of our knowledge, there are no studies 

regarding the morphology of PBS in ultra-thin films. Films obtained from CHCl3 

solutions of PBS at 1 mg/mL (Figure 3.4a) exhibit a semicrystalline morphology 

rich in edge-on lamellae radiating from central nuclei that resemble 

spherulitic/axialitic superstructures, whereas the morphology exhibited by PCL 

thin films is dendritic (Figure 3.4b). In all cases, the relatively straight boundaries 

between superstructural structures (spherulites, axialites or dendrites), which are 

caused by the impinging of these structures as they grow radially, can be clearly 

observed in Figure 3.4. The morphology observed in Figure 3.4b for PCL 

(thickness ~8 nm) is consistent with that reported for spin‐coated PCL films from 

PCL‐toluene solution for which dense‐branching morphology (DBM) and 

dendrites were observed when t < 2Rg (at thicknesses below 12 nm), related to 

the diffusion‐limited aggregation (DLA) process.32 The morphology 

corresponding to the COPOL sample consists of PBS-rich phase 

spherulitic/axialitic crystals (shown in Figure 3.6). Extensive previous studies by 

WAXS and DSC have shown that in this isodimorphic copolymer sample, only 

the PBS-rich phase can crystallize.25 

Both films of series I (3-layer films described in Table 3.2) have 

thicknesses that are comparable within the experimental error and are also similar 

to those of neat components single layer films, ~7.5 nm for the films of series I 

and 5.7 and 8.5 nm for neat PBS and PCL respectively (at 1 mg/mL). This is as a 

result of the partial dissolution of the films in CHCl3 during the consecutive 

deposition steps, since chloroform dissolves both PCL and PBS. Still, the 

presence of the three polymers could be ascertained through 1H-NMR as shown 

in Figure 3.3. In general terms, the morphology observed by AFM on the film 

surfaces is determined by the last deposited polymer layer which confirms the 

sequential deposition of the polymers onto the silicon substrate. Therefore, films 

that were coated with PBS as last layer show a similar spherulitic/axialitic 

morphology to that exhibited by neat PBS films (single layer) dip-coated from 

chloroform solution. Correspondingly, those in which the last applied layer was 
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PCL display the dendritic morphology observed in neat PCL films (single layer). 

The morphology observed for the 3-layer (PCL)_1 sample is analogous to that 

reported for PS/PCL blend films with film thickness of about 15 nm, for which 

the crystallization of PCL leads to the formation of PCL dendritic crystals.19 It is 

important to note that Figure 3.4c shows the development of a new crystalline 

morphology with respect to the morphology observed for pristine PBS films 

(Figure 3.4a). On top of the spherulitic structure, we observe curved structures 

(highlighted with a square in Figure 3.4c). These curved crystals have been 

previously reported for PLLA ultrathin films and related to edge-on lamellae,34,35 

in very thin films (thicknesses around and below 10 nm). A study of the crystal 

unit cell parameters and chain orientation of thin films of linear aliphatic 

polyesters revealed that lamellar crystal edge-on morphology seems to be the 

preferred configuration for aliphatic polyesters. This is related to the 

establishment of a molecular interaction of the carbonyl groups of the polyesters, 

lying on the bc face parallel to the substrate plane, with the outer silicon oxide 

layer of the substrate that controls the chain fixation to the substrate.36 
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Figure 3.6. AFM images of a) height mode, and b) phase mode, corresponding 

to a film obtained from a chloroform solution of COPOL at 1 mg/mL.  

The crystallization of the films was further investigated by GIWAXS and 

the diffractograms obtained using GIXRD at 0.1º incidence angle are shown in 

Figure 3.7. For the pristine PCL film (1 mg/mL), with thickness as low as 8.5 

nm, the characteristic diffractions of (110), (111) and (200) planes are clearly 

distinguished in Figure 3.7a.37 For the pristine PBS film (1 mg/mL), the 

GIWAXS diffractogram in Figure 3.7b showed no diffraction peaks even though 

a semicrystalline morphology was observed for this film in AFM images (Figure 

3.4a). In contrast, a broad peak at 15.5 nm-1 is observed for the PBS film 

prepared from chloroform solutions of PBS at 2 mg/mL (Figure 3.7c), which is 

attributed to the diffraction of the (021) plane. Note that the peak corresponding 

to the diffraction of the (110) plane at 16.0 nm-1, is also included within this 

broad peak.38,39 
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Regarding the results obtained for blend thin films, only the 3-layer 

(PCL)_1 sample showed the characteristic diffraction peaks of PCL, placed as 

the outermost layer for this sample (Figure 3.7d). For this sample, the diffraction 

peaks are shifted to the left with respect to the diffraction peaks observed for the 

pristine PCL film (Figure 3.7a). This might be a result of the different spreading 

of crystallites on the illuminated area.40 As shown in Figure 3.4, the distribution 

of crystals appears to be more homogeneous in the case of the PCL film (Figure 

3.4b) compared to the distribution of crystals observed for sample 3-layer PCL 

(Figure 3.4d). This might result in contributions in different positions of the 

diffraction centers which causes a shifting to the left of the diffraction peaks 

corresponding to the sample 3-layer PCL (Figure 3.7d) with respect to the sample 

PCL (Figure 3.7a). In contrast, neither the sample 3-layer (PBS)_1 (Figure 3.7e) 

nor the samples corresponding to series II, for which the outermost layer was 

PBS, showed diffraction peaks in GIWAXS experiments (results not shown). 

This is an apparent inconsistency with the AFM results shown in Figure 3.4 that 

clearly show an spherulitic/axialitic structure for pristine PBS films as well as for 

films whose last layer is PBS. In order to explain these results it is important to 

take into account the process of preparation of the samples through dip-coating. 

For this process, the evaporation rate of the solvent plays an important role on the 

crystallization of the polymers. Spherulite/axialite growth is the consequence of 

the macromolecules diffusion towards the crystal interface. Capillary flow 

occurring during the dip-coating process brings about a constant supply of 

polymer solution that contains the polymer that can crystallize.41 In the case of 

the films under study here, as the evaporation rate is high (chloroform is a 

solvent with a high vapor pressure42 and hence, capillary flow is high, the rapid 

polymer diffusion gives rise to complete spherulites/axialites due to a constant 

polymer supply. Still, the degree of crystallization of the PBS on the thin films 

under study is too low to be detected through GIWAXS experiments. Such low 

degree of crystallinity could be attributed to slow crystallization kinetics of PBS 

films casted from diluted chloroform solutions. PBS films under study here 
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present thicknesses below 10 nm. As it has been reported in literature, polymer 

chains in ultrathin films usually crystallize slowly in proximity of interfaces.35  

 

Figure 3.7. Intensity as a function of the scattering vector q as calculated from 

the corresponding GIWAXS patterns (shown in Figure 3.8): a) PCL 1 mg/mL, b) 

PBS 1 mg/mL, c) PBS 2 mg/mL, d) 3-layer (PCL)_1, and e) 3-layer (PBS)_1. 
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Figure 3.8. GIWAXS patterns used for the obtention of the diffractograms 

showed in Figure 3.7 for different samples: a) PCL 1 mg/mL, b) PBS 1 mg/mL, 

c) PBS 2 mg/mL, d) 3-layer (PCL)_1, and e) 3-layer (PBS)_1. 

3.3.3. Nanoscale chemical characterization by s-SNOM and nano-FTIR 

techniques 

The technique of infrared near-field microscopy (IR s-SNOM) and 

nanospectroscopy (nano-FTIR) allows for infrared imaging and spectroscopy 

with nanoscale spatial resolution.43,44 It has recently been employed to investigate 

submicrometer chemical distribution and crystallization of polymer blend films, 
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as an example casted from PCL/PEG blends in THF.45 In order to shed further 

light onto the chemical distribution of the three polymers, PBS, PCL and 

COPOL, onto the thin films prepared through sequential dip-coating, s-SNOM 

phase images and nano-FTIR phase spectra were recorded for samples 

corresponding to series II, 3-layer (PBS)_2 and 13_layer (PBS)_2. The probing 

depth of the nano-FTIR technique is up to 100 nm,46,47 which is related to the 

oscillation amplitude of the cantilever at a fixed point on the sample. Taking into 

account that the films under study present thicknesses in the range from 10-25 

nm, the nano-FTIR results provide information about the whole sample. By using 

this technique, it is possible to obtain IR absorption spectra that correlate to bulk 

transmission infrared spectroscopy (e.g., FTIR) as both techniques measure the 

amount of absorbed light.48 

As a first step, the main FTIR bands corresponding to the individual 

polymers were identified from nano-FTIR spectra of pristine thin films of PCL, 

PBS and COPOL. Figure 3.9 shows representative spectra in the 1900-900 cm-1 

range, in which it is possible to observe a large number of absorption bands and 

band overlaps (see the chemical structures in Figure 3.2). All three spectra show 

a C=O stretching band (at 1734 cm-1) and a C-O-C stretching band (at 1174 cm-1 

for PBS and COPOL and at 1190 cm-1 for PCL). However, the band at 1335 cm-1 

band, assigned to the C-H asymmetric angular deformation, is strong in the PBS 

spectrum and absent in the PCL spectrum. In addition, the 1241 cm-1 band, 

assigned to the asymmetric stretching vibration of C-O-C group is very strong in 

the PCL spectrum and absent in the PBS spectrum. Additional FTIR bands 

located at 1295 and 1367 cm-1 are clearly visible in the FTIR spectrum 

corresponding to PCL which can be assigned to C-O and C-C stretching and 

C=O stretching in the crystalline phase, respectively.49,50 PBS thin films under 

study present a low crystallinity as demonstrated through GIWAXS results, this 

was further demonstrated through analysis of the carbonyl region in the nano-

FTIR spectra shown in Figure 3.10. According to literature, the peak in the 

carbonyl region in FTIR can be deconvoluted to three absorption bands that can 

be assigned to the stretching mode of C=O groups in the crystalline phase (1714 
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cm-1), in the rigid amorphous fraction (1720 cm-1) and the free amorphous 

fraction (1736 cm-1).51 The nano-FTIR spectrum corresponding to PBS film 

showed a broad peak in the carbonyl region with the highest intensity located at 

1730 cm-1, which supports the low degree of crystallinity of the PBS film under 

study.  

The absorption bands observed for COPOL are overlapped to those 

observed in neat PBS and neat PCL. However, the intensity ratio of the bands at 

1335 cm-1 and 1241 cm-1 increases from ~2 in the spectra corresponding to 

COPOL to ~8 in the spectra corresponding to PBS, a result that reflects the 

presence of BS and CL sequences within the COPOL sample.  

 

Figure 3.9. Nano-FTIR spectra of pristine films of a) PBS, b) COPOL and c) 

PCL. 



Nanostructural Organization of Semicrystalline Biopolymers in Thin Films 

121 

 

Figure 3.10. Nano-FTIR spectra of PBS in the carbonyl region. 

AFM height and mechanical phase images corresponding to sample 3-layer 

(PBS)_2 are shown in Figure 3.11a. As can be observed, PBS crystalline 

superstructures (resembling spherulites or axialites) composed of PBS edge-on 

lamellar crystals growing from central nuclei are seen. The polygonal boundaries 

between these superstructures (produced by their impinging as they grow 

radially) are very clear in Figure 3.11a. We assume that the lamellae observed are 

PBS, as PBS was the last material to be deposited in the film. This was 

confirmed by the strong contrast observed for the absorption images at 1335 cm-1 

(Figure 3.11b) and at 1740 cm-1 (Figure 3.11c), which are characteristic infrared 

absorption bands for PBS (see Figure 3.9). A compositional map corresponding 

to the sample 3-layer (PBS)_2 is shown in Figure 3.12. The image shows mainly 

blue areas where absorption is highest at 1740 cm-1 corresponding to the carbonyl 

region for the three polymers, PBS, PCL and COPOL and pink areas where 
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absorption is highest at 1335 cm-1, which has been identified as a characteristic 

infrared absorption band for PBS. From this image, it is not possible to ascertain 

the presence of PCL within the sample. Hence, to further investigate the 

polymers' chemical distribution, several nano-FTIR spectra were recorded at 

determined positions within the region marked by the red square in the AFM 

height image in Figure 3.11a. An enlargement of this region is shown in Figure 

3.13a, and the corresponding absorption image at 1335 cm-1 (Figure 3.13b). 

Several nano-FTIR spectra were recorded at different positions marked with red, 

black, and blue circles. The recorded individual nano-FTIR spectra show high 

quality and reproducibility (results not shown). The black circles correspond to 

spots that showed high absorption at 1335 cm-1, and the red circles correspond to 

positions that showed high absorption at 1740 cm-1 (see Figure 3.11c). The blue 

circles correspond to positions with relatively low absorption at both IR 

frequencies. 
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Figure 3.11. a) AFM height image (left) and mechanical phase image (right) 

corresponding to sample 3-layer (PBS)_2 and near-field phase (i.e. absorption) 

images at b) 1335 cm-1, and c) 1740 cm-1. The red square in Figure 3.11a marks 

the region employed to carry out the analysis through nano-FTIR spectroscopy 

(shown in Figure 3.13). 
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Figure 3.12. Compositional map corresponding to sample 3-layer (PBS)_2 

obtained from the RGB plot of the chemical images taken at 1335, 1268 and 

1740 cm-1. For the generation of the 2D nano-FTIR compositional map shown on 

the right part of the figure, three absorption images taken at different 

wavelenghts of the incident radiation (1740, 1268 and 1335 cm-1) were 

transformed to monochromatic images (red, green and blue) and combined into a 

single RGB figure. A RGB plot is usually employed to plot the distribution of 

three different components in one and the same image. The green color is not 

seen in the compositional map, as the absorption at 1268 cm-1 is comparably low.  

The corresponding average nano-FTIR spectra depicted in Figure 3.13c 

show the characteristic C-O stretching band at 1734 cm-1 and the C-O-C 

stretching band at 1174 cm-1 that is overlapped for PBS, PCL, and COPOL. In 

addition, the three spectra show a band located at ~1335 cm-1 characteristic of 

PBS, as shown in Figure 3.9. A broad band centered at ~1268 cm-1 is also 

observed for the three samples. The intensity ratios between the peak at 1268 

cm-1 and the peak at 1335 cm-1 reveal differences in the infrared absorption in 

different positions of the 3-layer (PBS)_2 sample and thus in the chemical 

distribution within the sample. The I1335/I1268 is ~5 for the average spectrum 

corresponding to positions marked with black, whereas I1335/I1268 for the average 
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spectra obtained from positions marked with blue and red colour decreases to ~2 

for both cases, which reveals regions with higher relative content of CL 

sequences.  

 

Figure 3.13. a) AFM height image, and b) absorption image at 1335 cm-1 

corresponding to sample 3-layer (PBS)_2, and c) nano-FTIR spectra obtained by 

averaging spectra recorded at the positions marked by corresponding blue, red 

and black colors in panel b. 

We now turn our attention to the results obtained for the 13-layer (PBS)_2 

sample for which the total number of layers was increased from 3 to 13. The 

morphology observed for this sample (Figure 3.14a) is similar to the one 

described for sample 3-layer (PBS)_2, see Figure 3.11a. That is, the number of 

dipping steps employed for the preparation of the sample does not seem to have 

an influence on the obtained morphology. 
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Figure 3.14. a) AFM height image (left) and mechanical phase image (right) 

corresponding to sample 13-layer (PBS)_2, absorption images at b) 1335 cm-1, 

and c) 1733 cm-1, and d) nano-FTIR spectra obtained by averaging spectra 

recorded at the positions marked by corresponding black, red and blue colors in 

panel b. 
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The presence of small holes on the 13-layer (PBS)_2 sample can be 

attributed to the rapid evaporation of chloroform during film preparation by dip-

coating. As it is well known, when the solvent is rapidly evaporating, the solvent-

rich films do not have enough time to level and heal surface roughness created by 

Marangoni instabilities. This effect and the resulting morphology could be tuned 

through the control of the evaporation rate during film preparation.42 As in the 

case of the 3-layer (PBS)_2 sample, the absorption images taken at 1335 cm-1 

and 1733 cm-1 (Figures 3.14b and 3.14c, respectively) showed high contrast, 

which is more clearly observed for the image taken at 1335 cm-1. This is 

consistent with the fact that the crystalline morphology can be attributed to the 

last deposited polymer, that is, to PBS.  

 The polymer distribution was further analyzed by recording several nano-

FTIR spectra at different positions marked by coloured circles in the AFM height 

image (Figure 3.14a, left) and the absoption image taken at 1335 cm-1 (Figure 

3.14b). Red circles correspond to locations outside the holes and black circles 

correspond to locations within the holes, as seen in the AFM topography image. 

Both red and black spectra shown in Figure 3.14c fit nicely to the reference 

spectrum of PBS in agreement with the fact that the morphology observed is 

mostly due to PBS. In both cases, I1335/I1268 is ~3, which indicates a similar 

chemical composition regarding BS/CL sequences. A close examination of the 

average nano-FTIR spectra obtained from regions marked with blue dots, which 

corresponds to positions with relatively low absorption at the IR frequency of 

1335 cm-1, allows to clearly distinguish a noticeable increase in the intensity of 

the band located at 1268 cm-1 with respect to the band located at 1335 cm-1 which 

is much more evident in the case of the average spectrum obtained from regions 

marked with blue circles. For these regions, the band located at 1365 cm-1, 

characteristic of PCL is also clearly visible.  

The results show that the increase in the number of deposited layers give 

rise to almost isolated PCL nanodomains within a matrix predominantly 

constituted of PBS. Thus it points to more segregation between BS and CL 
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sequences for the 13-layer (PBS)_2 sample as compared to the 3-layer (PBS)_2 

sample. The final morphology obtained for these thin films could be compared to 

that of an immiscible blend of PCL/PBS as previously reported in literature. This 

could be attributed to the fact that the repetitive dipping steps employed to 

prepare the sample leads to the deposition of mixed solutions of the three 

polymers due to the partial dissolution of the films during the dipping procedure.  
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3.4. Conclusions 

In this Chapter, sequential dip-coating of silicon substrates in chloroform 

solutions of PCL, PBS, and a poly (butylene succinate-ran-ɛ-caprolactone) (PBS-

ran-PCL) copolymer has been employed to obtain thin polymer films with a 

varying number of layers (3 and 13). The thickness obtained for the films was, in 

all cases, in the range 10-25 nm regardless of the number of layers employed for 

their preparation, which points to partial dissolution of the films occuring during 

the process of preparation. The crystalline morphology observed corresponds to 

that of the last deposited polymer, as revealed by AFM microscopy. In the case 

of films for which the last deposited layer was PCL, diffraction peaks 

corresponding to the semicrystalline structure of PCL were detected by 

GIWAXS experiments. On the other hand, for films whose final layer was PBS, 

even if spherulitic/axialitic formation could be observed by AFM, no diffraction 

peaks were obtained in GIWAXS. 

For films whose final layer was PBS, nano-FTIR spectroscopy provided the 

main evidences to determine the nanoscale organization of BS and CL sequences 

on 3-layer films and 13-layer films. The results showed that both samples present 

a heterogeneously mixed chemical composition with nanodomain regions of 

varying PBS and PCL content. However, in the case of 13-layer films, the 

analysis of the average spectra corresponding to different regions of the sample 

films revealed the presence of almost segregated PCL nanodomains within a PBS 

matrix. The results could be attributed to the fact that the partial dissolution of 

the film occurring during the sequential dipping steps might give rise to the 

deposition of a mixed solution of the three polymers resulting in a morphology 

that is reminiscent of that exhibited by immiscible blends. 
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4.1. Introduction 

Poly(butylene succinate) (PBS or PBSu), sometimes referred to as 

poly(tetramethylene succinate) (PTMS), is an aliphatic polyester that can be 

included in fossil-based biodegradable polymers. PBS can also be produced 

through biobased monomers obtained through fermentative production routes 

based on renewable feedstocks.1 In soil, PBS degrades significantly faster than 

conventional plastics, and hence it constitutes a solution to the growing problem 

of accumulation of non biodegradable plastics.2,3 Some of its potential uses include 

biomedical applications, packaging, and agriculture. To give a few examples, PBS 

has been employed to prepare polymeric mulch films to reduce plastic 

accumulation in soil,4 and for the fabrication of soft packaging.5 The biomedical 

applications of PBS and PBS-based materials have also been evaluated recently.6 

Moreover, in Chapter 2, an exhaustive review of the mechanical and thermal 

properties, crystallinity, barrier properties, and the different degradation methods 

of PBS and PBS-based copolymers and nanocomposites was presented.7 Despite 

all the possible applications of PBS, the study of its biodegradation must be 

conducted carefully, as it can condition its application in different fields. To that 

aim, the degradation studies of PBS should be in consonance with its specific 

applications. For example, the hydrolytic degradation could be more related to the 

different biomedical applications of this polyester, whereas degradation under 

environmental conditions (soil burial, activated sludge, compost) could be more 

interesting for mulching films in agricultural applications.8–10 

Most of the enzymatic degradation assays, which consist of a hydrolytic 

degradation catalyzed by an enzyme, are developed under physiological conditions 

(i.e., 37 ºC and pH 7-7.5).11–13 Enzymatic degradation is more favored for PBS 

samples with low molecular weight and low crystallinity,12,14 as well as at a 

temperature close to Tm (the PBS melting temperature is above 100 ºC), even 

though the self-stability of the enzymes at high temperature constitutes a 

drawback.15 In literature, PBS enzymatic degradation presents a wide range of 

results, depending on the type of enzyme and experimental conditions. Some 
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authors have reported complete PBS degradation in a few hours employing 

different cutinases11,16,17 and lipases,17,18 whereas other authors observed quite low 

weight losses with cholesterol esterases;19 or even negligible degradation.12,13,20 

Lipases (EC:3.1.1.3) are esterases with the ability to hydrolyze long-chain 

triglycerides to di- and subsequently monoglycerides.21 Regarding the enzymatic 

degradation of polyesters and PBS in particular, the majority of the experiments 

are done with films immersed within an enzymatic solution. 

Taking into consideration the high importance of focusing polymers (and, 

more specifically, polyesters) towards zero-waste materials, the biodegradation of 

PBS and its comprehension becomes a key point nowadays. In this Chapter, we 

report on a novel strategy to modulate the enzymatic degradation of PBS films 

through their combination with biobased polymers (e.g., polysaccharides) 

(Scheme 4.1). For this study, a lipase from Pseudomonas cepacia (P. cepacia) with 

a sequence composition containing 364 amino acids has been selected.22 For such 

purpose, the preparation of biobased multilayer coatings, consisting of 

polysaccharide polyelectrolyte complexes (PPC) of alginate and chitosan 

deposited onto PBS films will be assessed, and the degradation of the PBS-coated 

films immersed in aqueous solutions containing lipase will be monitored as a 

function of the time. PPC have been widely investigated as good barrier materials 

for paperboard and other materials conducted towards sustainable packaging 

applications.23–25 On this basis, PPC have been recently incorporated into 

biopolyester materials as a way to improve barrier properties of these packaging 

materials.26,27 In addition to this, the employment of PPC in biomedical 

applications is also widely reported in the literature.28,29 In particular, alginate and 

chitosan have been assembled into nanostructured films using layer-by-layer 

(LbL) assembly to be used in several biomedical applications, such as matrixes for 

drug delivery modulation, and iron oxide nanoparticles encapsulation for magnetic 

hyperthermia therapies,30–33 due to its good stability conferred by the electrostatic 

interactions created among both components. However, to the best of our 

knowledge, the effect of PPC coatings on the biodegradation of PBS films has not 
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been reported so far. We hypothesize that these coatings will be able to regulate 

the enzymatic degradation of PBS. 

Such approach could be interesting for several applications in the biomedical, 

agricultural or food industry fields, where degradation takes an important role. The 

solution proposed in this Chapter enable the facile modification of the degradation 

kinetics by employing biobased materials. To sum up, the present Chapter will 

focus on PBS enzymatic biodegradation. As a first step, the experimental 

conditions to carry out enzymatic degradation assays of PBS will be optimized, 

and thereafter, the influence of a biobased polysaccharide multilayer coating on 

the enzymatic degradation of PBS will be ascertained. 

 

Scheme 4.1. Schematic overview of the two enzymatic biodegradation approaches 

proposed for PBS films: optimization of the enzymatic degradation and 

modulation of the biodegradation through the preparation of biobased multilayer 

coatings. 
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4.2. Experimental Part 

4.2.1. Materials 

Commercial poly(1,4-butylene succinate), extended with 1,6-

diisocyanatohexane (Lot #MKBX5346V and referred to as PBS, Mw ~112,000 

g/mol [GPC], Mn ~81,000 g/mol [GPC], Mn ~53,000 g/mol [1H-NMR]), lipase 

from P. cepacia (Lot #BCBV1950, Lot #BCCG3768, Lot #BCBP8887V), 

phosphate buffered saline (physiologic pH of 7.2-7.4), alginic acid sodium salt 

from brown algae of low (Lot #SLCG0203) viscosity, chitosan (low molecular 

weight, Lot #BCCD9853), polyethylenimine branched (PEI), sodium acetate 

anhydride and Triton X-100 were purchased from Sigma-Aldrich. Calcium 

chloride dihydrate was acquired from Acros Organics, acetic acid glacial and 2-

propanol were acquired from Scharlab and VWR, and p-nitrophenyl palmitate 

(pNPP) was provided by Alfa Aesar. Sunflower oil of alimentary grade was also 

employed. All reagents were used as received, except chitosan, which was purified 

to remove impurities following a typical methodology.31  

4.2.2. Preparation of neat PBS hot-pressed films 

Micrometric polymeric films were prepared by hot-pressing PBS pellets in a 

Collin 200x200 (Collin Solutions, GmbH, Germany) pneumatic press (see Scheme 

4.2a). The conditions for the preparation of the films consisted of four steps done 

at 125 ºC: i) 5 minutes at 5 bars, ii) 2 minutes at 50 bars, iii) 2 minutes at 100 bars, 

and iv) a final extra cooling step (at room temperature) for 2 minutes at 100 bars. 

The average thickness of these films was 0.12 ± 0.02 mm, as determined by 

employing a digital caliper. The films were kept at room temperature for one week 

before starting the experiments.  

4.2.3. Preparation and characterization of polyelectrolyte multilayer spray-

coated PBS films 

Spray-assisted layer-by-layer deposition was employed for the coating of 

PBS films with polysaccharide aqueous solutions following a procedure reported 
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elsewhere.31,34 First, PBS films were cut into 25 x 10 mm2 and introduced 

individually into a polyethylenimine (PEI) solution (1 mg/mL) for 5 minutes to 

confer PBS a more hydrophilic surface, as well as providing a positively charged 

surface, for a better deposition of the polysaccharide coating.31–33,35 After that, the 

films were air-dried and washed for 2 minutes with Milli-Q water. Then, they were 

placed onto a metallic support for the multilayer spray-coating in the automatic 

equipment (ND-SP Spray Coater, Nadetech Innovations, Spain). The support with 

the sample was set at 135º with respect to the spray jet, in order to avoid the 

accumulation of alginate and chitosan solutions on the sample, which would lead 

to the formation of heterogeneities in the coating thickness (see Scheme 4.2b). 

Three different systems with varying alginate/chitosan layers (8, 24, and 40) were 

prepared and designated as PBS_nL, where n stands for the number of layers. For 

each sample, the corresponding number of layers was deposited through a 

consecutive deposition of alginate (2.5 mg/mL in pH 3 buffer solution) and 

chitosan (1 mg/mL in pH 5 buffer solution). Both sides of the PBS film were coated 

consecutively. Finally, samples were left drying at room temperature for 48 hours 

before further experiments. 

 

Scheme 4.2. Schematic representation of the preparation of the PBS films: a) hot-

pressing process to obtain the PBS neat films, and b) spray-assisted layer-by-layer 

of polysaccharides for the fabrication of the Alg/Chi multilayer spray-coated PBS 

films. The spray-assisted LbL process was performed on both sides of the PBS 

film. 

The thickness of the coating was assessed through Scanning Electron 

Microscopy (SEM) employing a Hitachi SU8000 Scanning Electron Microscope 

(Hitachi, Ltd., Japan) and operating at 0.8 kV. Spray-coated PBS films were 
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fractured in liquid nitrogen and gold-coated (Polaron SC7640 Sputter Coater, 

Quorum Technologies, Ltd., UK) prior to the SEM analysis. The values are 

presented as the average ± standard deviation of at least four positions in three 

different samples.  

The surface wettability of the spray-coated PBS films (20 x 20 mm2) and the 

neat PBS sample without coating was characterized by static Water Contact Angle 

(WCA) using a KSV Theta Goniometer coupled with a camera (KSV Instruments, 

Ltd., Finland). Water droplets of 3 µL were deposited on top of the samples, and 

pictures were recorded at different positions. WCA values were measured with the 

Software KSV CAM 200 Optical Contact Angle Meter, and results are expressed 

as the average ± standard deviation of at least four positions in three different 

samples.  

4.2.4. Nanomechanical properties of PBS and alginate/chitosan coating 

As a way of evaluating the mechanical behaviour of the polysaccharide 

coating, nanoindentation measurements were performed using a G200 

Nanoindenter (KLA-Tencor Corp., USA) with a Berkovich diamond indenter. 

Storage modulus (E') and hardness (H) were determined using continuous stiffness 

measurements and a low load module (DCM). At least 30 indentation tests were 

produced at different locations to determine average values for each material ( 

standard deviation). For this purpose, alginate/chitosan coatings were deposited on 

two different substrates: PBS films and silicon wafers, both with dimensions 10 x 

10 mm2. For the sake of comparison, alginate and chitosan films were also tested. 

These polysaccharide films were obtained by pouring aqueous solutions of each 

polysaccharide (1 % w/v, chitosan solution also contained 1 % v/v of acetic acid) 

in separate Petri dishes and letting them dry in a stove set at 37 ºC for 7 days.  
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4.2.5. Enzymatic biodegradation by externally added lipases  

a. Optimization of the experimental parameters 

Enzymatic degradation assays were carried out with a lipase from P. cepacia 

at two different concentrations, 1 and 2 mg/mL. The enzymatic stock solution was 

prepared in phosphate buffered saline (pH 7.2-7.4). For this study, PBS films (10 

x 10 mm2) were immersed individually into 5 mL-glass vials containing 2 mL of 

the enzyme stock solution and placed into a thermostated chamber (Heraeus 

Instruments, Germany) at 37 ºC with rotational stirring (Rocker 3D Digital, IKA-

Werke, GmbH & Co. KG, Germany) at 45 rpm. Experiments in the absence of 

stirring were also carried out to evaluate the effect of this parameter on the enzyme 

performance.  

The samples were withdrawn at certain times, washed with distilled water, 

and finally weighed after complete drying at room temperature (48 hours). To 

control the enzymatic degradation, the weight loss of the samples was determined 

using the following equation (Equation 4.1). 

Wloss (%) = 
Winitial- Wfinal

Winitial
·100 (Eq. 4.1) 

Where Wloss stands for weight loss (expressed in %), Winitial refers to the initial 

weight of the samples (before degradation), and Wfinal indicates the final weight of 

the samples after the degradation assays. 

The molecular weight, crystallinity, and surface morphology of the 

withdrawn-dried PBS films were determined to monitor changes in these 

parameters as a function of the degradation time. Surface morphology was 

observed in a Zeta-20 Optical Profiler (KLA-Tencor Corp., USA) with a 0.50x 

Coupler attached at different magnifications (5x, 20x, 50x, and 100x). The 

determination of the number average molecular weight was carried out through 

Proton Nuclear Magnetic Resonance (1H-NMR). Spectra were recorded in a 

Bruker AMX-300 Spectrometer (Bruker Corp., USA). 640 scans were recorded 
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from 10 mg sample solutions in 1 mL of deuterated chloroform. For Mn 

determination, signals from CH2OH and CH2COOH end groups were compared 

with the signals of COOCH2 from samples derivatized with trifluoroacetic 

anhydride. Additionally, Gel Permeation Chromatography analysis (GPC) 

provided information on both number and weight average molecular weights. GPC 

were recorded in a Waters Instrument (Waters Corp., USA) equipped with RI and 

UV detectors. HR5E and HR2 Waters linear Styragel columns (7.8 mm × 300 mm, 

pore size 103-104 Å) packed with crosslinked polystyrene and protected with a 

precolumn were used. Samples were prepared by dissolving 1 mg of the sample in 

1 mL of chloroform and using the same solvent as the eluent. Measurements were 

performed at 35 ºC with a flow rate of 0.5 mL/min and molecular weights were 

calculated against monodisperse polystyrene standards. The crystallinity of the 

films was further evaluated by Differential Scanning Calorimetry (DSC) in a 

PerkinElmer DSC 8500 with an Intracooler II (PerkinElmer, Inc., USA). For DSC 

analysis, PBS films were weighed and placed inside aluminum pans. Temperature 

sweeps with two scans were done from -30 to 160 ºC, at 10 and 20 ºC/min.  

 Xc = 
ΔHm

ΔHm
0    (Eq. 4.2) 

The crystallinity (Xc) was determined from the melting enthalpy (ΔHm) of the 

peak that appeared at 110-115 ºC, which corresponds to the melting of PBS, and 

the equilibrium melting enthalpy (ΔHm
0 ), which was considered to be 213 ± 10 

J/g,36 as detailed in Equation 4.2. DSC curves were analyzed with the Pyris 

Manager software (10.1 and 13.3 versions) from PerkinElmer, Inc.  

b. Enzymatic degradation of PBS spray-coated films by externally added lipases  

Enzymatic degradation assays were carried out with a lipase from P. cepacia 

at 2 mg/mL following the same procedure as for the neat films in Section 4.2.5.a. 

Then, the surface morphology changes were monitored as a function of 

degradation time by profilometry, as previously mentioned for the PBS neat films. 
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c. Method for the determination of the enzyme activity  

In order to assess the performance of the lipase towards degradation, the 

enzymatic activity was checked before the experiment, during it, and after 

conducting the biodegradation. The procedure for determining the enzyme activity 

consisted in measuring the UV absorbance of the pNPP degradation over time at 

410 nm, as detailed below.  

 

Figure 4.1. Calibration curve for lipase from P. cepacia, employed in PBS films 

degradation assays. The calibration curve (dashed black line) was obtained from 

experimental data (black squares) of the different slopes of the UV curves for 

several enzyme standards at different concentrations. Enzymatic activity was 

checked for two different PBS degradation experiments at the end of the assay: 

PBS_stat_2 and PBS_stir_1. The percentage values next to these experimental 

results indicate the relative activity against the calibration curve, as all these 

samples were measured at a theoretically concentration of 0.02 mg/mL, whereas 

the values in brackets shown in the legend correspond to the degradation time. 

For the evaluation of the enzymatic activity, the following method reported 

elsewhere was used.37,38 Firstly, a p-nitrophenyl palmitate (pNPP) solution was 

prepared at 3 mg/mL in 2-propanol, adding Triton X-100 at 0.6 % v/v with respect 

to phosphate buffered saline, and completing the total volume with the same 
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buffer, in a ratio 9:1 against 2-propanol. This solution is referred as the substrate 

solution. An enzyme stock solution was also prepared and from it, several 

standards were obtained for the preparation of a calibration curve. For the 

recording of the UV curves at 410 nm, 900 µL of the substrate solution were placed 

over 100 µL of the different enzyme standard solutions in a quartz cuvette (total 

volume ~1 mL). A blank was also employed with 1 mL of substrate solution. All 

samples/standards for the calibration curve were measured in duplicate/triplicate. 

The calibration curve was obtained by the correlation between the 

concentration of the enzyme (the different prepared standards) and the slope of the 

UV curve over time, in the linear region (first stage). This curve was further 

employed for checking the activity of the enzyme in the biodegradation 

experiments. The different aliquots taken from the vials containing the enzyme 

solution from the biodegradation experiments revealed that the lipase remained 

active during the whole assay (see Figure 4.1), as evidenced by the relative activity 

obtained for them, ranged 86-101 %.  
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4.3. Results and Discussion 

Many works have studied the degradation of PBS within different 

environments, including hydrolytic, enzymatic, compost, and soil burial. Focusing 

on the enzymatic degradation –the media of our study–, published results from 

different research groups show great variability in the extent of enzymatic 

degradation of PBS measured through the measurement of weight loss over time, 

which are related to different enzymes employed, degradation conditions (there 

are no standard conditions, as in other degradation tests, such as soil burial or 

compost) or even due to differences in PBS crystallinity. This variety of conditions 

results in high degradation rates for cutinases,11,16,17,39 whereas lipases cover the 

whole range, from non-visible degradation40 to total degradation.17,18 The influence 

of the enzyme concentration has been a subject of study, as varying this parameter 

is one way to control and tune the degradation.41 To that aim, herein one novel 

strategy to modulate the enzyme-induced degradation of PBS films is investigated 

by tuning their performance: the fabrication of polysaccharide multilayer spray-

coated PBS films (Scheme 4.2b), and results will be compared with neat PBS 

films. 

4.3.1. Effect of lipase concentration and stirring on the enzymatic 

degradation of PBS neat films 

In a first step, the enzymatic degradation of PBS neat films was studied. For 

such purpose, different experimental conditions of enzyme concentration (1 and 2 

mg/mL) and stirring/stationary (stir/stat) were employed, and samples were named 

as PBS_stirring condition_lipase concentration (e.g., films tested under stirring in 

a 2 mg/mL lipase solution are named as PBS_stir_2). Figure 4.2a shows the weight 

loss as a function of time of PBS films immersed in lipase aqueous solutions. For 

the PBS films immersed in an aqueous solution of lipase at 1 mg/mL (PBS_stir_1), 

there is a clear tendency to achieve a lower degradation extent when compared 

with PBS films immersed in 2 mg/mL lipase aqueous solutions. In addition, the 

weight loss achieved is lower for samples immersed in the lowest concentration of 
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lipase aqueous solution (1 mg/mL). Regarding the stirring effect, for PBS films 

immersed in 2 mg/mL lipase aqueous solutions, stirring seems to favor the PBS 

degradation slightly. An interesting effect of stirring on enzyme-degraded PBS 

films was related to the initial area where the degradation started. Visual 

observations and profilometry images revealed the lipase-induced degradation of 

the films subjected to stirring, starting from the central part of the film and then 

continuing towards the edges, showing a “hole” degradation effect (see Figure 

4.3a). On the other hand, PBS films tested under stationary conditions (no stirring) 

showed the enzymatic degradation started from the edges towards the center and 

the corners exhibiting a “ring” degradation effect (Figure 4.3b). Such effect could 

be related to the contact achieved, as it is well-known that stirring enhances the 

adsorption of the enzyme on the polymer surface, promoting the degradation rate.42 

However, not related examples have been found in literature regarding this effect 

of stirring on degradation, as some authors reported a edge-to-center degradation 

for PCL discs,43 whereas in a different publication, the observed degradation 

started from the surface rather from the edges.44 It is important to note that the 

maximum weight loss of the sample used as a negative control in absence of 

enzyme (PBS_control) was around 1.5 wt%, which means that PBS films did not 

show any significant degradation under stirring at 37 ºC in phosphate buffered 

saline solution in the absence of lipase. 
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Figure 4.2. a) Determination of the weight loss for PBS films immersed in 

aqueous lipase solutions under different experimental conditions. For comparison, 

slope values are reported within the figure, which are related to degradation 

kinetics. Dashed lines show the linear fitting of the curves. b) Optical profilometry 

images were taken at 20x magnification for PBS_stat_2 films. In the upper left 

corner, the degradation time is included (in hours [h]), whereas the weight loss 

percentage is shown in the lower right corner. 

The degradation kinetics, determined from the slope of the weight loss 

curves, showed a faster weight loss as the enzyme concentration increased (Figure 

4.2a). Moreover, the stirring also influences the kinetics of degradation, leading to 

higher weight loss values for experiments performed under stirring compared to 

stationary conditions. Thus, the slope of the linear fit of the data showed a value 

of 0.0423 %/h for PBS_stir_1, whereas PBS_stir_2 and PBS_stat_2 exhibited 

values of 0.0729 and 0.0567 %/h, respectively. This ~70 % increase in the slope 

value when increasing the lipase concentration from 1 to 2 mg/mL proves the 

importance of selecting an appropriate enzyme concentration for the enzymatic 

biodegradation tests. 

Optical images were taken by profilometry to analyze the surface of the 

degraded PBS films over time. The representative results obtained for the sample 

PBS_stat_2 are shown in Figure 4.2b. As appreciated in this figure, the surface is 

quite homogeneous after 48 hours (below 5 wt% weight loss), but after 10 days, 

some holes are visible even if PBS films showed a moderate weight loss (~11 

wt%). These results are also in accordance with previous reports, which showed 



Chapter 4 

152 

the appearance of holes during biodegradation,11,17 indicating that degradation 

takes places through surface erosion mechanism. 

 

Figure 4.3. Comparison of stirring on PBS films degradation: a) PBS_stir_1, and 

b) PBS_stat_2. Left images correspond to 48 h of degradation, images on the right 

were taken at the end of degradation assays. 

It is important to note that variations of crystallinity and molecular weight of 

the degraded samples were also monitored as a function of time, and the results 

are shown in Figure 4.4. Regarding PBS crystallinity, DSC analysis revealed no 

significant changes in the degree of crystallinity (Figure 4.4a). For PBS_stir_1 

films, there was a small increase in the degree of crystallinity from 28 to 32 %, 

which could be due to a degradation of the amorphous part of the films.45 

Nonetheless, this trend was not observed for films studied under stationary 

conditions, PBS_stat_2, as the crystallinity remained almost constant. This result 

implies that the enzymatic degradation occurs simultaneously both in the 

amorphous and crystalline regions of the film, as a non-detectable change in 



Tunable Enzymatic Degradation of PBS Films with Polysaccharidic Coatings 

153 

crystallinity was observed. In the case of PBS_stir_1 films, the degradation could 

be led by a more preferential attack on amorphous regions, which could explain 

the small increase in crystallinity. This effect could be due to the agitation of the 

enzymatic medium: in a static assay, the enzyme finds it easier to reach both 

amorphous and crystalline regions; when the experiment is carried out with 

stirring, the enzyme is less prone to attach to the surface, reaching preferentially 

the more amorphous regions, which are more susceptible to enzymatic attack 

because of their more porous structure. This equilibrium/slight increase was also 

observed in the literature on PBS films and fibers.45,46 In an interesting study with 

PBS single crystals, AFM showed a preferential enzymatic attack on the crystal 

edges, whereas the central part remained invariable, giving credibility to a less 

favored affinity towards crystalline parts.47 Likewise, the molecular weight of the 

films, Mn, showed a slight decrease (confirmed by both GPC and 1H-NMR) 

throughout the course of the enzymatic degradation assay (Figure 4.4b), which 

suggests the bulk PBS structure remained unaltered, indicating that the degradation 

takes place mainly at the surface, through a surface erosion mechanism, which is 

in consonance with the crystallinity results provided by DSC. 

 

Figure 4.4. a) Changes in crystallinity of different PBS films, and b) Molecular 

weight (Mn) variation of PBS_stir_1 films (determined both by 1H-NMR, left axis; 

and GPC, right axis). Shaded areas in Fig. 4.2a show a ± 10 % variation in Xc. 

Traditionally, enzymatic degradation has been considered to follow a surface 

erosion mechanism, as opposed to a bulk erosion behaviour of hydrolytic 

degradation. For both mechanisms, crystallinity, molecular weight, and chemical 
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structure, among other factors, are known to influence the degradation. However, 

in enzymatic degradation, due to its eroding mechanism, the molecular weight of 

the substrate does not represent an important variation, as the low Mw products are 

water-soluble.48 In fact, it has been reported that P. cepacia enzymatic degradation 

of PBS gives rise to 4-hydroxybutyl succinate as the main product (water-soluble), 

and traces of succinic acid and 1,4-butanediol as well.37,46 Thus, the results 

obtained by GPC support that the most probable mechanism for degradation is 

through surface erosion, as the molecular weight of the degraded films did not 

change over the experiment. Nonetheless, this type of mechanism usually leads to 

a decrease in the size of the sample by creating visible holes or eroding the 

edges.17,39 In our case, no holes nor reduction in size were observed, but only a 

decrease in the thickness for highly degraded films. The thicknesses for 

PBS_stir_1 and PBS_stat_2 films decreased from 120 ± 20 µm (non-degraded 

films) to 46 ± 6 µm (~62 % reduction) and 38 ± 5 µm (~68 % reduction), 

respectively. Similar observations were reported for PCL and PLA films.43,49,50 

4.3.2. Modulation of the enzyme-induced degradation of PBS films through 

a LbL polysaccharide coating 

a. Fabrication and morphological characterization of Alg/Chi multilayer spray-

coated PBS films 

The enzyme-induced degradation of PBS films was modulated by coating the 

hot-pressed neat PBS films with a polysaccharide polyelectrolyte multilayer 

coating composed by alginate (Alg) and chitosan (Chi), through the spray-assisted 

LbL technique (Scheme 4.2b). Three different samples were prepared by varying 

the number of Alg/Chi layers coating the PBS films, PBS_8L, PBS_24L, and 

PBS_40L. The thickness was determined from the SEM images of the multilayer 

spray-coated PBS films by measuring the cross-section of the images (Figures 

4.5a-c). These observations allowed us to determine the thickness of the Alg/Chi 

multilayer coating over the PBS films (Figure 4.5d). The results show an increase 

in thickness with the number of Alg/Chi deposited layers, from ~228 nm for 
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PBS_8L to ~1640 nm for PBS_40L (see Table 4.1). For the sample with the 

highest number of deposited Alg/Chi layers, the thickness seems to increase more 

rapidly. This effect is more clearly appreciated when evaluating the thickness of 

the monolayers. For PBS_8L and PBS_24L films, each individual layer had a 

mean value of 28 nm/layer, whereas this parameter rose up to 41 nm/layer for 

PBS_40L multilayer films, with an increase of almost 50 %. This exponential 

behavior was previously observed in literature for Alg/Chi multilayers,31,33 and 

explained for many other systems in a recent review.30 The exponential growth of 

the multilayer is attributed to the high mobility of the chains within the film, 

occurring perpendicularly to the film growth direction but also in the plane of the 

film. This effect produces the diffusion of the polymer in and out of the film 

architecture, leading to an exponential increase in film growth. The surface 

wettability properties of the neat and Alg/Chi spray-coated PBS films were studied 

by Water Contact Angle (WCA) measurements. WCA values dropped from ~70º 

in the case of neat PBS films to WCA ~25º for Alg/Chi spray-coated PBS films 

(see Figure 4.5d), which can be attributed to the inherent hydrophilic nature of 

polysaccharides,51 in contrast to the more hydrophobic character of polyesters.52 

Table 4.1. Thickness and WCA of PBS spray-coated films as a function of the 

number of layers. 

Sample 
Description of the 

sample 

Number 

of layers 

Thickness of the 

coating (nm) 

WCA 

(º) 

Uncoated PBS PBS 0 - 68 ± 4 

PBS_8L PBS-PEI-(Alg-Chi)4 8 228 ± 39 23 ± 3 

PBS_24L PBS-PEI-(Alg-Chi)12 24 679 ± 28 26 ± 4 

PBS_40L PBS-PEI-(Alg-Chi)20 40 1640 ± 350 26 ± 3 
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Figure 4.5. SEM images of the cross-sections of Alg/Chi coatings spray-coated on 

PBS films with a different number of layers a) PBS_8L, b) PBS_24L, c) PBS_40L. 

d) Graphical representation of the thickness vs. the number of Alg/Chi coating 

layers (left axis) and WCA vs. the number of Alg/Chi coating layers (right axis). 

b. Nanomechanical properties of Alg/Chi multilayer spray-coated PBS films 

As alginate/chitosan polyelectrolyte complexes are employed for the 

enhancement of the mechanical and barrier properties of PBS neat films, the 

nanomechanical behavior of the polysaccharide coatings was evaluated by 

nanoindentation. Shallow indent depths of 100 nm were chosen in order to 

minimize the influence of the PBS substrate. However, it is well known that 

compliant substrates such as PBS (E' <1 GPa) can influence the indentation 

response of stiffer coatings even at small indent depths, and lower apparent E´ and 

H values can be found.53 Hence, in order to evaluate the effect of the substrate on 

the intrinsic properties of the Alg/Chi coatings, silicon wafers were also used as 

substrates (E' ~150 GPa).  
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Figure 4.6 shows the E' and H values for the Alg/Chi films spray-coated on 

PBS and silicon. For the case of compliant PBS substrate, it is clearly seen that E' 

and H values rise as the number of layers increases, and constant values are 

approached for the thickest films (60 and 80 layers). Such behavior can be clearly 

attributed to the influence of PBS that produces substrate-affected E' and H values 

for the thinnest coatings (<60 layers). The substrate influence is also apparent in 

the case of silicon wafers. However, in this case, E' and H values are overestimated 

for the thinnest coatings because silicon is much stiffer than the deposited film. 

Most interesting is the observation that the E' and H values of the thickest films 

are the same within error, irrespective of the type of substrate. Hence, one can 

assume E' = 6 ± 2 GPa and H = 260 ± 60 MPa as the substrate-independent values 

for the Alg/Chi layered system. The fact that such values are in the range of those 

found for the neat chitosan and alginate films (E' = 6.0 ± 0.3 GPa and H = 302  

24 MPa for chitosan; E' = 8.3 ± 0.8 GPa and H = 306  52 MPa for alginate) 

suggests that the evolution of the deformation field under the indenter takes place 

with no significant discontinuity across the different layers. In other words, the 

mechanical behavior of the polysaccharide coating is in agreement with significant 

interaction between the individual layers. This good interaction between alginate 

and chitosan layers ensures a durable and stable polysaccharide multilayer coating, 

which is important to successfully modulate PBS biodegradation. 

 

Figure 4.6. a) Storage modulus (E'), and b) hardness (H) values obtained by 

nanoindentation for Alg/Chi coatings prepared on PBS films and silicon wafers.  
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c. Enzymatic degradation of Alg/Chi multilayer spray-coated PBS films 

We now turn our attention to the influence of the polysaccharide Alg/Chi 

multilayer coatings on PBS film degradation. Figure 4.7a shows the results of 

weight loss degradation curves corresponding to PBS spray-coated samples with a 

different number of Alg/Chi layers. As can be observed, the degradation seems to 

present a tendency directly dependent on the number of layers of the Alg/Chi 

coating. The higher the number of layers, the lower the degradation. This 

phenomenon is observed both in the weight loss reached and the degradation 

speed.  

 

Figure 4.7. a) Determination of the weight loss for Alg/Chi spray-coated PBS 

films, PBS_8L, PBS_24L, and PBS_40L, immersed in a lipase aqueous solution 

(2 mg/mL) under stirring at 37 ºC. Neat PBS films are used as a control. Dashed 

lines show the fitting of the data to the proposed model (Eq. 4.3). b) Optical 

profilometry images were taken at 20x magnification for the initial steps of 

degradation: PBS_8L films after 48 h of degradation (top-left image), and at the 

end of degradation: PBS_8L after 35 days (top-right image), PBS_24L after 18 

days (bottom-left), and PBS_40L after 35 days (bottom-right). In the upper left 

corner of each image, the degradation time is included (in hours [h]), whereas the 

weight loss percentage is shown in the lower right corner. The surface aspect at 

the beginning of degradation was similar among all the samples (initial 

profilometry images of PBS_24L and PBS_8L are shown in Figure 4.8). 
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Figure 4.8. Optical profilometry images taken at 20x magnification for initial steps 

of degradation: a) PBS_24L, and b) PBS_40L. 

Weight loss curves recorded as a function of the time can be fitted to a model 

to describe the degradation kinetics quantitatively. Generally, for the reactions that 

involve enzymes, the Michaelis-Menten' model, which describes the kinetics of 

enzymatic homogeneous reactions that take place in a short period of time (linear 

section of the reaction), is the most commonly used. For these reasons, as the 

biodegradation experiments are controlled by heterogeneous reactions for a long 

time, some corrections were needed in order to describe the whole degradation 

process, which includes three main steps: adsorption of the enzyme on the PBS 

surface, degradation of the polymer, and denaturation of the enzyme. In order to 

accomplish all these requirements, some authors have proposed a model for the 

enzymatic degradation of PLA that can be described by Equation 4.3.54,55  

mt = νd·τ·(1- e
-t τ⁄ ) (Eq. 4.3) 

Where mt refers to the weight loss of the sample (considered similar to Wloss 

indicated in Eq. 4.1), νd stands for the rate of degradation, τ indicates the rate of 

denaturation of the enzyme (time constant), and implies that the degradation has 

reached a plateau and t is the time (expressed in hours).  

The application of the modified Michaelis-Menten' model (Eq. 4.3) to the 

experimental data shown in Figure 4.7a allows us to extract further information on 

the effect of the polyelectrolyte coating on the enzymatic degradation of neat PBS 

films (Table 4.2).  
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Table 4.2. Kinetic parameters of the enzymatic degradation of Alg/Chi spray-

coated PBS films. The standard deviation of the mean values is given in brackets.  

Sample ν
d 
(%/h) τ (h) A (%) R

2
 

PBS 0.0729 (0.0023)a n.d.b n.d.b 0.9953 

PBS_8L 0.1045 (0.0164) 325 (84) 34.0 0.9420 

PBS_24L 0.1003 (0.0170) 164 (40) 16.5 0.9534 

PBS_40L 0.0848 (0.0221) 50 (15) 4.3 0.9375 

a Obtained from the linear fit of the data related to the kinetics of PBS neat films degradation.  
b These data could not be obtained for PBS neat films, as the weight loss curves did not reach a 

plateau regime; thus, the lipase is still degrading by the end of the experiment (the rate of 

denaturation of the enzyme, τ, will be higher than the total time of the experiment: τ > 1000 h). 

Regarding the degradation rate of the films, which takes into consideration 

the first instants of the degradation process, it can be appreciated that this 

parameter increased as the number of layers of the coating decreased: 0.0848 %/h 

(PBS_40L) < 0.1003 %/h (PBS_24L) < 0.1045 %/h (PBS_8L). These degradation 

rates are slightly higher than the degradation kinetics obtained for neat PBS films. 

Nevertheless, concerning the rate of denaturation of the lipase, an inverse 

relationship with the number of layers can be observed: 50 h (PBS_40L) < 164 h 

(PBS_24L) < 325 h (PBS_8L). As the neat PBS films did not reach the plateau 

during the weight loss assays (i.e., the lipase continued degrading after concluding 

the experiment), it was not possible to determine the value for the rate of 

denaturation of the enzyme (τ) because the model did not apply for this case. For 

the Alg/Chi spray-coated PBS films, τ was reduced to an inversely proportional 

extent toward the number of layers of the coating. Finally, the degree of 

degradation at infinite time (pre-exponential term A), –calculated by multiplying 

the degradation rate (νd) by the rate of denaturation of the enzyme (τ)–, was found 

to be maximum for PBS_8L samples, with nearly 34 % reached, whereas it 

decreased to values of ~4 % for PBS_40L. Overall, the Alg/Chi spray-coated PBS 

films reached a degradation plateau progressively and followed a decreasing order 

with the number of layers: firstly PBS_40L, then PBS_24L, and finally PBS_8L. 

It is hypothesized that this sort of modulation of the enzymatic degradation of PBS 
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films by the application of an Alg/Chi multilayer coating could be due to the 

hindered diffusion of the free enzyme throughout the polysaccharide coating. A 

similar approach was employed to modulate the drug release from polysaccharide 

capsules and gels produced through LbL assembly. The incorporation of additional 

layers hindered drug diffusion, as these added layers constituted a physical barrier 

to the drug diffusion.34,56 

The stability of the Alg/Chi coating was previously checked thanks to the 

preparation of Alg/Chi coatings with different layers containing magnetic 

nanoparticles (Fe3O4 NPs). These coatings presented a dark-brownish tone due to 

these NPs, which remained present (only small cracks were observed on the 

surface of the films) in the degraded films up to 300 days of enzymatic 

biodegradation assays (see Figure 4.9). Regarding morphological changes on 

degraded samples, SEM images were taken of the cross-section of the films at the 

end of the biodegradation experiments (see Figure 4.10). In this case, the 

thicknesses of the degraded PBS films were reduced by the end of the experiments: 

a small decrease of ~20 % in the case of PBS_24L and PBS_40L films and a 

significant ~70 % reduction in the case of PBS_8L films (see Table 4.3). These 

observations were in accordance with the weight loss curves shown in Figure 4.7a. 

Furthermore, a partial detachment of the multilayer coating was appreciated by the 

end of the enzymatic biodegradation assays, related to the experimental conditions. 

This was evidenced both by the cross-sectional SEM images of the Alg/Chi 

coatings (see Figure 4.10) and the optical profilometry images of the Alg/Chi 

coatings (see Figure 4.7b) and the Alg/Chi with NPs coatings (see Figure 4.9). 
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Figure 4.9. Optical profilometry images of PBS films with a Alg/Chi coating 

containing Fe3O4 nanoparticles taken at 20x magnification at different steps of 

degradation: 7, 14, 21, 28, 161, and 302 days. The films were prepared from 

Alg/Chi/NPs/Chi tetralayers (as the NPs layer was obtained throughout the 

preparation of a Alg ferrofluid with negative charge), up to 40 layers in total. 
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Table 4.3. Thickness of PBS spray-coated films as a function of the number of 

layers at the end of the enzymatic degradation experiments. 

Sample Description of the 

sample 

Number 

of layers 

Thickness before 

degradation 

(µm) 

Thickness after 

degradation 

(µm) 

PBS_8L PBS-PEI-(Alg-Chi)4 8 120 ± 20 38 ± 2 

PBS_24L PBS-PEI-(Alg-Chi)12 24 120 ± 20 98 ± 1 

PBS_40L PBS-PEI-(Alg-Chi)20 40 120 ± 20 99 ± 1 

 

 

Figure 4.10. SEM images of the cross-sections of spray-coated PBS films with a 

different number of layers at the end of the enzymatic degradation experiments: a) 

PBS_8L, b) PBS_24L, and c) PBS_40L. 
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4.4. Conclusions 

In this Chapter, we propose a novel strategy to modulate the enzymatic 

degradation of PBS films triggered by a lipase from Pseudomonas cepacia, which 

involve the enzyme-prevented degradation of PBS films by coating them with 

multilayer polysaccharide Alg/Chi films. For comparison, as a first step, we report 

a systematic study of enzymatic degradation of neat PBS films employing a lipase 

from P. cepacia in solution to ascertain the experimental parameters that influence 

their degradation in solution. The results showed that the increase in enzyme 

concentration increased the extent and the velocity of degradation of neat PBS 

films. Furthermore, stirring of the films within the enzymatic solution was found 

to favor the enzymatic biodegradation of PBS in contrast to stationary assays. 

Then, PBS films were coated with a different number of alginate/chitosan layers 

by spray-assisted LbL and subjected to enzymatic degradation experiments in 

solution. The extent of degradation was found to be dependent on the number of 

coating layers; that is, the higher the number of layers, the lower the degradation 

rate. The results suggest that the biobased coating constitutes an effective barrier 

to the diffusion of the lipase, thus proving its effectiveness in modulating the 

enzymatic activity as a function of the thickness coating.  

To sum up, this research expands the knowledge of polyester enzymatic 

degradation in many ways, studying the most relevant parameters in degradation, 

and its modulation by applying a biobased polysaccharide multilayer coating 

consisting in alternating alginate/chitosan layers. 
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5.1. Introduction 

Polyesters, and especially biopolyesters, have attracted a great deal of 

attention through the past years as natural substitutes to non-degradable fossil-

based polymers and a good alternative to common plastics that, otherwise end up 

in landfills or even in the oceans.1,2 These polymers display a wide range of 

mechanical, optical, thermal, and barrier properties, among others, which make 

biopolyesters suitable candidates for common applications in plastic materials, 

such as biomedical applications, packaging, and agriculture.3 Some of the most 

studied biopolyesters include poly(lactic acid) (PLA), polyhydroxyalkanoates 

(PHA), poly(ε-caprolactone) (PCL), poly(butylene succinate) (PBS), 

poly(butylene adipate) (PBA), poly(butylene succinate-co-adipate) (PBSA) or 

poly(butylene adipate-co-terephthalate) (PBAT), among many other polyesters 

and copolyesters.4 PLA and PBS are linear aliphatic polyesters with good 

mechanical properties in terms of rigidity (PLA is comparable to polystyrene) and 

are relatively inexpensive, being among the most used biopolymers in food 

packaging.5 PBAT is one of the most used aliphatic-aromatic biopolyesters thanks 

to its adequate mechanical properties (resembling a soft thermoplastic elastomer 

in view of its low crystallinity degree) and biodegradability.6 

The high importance of PLA and PBAT for packaging and PBAT and PBS-

based materials for biomedical applications put these biopolyesters in the 

spotlight.4,7 However, the poor thermal processability and poor ductility of PLA 

and PBS generate the need to improve them. Many solutions can be done, such as 

the preparation of copolymers, blending with other polymers,8 or additives and 

fillers.9 Another possibility is the incorporation of aromatic units into the main 

chain, making at the same time biodegradable materials with better material 

properties, due to the presence of aliphatic and aromatic groups, respectively.1 

Hence, the employment of PBAT and the preparation of binary blends with PLA 

and PBS turns up as a potential solution for making biopolyesters more resistant 

and with better properties. For instance, PLA/PBAT blends are widely employed 

for mulching films in agriculture,8 as well as other interesting applications, such 
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as packaging, pharmaceutical or automotive industries.10 Nonetheless, the poor 

compatibility of PLA/PBAT,11 and PLA/PBS12 binary blends encouraged the 

exploration of new approaches, such as the use of chain extenders or plasticizers, 

or the preparation of PLA/PBAT/PBS ternary blends, which has been reported to 

have excellent properties.13,14 Recently, some of us have prepared PLA/PBAT/PBS 

ternary blends fixing the PLA/PBAT ratio (1:1) and varying the amount of PBS. 

Analysing the morphology, it was demonstrated that the PBS acts as a 

compatibilizer in the ternary blend, situating at the PLA/PBAT interface, reducing 

interfacial tension, preventing coalescence, thus refining the blend morphology 

and improving its mechanical properties.15 

 Many studies have reported interesting results regarding the biodegradation 

of these polyesters triggered by the action of externally-added lipases. The vast 

majority of them are carried out under physiological conditions (i.e., 37 ºC and pH 

7-7.5).16,17 For instance, PLA and PCL were successfully degraded by a lipase from 

Aspergillus niger.18 Huang et al. studied the enzymatic degradation of PCL, PBS 

and PBSA films with different lipases in solution, reporting higher degradation for 

PCL and PBSA films.19 Lee et al. investigated the degradation mechanism of PBS 

under the action of a lipase from Pseudomonas cepacia (P. cepacia), by studying 

the degradation products obtained, revealing a surface etching mechanism in the 

enzymatic degradation of PBS.20 With the same lipase, Sun et al. reported a 35 

wt% weight loss for PBS in 9 weeks.21 However, many factors influence enzymatic 

degradation: type of enzyme, media (nature of the solvent, pH), temperature, 

agitation, and moisture, among others.6,22 

Additionally, the substrate to be degraded has also a high importance in the 

results, such as the nature of the polymer (powder, film, solution), the size 

(nanometric, millimetric), the molecular weight distribution, the chemical nature 

of the polymer (aliphatic, aromatic) or the thermal properties.10 For instance, 

enzymatic degradation is enhanced in semicrystalline polymers with low 

molecular weight,16 under temperature conditions close to Tm. This latter 
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consideration might suppose a drawback for the self-stability of the enzymes, as 

high temperatures normally result in their denaturalization.23 

Two main mechanisms of polymer deterioration apply to enzyme-catalysed 

degradation, attending to the type of erosion produced in the polymer: surface (or 

heterogeneous) and bulk (or homogeneous). Polymers that follow the first 

mechanism are degraded at the surface level only, losing the material from the 

surface. These samples get smaller, keeping the shape intact, whereas the 

molecular weight remains unchanged. On the other hand, the degradation in bulk 

eroding polymers affects not only the surface but also the whole sample. Although 

the molecular weight starts to decrease from the beginning, the dimension of the 

sample is maintained for a certain period of time until it finally collapses and 

disintegrates.24 In general, biodegradable films are more prone to surface erosion, 

as the surface area/volume ratio increase as the size and thickness of the fragments 

decrease.25 However, the degradation mechanism varies from one polymer to 

another; indeed, depending on the enzyme type, the same polymer can be degraded 

through different mechanisms. For instance, Shi et al. studied the enzymatic 

degradation of PBS films with a cutinase and a lipase and reported a surface 

erosion mechanism with cutinase, whereas the degradation using the lipase 

proceeded through bulk erosion.26  

Candida antarctica lipase B (CalB) is a widely employed enzyme for 

polymerization reactions (esterification) in organic solvents and depolymerization 

(hydrolysis of esters) in aqueous media.27 This lipase was described three decades 

ago as a 33 kDa secreted protein composed of 317 amino acids and a nucleophilic 

active site without a lid, making it highly enantioselective.28 Previous studies have 

shown the best conditions for this lipase in terms of enzymatic activity, which is 

directly related to depolymerization and polymeric degradation: the optimum pH 

is in the range of 7-8, and temperature in the range of 30-40 ºC.29,30 However, it 

remains stable from pH 3.5 to 9.5 in polar organic solvents and at temperatures as 

high as 150 ºC.28 There are several studies in literature regarding the enzymatic 

degradation of PLA, PBAT and PBS, by externally-adding CalB, which reported 
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a wide range of results. Shinozaki et al. studied the enzymatic degradation of PLA 

films, obtaining a 50.4 % degradation in 72 h.31 Kanwal et al. reported 15.7 wt% 

weight loss in 12 days for PBAT films.32 In a recent publication from Hu et al., a 

~30 wt% weight loss was observed after 35 days-degradation of PBS films.33 

Since the past decade, the novel approach of lipase-embedding into the 

polymer matrix has been developed as an alternative to externally-added lipase 

degradation common tests.24 This embedded enzymatic degradation or self-

degradation can have potential applications in agriculture, as many biopolyesters 

commonly exhibit limited environmental degradation.34 Enzyme embedding 

started with the preparation of CalB-embedded PCL films via solvent-casting 

method from toluene, leading to complete degradation of the films in 24 h (for a 

CalB content of 6.5 wt%) and 17 days (1.6 wt%).35 Later, the same PCL films with 

1.6 wt% CalB inside were studied under dynamic flow conditions, reducing the 

time required for total degradation.36 More recently, Jbilou et al. studied PBS 

degradation by reactive extrusion with CalB at 120 ºC without any solvent 

involved. Results showed a high reduction in Mn (> 90 %) in 30 minutes.37 Iwasaki 

et al. obtained PLLA films with embedded Proteinase K by hot-pressing at 130 ºC, 

reaching moderate weight loss after 1 week for a block copolymer containing 

PLLA.38  

As many processing techniques are heat-dependent, recent studies have 

shown different approaches for increasing enzyme stability: chemical 

modification, enzyme immobilization, or including additives.39 Within enzyme 

immobilization, the encapsulation of enzymes can be a good alternative to 

maintain their activity, especially when high temperatures are needed. The 

immobilization or embedding of enzymes has been widely studied in different 

polysaccharide matrices,40 including lipase-embedded alginate particles, which 

have been employed for the hydrolysis of oils or the synthesis of isoamyl 

acetate.41,42  
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In the past five years, other authors have successfully studied the self-

degradation of several biopolyesters with different lipases. Huang et al. reported a 

~15 wt% weight loss self-degradation of PLLA films by embedding an 

immobilized Proteinase K through melt-extrusion and hot-pressing at 200 ºC.39 

Four different lipases, including CalB, were successfully embedded through the 

same melt-extrusion/hot-pressing procedure, without further immobilization, into 

PBS (at 130 ºC), PBSA (100 ºC) and PCL (90 ºC) matrixes, reaching significant 

degradation for PCL (100 wt% degradation in 6 h), and PBSA films (100 wt% 

degradation in 96 h), and moderate degradation for PBS films (20 wt% in 504 h).19 

In a more recent publication from Huang et al., the thermal embedding of a 

cutinase (Humicola insolens) into five different biopolyesters (PDLA, PBS, 

PBSA, PBAT and PCL) was achieved by extrusion-compression molding at 

temperatures as high as 175 ºC. High weight losses were obtained, especially for 

PCL and PBSA (complete degradation in 6 h using 0.02 wt% cutinase embedded) 

and PBS (complete degradation after 96 h). PBAT and PDLA reached lower 

weight loss (~20 wt% in 504 h). Later on, the biodegradability of these cutinase-

embedded films was studied in seawater, revealing enhanced degradation, 

especially for PBS and PBSA enzyme-embedded films, compared to neat films.43 

Del Re et al. prepared PCL and PLA films via casting with CalB, Proteinase 

K, and a lipase from Burkholderia cepacia, reporting complete degradation after 

50 h when both lipases where embedded in PCL films44 and completely 

depolymerizing PLA films with Proteinase K embedded inside.45 Finally, enzyme-

embedding has reached the 3D-printing field. Amano lipase was 3D-printed at 90 

ºC with PCL, and degradation results evidenced a complete depolymerization in 7 

days of PCL-printed samples when submitted to a buffer solution at 37 ºC. This 

study also demonstrated a potential use of such PCL-amano lipase printed samples 

for 4D-printing applications, used in combination with PLA.46  

To sum up, this Chapter will deepen into the self-degradation of three 

different biopolyesters –PLA, PBAT and PBS– and their blends, addressed by the 

action of a lipase (CalB). For such purpose, a previous study was performed on 
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PBS films, through the immobilization of a lipase from P. cepacia into alginate 

particles, as a means of heat-protection. These particles were melt-extruded in 

combination with PBS, and self-degradable films were obtained. Moreover, a more 

exhaustive study was carried out with the three aforementioned biopolyesters (i.e., 

PLA, PBAT and PBS), through a lipase-embedding process, which has been 

followed to introduce CalB into the polyester matrix, turning them into self-

degradable films via a melt-extrusion/hot-pressing procedure. This procedure 

applied on polymer blends, which has not been reported so far, will let us acquire 

a better comprehension of the enzymatic degradation mechanisms of the studied 

biopolyesters, based on their different aliphatic/aromatic nature. 
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5.2. Experimental Part 

5.2.1. Materials 

For the preparation of the lipase-embedded alginate beads, the following 

materials were employed: Amano lipase PS from Burkholderia cepacia (Lot 

#MKCB2061V), lipase P. cepacia immobilized on Immobead 150 (Lot 

#BCBV3782), phosphate buffered saline (physiologic pH of 7.2-7.4), alginic acid 

sodium salt from brown algae of high viscosity (Mw ~600,000 g/mol), sodium 

acetate anhydride and Triton X-100 were purchased from Sigma-Aldrich. Calcium 

chloride dihydrate was acquired from Acros Organics and 2-propanol were 

acquired from Scharlab and VWR, and p-nitrophenyl palmitate (pNPP) was 

provided by Alfa Aesar. 

In the case of the blends, the following polymers were employed: a 

poly(lactic acid) (PLA) Ingeo™ 4043D grade (98 % L-isomer) from NatureWorks 

Co. Ltd., USA; a poly(butylene-co-adipate terephthalate) (PBAT) Ecoflex© F 

Blend C1200 from Polymats Co., Ltd., Thailand; and poly(butylene succinate) 

(PBS) BioPBSTM FZ91PM grade from PTT MCC Biochem Co., Ltd., Thailand. 

The initial molecular weight distribution and thermal parameters of the three 

biopolyesters under study are reported in Table 5.1. Three blend samples were 

prepared by melt blending in an internal mixer (Chareon Tut Co., Ltd., Thailand), 

where the mixing was performed at 190 ºC with a rotor speed of 60 rpm for 10 

min.15 The weight composition of each homopolymer in the blend was indicated 

with subscripts: PLA50PBAT50, PLA45PBAT45PBS10, and PLA30PBAT30PBS40. 

Lipase from Candida sp. recombinant, expressed in Aspergillus niger (CalB, ref. 

L3170-50ML), sodium phosphate monobasic monohydrate (ref. S9638-1KG) and 

dibasic heptahydrate (ref. S9390-1KG) for the preparation of the phosphate buffers 

(pH 7 and 8), p-nitrophenyl butyrate (pNPB, ref. N9876-1G), dialysis membranes 

(SnakeSkin Dialysis Tubing 10,000 MWCO, ref. 68100) were purchased from 

Sigma-Aldrich. Pluronic® F-127 (ref. P2443-250G) was acquired from Merck. 

Pluronic® F-127 is a hydrophilic non-ionic surfactant composed of a linear 
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triblock copolymer from poly(ethylene oxide) (PEO) and poly(propylene oxide) 

(PPO). All reagents were used as received. 

Table 5.1. Initial molecular weight distribution (GPC) and thermal properties 

(DSC) from the homopolymers employed in this study. 

Sample Mn (x 104) Mw (x 104) Ɖ Tm (ºC) Xc (%) 

PLA 9.22 18.00 2.0 149.8 2.6 

PBAT 4.16 10.97 2.6 120.0 13.9 

PBS 5.06 18.07 3.6 112.5 33.1 

5.2.2. Preparation and enzymatic degradation of self-degradable PBS films 

Self-degradable PBS films were prepared by hot-pressing, with an extrudate 

obtained from PBS pellets and polysaccharide particles with the embedded 

enzyme. Prior to the preparation of the films, the alginate particles with the 

embedded enzyme were prepared as follows. High Mw alginate was dissolved in 

deionized water (2 wt%) together with Amano lipase PS from Burkholderia 

cepacia (named Amano lipase BC). The amount of lipase inside the alginate beads 

was optimized by testing several concentrations of Amano lipase BC (0.75, 1.25, 

1.75, and 2 mg/mL in 2 wt% alginate particles). Finally, the highest concentration 

(i.e., 2 mg/mL) was chosen for the preparation of the self-degradable PBS films, 

as higher concentrations of enzyme usually lead to better performance towards 

degradation. The beads were then fabricated using a syringe pump (Legato 200, 

Kd Scientific, Inc., USA) equipped with a 5 mL syringe (Inkjet Luer Solo from 

B.Braun, AG, Germany) and a 23 G hypodermic needle (0.6 x 25 mm 23Gx1”, Nr. 

16 Microlance 3 from BD, USA), by setting the flow at 800 µL/min. The alginate 

solution containing the enzyme was added dropwise to a 250 mL aqueous solution 

of calcium chloride (2 wt%). The particles, named as AlgEmb, were left in the 

CaCl2 bath under stirring for at least 1 hour for hardening and then recovered and 

washed with distilled water. After that, the alginate beads were freeze-dried 

(Powerdry LL 1500, Thermo Fisher Scientific, Czech Republic), and their 
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morphology was observed with a Hitachi TM3030 Plus Tabletop Microscope 

(Hitachi, Ltd., Japan). These particles are referred to as AlgEmbLi from now on.  

 

Scheme 5.1. Schematic representation of the extrusion process of PBS pellets and 

enzyme-embedded alginate beads (AlgEmbLi) to obtain self-degradable PBS 

films (PBS_AlgEmbLi). 

In a second step, the joint extrusion of PBS and AlgEmbLi particles was done 

at a ratio of 10 wt% AlgEmbLi to PBS (see Scheme 5.1). For the extrusion process, 

PBS pellets (6.3 g) and the corresponding amount of AlgEmbLi beads (700 mg) 

were pre-mixed, introduced in an MC 15 micro compounder (Xplore Instruments 

BV, The Netherlands) at 125 ºC, mixed for 3 minutes at 60 rpm and extruded at 60 

rpm. Finally, the films containing AlgEmbLi beads (named as PBS_AlgEmbLi) 

were obtained by hot-pressing at 125 ºC in a Polystat 100T (Schwabenthan-

Maschinen GmbH & Co. KG, Germany) and a Collin P200E (Collin Solutions, 

GmbH, Germany) hydraulic presses, with the following steps: i) 5 minutes at 5 

bars, ii) 2 minutes at 50 bars, iii) 2 minutes at 100 bars, and iv) a final extra cooling 

step (at room temperature) for 2 minutes at 100 bars. The average thickness of 

these films was 0.12 ± 0.02 mm, as determined by employing a digital caliper. The 

films were kept at room temperature for one week before starting the experiments.  
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Biodegradation assays were carried out in phosphate buffered saline solution 

(pH 7.2-7.4). For this study, the previously obtained PBS_AlgEmbLi films were 

cut into 10 x 10 mm2 sized samples, immersed individually into 5 mL-glass vials 

containing 2 mL of the buffer solution, and placed into a thermostated chamber 

(Heraeus Instruments, Germany) at 37 ºC with rotational stirring (Rocker 3D 

Digital, IKA-Werke, GmbH & Co. KG, Germany) at 45 rpm. All the samples were 

weighed before starting the experiments, and the enzymatic degradation was 

monitored through weight loss, as indicated in the previous experiments. The 

samples were withdrawn at certain times, washed with distilled water, and finally 

weighed after a complete drying at room temperature (48 hours). 

5.2.3. CalB purification, characterization, and evaluation of the enzymatic 

activity 

The extract from Candida antarctica lipase B (CalB, UniProt ID 

#LIPB_PSEA2), provided in liquid form, was further washed following a typical 

methodology. Firstly, several dialysis steps were performed employing the 10 kDa 

membrane in a phosphate buffer medium (10 mM, pH 7). Afterwards, the liquid 

product was freeze-dried and preserved at -20 ºC/-80 ºC for further processes. 

Several batches were obtained, employing 50 mL of the liquid lipase (reactant) and 

obtaining ~1 g of solid neat enzyme. Additionally, and as a way to prevent the 

denaturation of CalB due to the high temperatures reached during the processing, 

1 g of Pluronic® F-127 was dissolved in one batch of the dialysed enzymatic 

solution in order to achieve a ~50 % w/w CalB/Pluronic ratio. Pluronic® F-127 

has been reported as a protecting agent for many lipases under high-temperature 

conditions or in acid/base media.47,48 

The washed lipase was further characterized by UV-Vis in a 

NanoPhotometer NP80 (Implen, Germany) in order to obtain the protein content 

in the solid obtained after freeze-drying. A concentrated aqueous solution was 

prepared (~5 mg/mL) and several dilutions were done and studied at 280 nm, using 

a ε of 41,285 M-1ꞏcm-1. A second procedure to obtain the protein content in the 

enzyme was done using Bradford's method with bovine serum albumin (BSA) 
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standards. In this case, Bradford's reactant adheres to the hydrophobic parts of the 

protein, and thus, the protein content in enzymes can be determined. Several 

aliquots (ranging 0 to 1 mg/mL) were prepared from a concentrated solution (2 

mg/mL) of BSA standard.49 Afterwards, the absorbance at 595 nm was followed 

in a BioTek Synergy neo2 multi-mode reader (Agilent Technologies, Inc., USA). 

Finally, the purity of the protein was assessed by sodium dodecyl-sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE), and the molecular weight of the 

lipase was determined. For such purpose, a few µg of enzyme were placed in 

different wells, and the electrophoresis process was performed at 100 V for 1-2 h.  

The lipase activity was evaluated through monitoring of the release of p-

nitrophenol (pNP) from the hydrolysis of p-nitrophenyl butyrate (pNPB) at the 

maximum peak of absorbance of pNP, 410 nm, using a multi-mode plate reader.6 

The substrate solution was prepared at 55.75 mM in absolute ethanol. In a 96-well 

plate, 2 µL of a lipase solution (0.20-0.25 mg/mL) were added to 200 µL of 

phosphate buffer solution (30 mM). Just before the measurement, 5 µL of pNPB 

substrate solution were added to each well, and the absorbance data were collected 

at 410 nm as a function of time. The experiments were performed at pH 7 and pH 

8 (the media for our degradation studies) and 25 ºC. All measurements were done 

in triplicate. For the quantification of the enzymatic activity (U), the slope from 

the linear region of the UV curve (absorbance vs. time was obtained for each 

replicate and employed in the following expression (Equation 5.1). 

 U = 
slope·௏ೌ ೞೞೌ೤

ఌ൉௠಴ೌ೗ಳ
   (Eq. 5.1) 

Where U stands for the enzymatic activity, the slope comes from the UV 

curves, the Vassay was fixed to be 207 µL, ε is the molar absorption coefficient –

7447 M-1ꞏcm-1 at pH 7 and 12,411 M-1ꞏcm-1 at pH 8–, and mCalB is the CalB mass 

(determined from the lipase concentration, the protein content and the added 

volume –2 µL–).  
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5.2.4. Fabrication of enzyme-embedded biopolyester films: PLA, PBAT and 

PBS, and their blends 

For the preparation of enzyme-embedded biopolyesters (i.e., PLA, PBAT, 

PBS, and their blends), the polyester powder (obtained by cryo-milling the pellets) 

and CalB powder were mixed at different CalB/polyester ratios (1, 5, and 10 wt%) 

and joint-extruded in a vertical double-screw MC 5 micro compounder (Xplore 

Instruments BV, The Netherlands). The extrusion process was performed at 125 

ºC for neat PBS with CalB, and at 170 ºC for the rest of the homopolyesters (i.e., 

PLA and PBAT) and blends. The CalB/polyester mixture was introduced in the 

micro compounder, mixed for 3 minutes at 60 rpm, and extruded at 60 rpm. 

Finally, the enzyme-embedded polyester films were prepared by hot-pressing the 

extrudates in a Collin P200E (Collin Solutions, GmbH, Germany) and Polystat 

100T (Schwabenthan-Maschinen GmbH & Co. KG, Germany) pneumatic presses. 

The processing conditions consisted of four steps: i) 50 seconds at 0 bars (pre-

heating contact), ii) 10 seconds at 5 bars, iii) 30 seconds at 50 bars, iv) 30 seconds 

at 100 bars, and v) a final extra cooling step (at room temperature) for 30 minutes 

at 100 bars. Different temperatures were employed in steps 1-4 depending on the 

melting temperature of each polyester: 125 ºC for PBS, 150 ºC for PBAT, and 170 

ºC for PLA and the three blends. This procedure was similar to that described in 

Scheme 5.1, except for the different polyesters and enzyme employed, as well as 

the temperature conditions. 

As a way to protect CalB from the heating of the processing and its possible 

denaturation, a second set of samples was prepared through joint-extruding 

CalB/Pluronic (~50 wt% CalB) and the different polyesters at 10 wt% of 

CalB/Pluronic with respect to polyester, with a similar aim as that followed with 

AlgEmbLi particles in Section 5.2.2. The total amount of enzyme was 5 wt% in 

this case.  

Samples were designated with their name followed by the CalB content. For 

example, a film prepared using the PLA50PBAT50 blend and 5 wt% CalB/polyester 



Self-Degradable Films of PBS and Their Blends with PLA and PBAT 

187 

will be referred to as PLA50PBAT50_5%. For those films prepared with Pluronic, 

the suffix Plur was added to the name of the sample (i.e., PLA50PBAT50_5%Plur).  

The average thickness of all the enzyme-embedded prepared films was 0.13 

± 0.03 mm, as determined by employing a digital caliper. In order to minimize the 

possible denaturation of the enzyme and for better preservation of the films, the 

films were kept at 4 ºC until the beginning of the experiments.  

5.2.5. Characterization of the degraded films from the enzyme-embedded 

biopolyesters: PLA, PBAT and PBS, and their blends 

a. Analysis of the weight loss and surface morphology 

Polymeric films from PLA, PBAT and PBS, and their blends (initial weight 

~10 mg, 8 x 8 mm2) were immersed individually into 4 mL-glass vials containing 

1 mL of phosphate buffer solution (24 mM, pH 8) and placed into a thermostated 

chamber (Stuart SI500 Shaking Incubator, Cole-Parmer, USA) at 40 ºC with 

rotational stirring at 45 rpm. The samples were withdrawn at certain times, washed 

with distilled water, and finally weighed after complete drying at 50 ºC (48 hours). 

To control the enzymatic degradation, the weight loss of the samples was 

determined using the following equation (Equation 5.2). 

Wloss (%) = 
Winitial- Wfinal

Winitial
ꞏ100 (Eq. 5.2) 

Where Wloss stands for weight loss (expressed in %), Winitial refers to the initial 

weight of the samples (before degradation), and Wfinal indicates the final weight of 

the samples after the degradation assays. 

Changes in surface morphology were monitored as a function of the 

degradation time in an Olympus BX53M polarized light optical microscope 

(Evident Corp., Japan), and images were recorded with an Olympus SC50 camera 

at 20x magnification. 
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b. Analysis of the changes in molecular weights and chemical structure in 

degraded samples and liquid aliquots  

The number and weight average molecular weights (Mn and Mw, respectively) 

were determined through Gel Permeation Chromatography analysis (GPC). 

Chromatograms were recorded in a Waters Instrument (Waters Corp., USA) 

equipped with RI and UV detectors. HR5E and HR2 Waters linear Styragel 

columns (7.8 mm × 300 mm, pore size 103-104 Å) packed with crosslinked 

polystyrene and protected with a precolumn were used. Samples were prepared by 

dissolving 3 mg of the sample in 1 mL of chloroform and using the same solvent 

as the eluent. Measurements were performed at 35 ºC with a flow rate of 0.5 

mL/min, and molecular weights were calculated against monodisperse polystyrene 

standards.  

The chemical composition of the degraded films was also evaluated in a 

Nicolet iS20 ATR-FTIR Spectrometer (Thermo Fisher Scientific, USA) equipped 

with a Smart iTX Accessory with Diamond Crystal. Spectra were obtained from 

4000 to 400 cm-1, at room temperature, with 32 scans and 4 cm-1 of resolution, and 

further analysed with OMNIC software (v. 9.13.1294). 

Finally, the liquid aliquots of each vial (containing 1 mL of phosphate buffer, 

CalB and degradation products) were freeze-dried and further examined by Proton 

Nuclear Magnetic Resonance (1H-NMR) in order to ascertain the possible products 

obtained during the degradation assays. Spectra were recorded in a Bruker AMX-

300 Spectrometer (Bruker Corp., USA). 640 scans were recorded from 10 mg 

sample solutions in 1 mL of deuterated water. Prior to the freeze-drying of the 

vials, pH measurements were performed in a pH 8+ DHS pHmeter (XS 

Instruments, Italy) to determine possible changes in the pH of the degradation 

media as a means to obtain further information on the enzymatic degradation 

mechanism of the biopolyesters under study. 
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c. Analysis of the crystallinity as a function of degradation time  

The crystallinity of the films as a function of degradation time was evaluated 

by Differential Scanning Calorimetry in a TA DSC25 equipped with an Intracooler 

RCS90 (TA Instruments, Inc., USA). Temperature sweeps with two scans were 

done from -50 to 160 ºC (PBS) or 180 ºC (PLA, PBAT, and blends), at 10 ºC/min. 

DSC curves were analyzed with the TRIOS software (v5.7.0.56) from TA 

Instruments, Inc. For the analysis of the blend films, the heating scan was 

performed at 60 ºC/min (to avoid PLA's cold crystallization); however, it was 

impossible to differentiate the melting peaks of each homopolymers. For this 

reason, the melting enthalpy of the whole peak (or multiple peaks) was reported 

for the blends. 
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5.3. Results and Discussion 

An increasing number of recent publications in the literature report various 

enzymatic degradation studies on PLA, PBS, and PBAT with very different 

experimental conditions, which depend on the type of enzyme used. In fact, to the 

best of our knowledge, there are not standardized experiments regarding enzymatic 

degradation tests as in other degradation assays, such as soil burial or compost 

degradation. Results can vary significantly among studies for enzymatic 

degradation due to the different experimental conditions and the distinct natures of 

the starting polymers. Some parameters have been found to be determinants in the 

degradation of polyesters, such as the initial molecular weight distribution or the 

crystallinity.50 The influence of enzyme concentration has been studied in 

externally-added enzyme tests as one of the multiple ways to control and tune the 

degradation.51 Herein, the modulation of the enzyme-induced degradation of 

different polyester films through the preparation of self-degradable films is 

investigated. 

5.3.1. Self-degradable PBS films containing enzyme-embedded 

polysaccharide beads 

The morphology of the lipase-embedded alginate beads (AlgEmbLi) 

employed for PBS self-degradation is shown in Figure 5.1a. The particle diameters 

were found to be ~2 mm with smooth surfaces and some scattered regions that 

showed a porous morphology.  

As a first step, the feasibility of employing the P. cepacia lipase (in free form) 

at the temperature conditions required to prepare the PBS films (temperature above 

the melting point of PBS ~115 ºC) was studied. To this aim, the enzymatic activity 

of the lipase was determined at different concentrations in solutions maintained at 

room temperature and at 125 ºC for 10 minutes. As can be observed in Figure 5.1b 

(left blue-shaded area of the graph), the lipase in solution loses the enzymatic 

activity when maintained at 125 ºC for a short time, which prevents the use of the 

free enzyme in the preparation of self-degradable films. In contrast, alginate beads 
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with embedded enzyme retain their enzymatic activity even after heating at 125 

ºC, as shown in Figure 5.1b (right yellow-shaded area of the graph). For alginate 

beads with a lipase concentration of 1.25 and 2 mg/mL, enzymatic activity after 

heating was retained over 90 % with respect to initial values (~100 % for 2 mg/mL 

lipase concentration). Furthermore, it was also appreciated that the activity 

increased with the concentration of the lipase inside the alginate beads. Similar 

observations were obtained for Immobead commercial particles, which exhibited 

good behaviour towards heating, with identical activity values obtained when 

measured before and after heating (see Figure 5.1c). Commercially available 

Immobead particles, that is commercial lipase-immobilized beads, were employed 

in this study for comparison purposes. These particles consist on P. cepacia lipase 

immobilized on Immobead 150P, methacrylate copolymer particles (0.15-0.50 mm 

diameter), cross-linked and carrying oxirane groups. Regarding the effect of 

temperature on the enzymatic activity, similar observations to that commented in 

Figure 5.1b for the lab-made AlgEmbLi beads were shown by these particles. For 

instance, for a concentration of 8.5 mg, a ~15 % decrease in the enzymatic activity 

was obtained after heating at 100 ºC for 25 minutes, whereas other concentrations 

such as 12.2 mg and 4.4 mg exhibited an increase of ~6 and ~67 %, respectively. 

Therefore, preserving the enzyme by embedding it inside alginate beads has been 

proven to be necessary to maintain the enzymatic activity at levels high enough to 

degrade the polyester. 

Then, the degradation of PBS films employed as control was compared with 

that of PBS films containing lipase-embedded alginate beads (PBS_AlgEmbLi). 

Figure 5.1d revealed that the maximum weight loss obtained for PBS_AlgEmbLi 

films barely achieved a 5 wt%. This could be attributed, on the one hand, to the 

low enzymatic activity exhibited by the lipase-embedded alginate beads 

(AlgEmbLi) as compared to that of the free enzyme in solution (~1 mg/mL), as 

seen in Figure 5.1b. In addition, it was found that the enzyme concentration 

(related to the enzymatic activity) of the AlgEmbLi particles was 2 orders of 

magnitude less (70-100 times less concentrated) than the free enzyme (i.e., in 

solution) employed for degradation experiments explained in Chapter 4 with the 
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same lipase. These results could be related to the prevention of the encapsulated 

enzyme to water accessibility, due to the protection of the alginate beads. Future 

experiments carried out in PLA, PBAT and PBS, and their blends will aim to 

increase the amount of embedded-lipase embedded in order to increase the extent 

of self-degradation of biopolyester films.  

 

Figure 5.1. a) SEM images of the freeze-dried lipase-embedded alginate particles, 

AlgEmbLi, at 40x magnification. Determination of the relative enzymatic activity 

(with no-heating treatment and after 10 minutes at 125 ºC) of: b) free lipase in 

solution (blue-shaded area, on the left) and lab-made alginate beads with 

embedded lipase (AlgEmbLi, yellow-shaded area, on the right), and c) commercial 

Immobead particles. The enzymatic activity is normalized to that of the highest 

lipase concentration (i.e., 2 mg/mL, for embedded-lipase in alginate beads in 

Figure 5.1b and 12.2 mg for commercial Immobead in Figure 5.1c). d) Weight loss 

degradation curves for self-degradable PBS_AlgEmbLi films.   
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5.3.2. Lipase characterization and evaluation of the enzymatic activity of 

CalB 

As multiple degradation tests were performed with six different materials 

(three homopolyesters and three PLA/PBAT/PBS blends), several CalB batches 

were washed and employed. Gel electrophoresis (SDS-PAGE) revealed the Mw of 

the lipase under study, which was found to be ~33 kDa, as depicted from Figure 

5.2, and in agreement with literature values.18 The protein content of each 

lyophilizate was evaluated by UV-Vis (absorbance at 280 nm), as well as by 

Bradford's method. Additionally, the enzymatic activity of each of the batches was 

evaluated at different pH values (7 and 8) as a way to select the best condition for 

degradation tests; all these parameters are included in Table 5.2.  

 

Figure 5.2. Image of the SDS-PAGE electrophoresis in a sodium dodecyl-sulfate 

polyacrylamide gel for the CalB under study. 
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Table 5.2. Description of the protein batches used in this work. CalB content of 

the lyophilizates was measured by UV/Bradford's, and the enzymatic activity was 

tracked by UV-Vis. The standard deviation of the mean values is given in brackets. 

Batch# 
Protein content (%) U (µmol·s-1·mg-1) 

UV280 Bradford’s pH 7 pH 8 

1 47.8 (0.5) 21.4 (2.3) 0.2393 (0.0478) 0.2647 (0.0149) 

2 43.7 (1.1) n.d. 0.2488 (0.0401) 0.3329 (0.0073) 

3 47.0 (1.9) n.d. 0.1916 (0.0288) 0.2752 (0.0323) 

Pluronic 37.9 (1.9)a n.d. 0.1537 (0.0280) 0.2243 (0.0263) 

a Protein content was determined taken into consideration the 50/50 CalB/Pluronic ratio. 

In general, all the batches presented a protein content of 44-48 %; however, 

the batch containing Pluronic showed a slightly lower protein content of ~38 %. 

The protein content value reported from Bradford’s method was significantly 

different from those obtained through UV-Vis at 280 nm. This method is better 

applied for pure proteins, and in this Chapter, the directly freeze-dried CalB was 

employed. For this reason, Bradford’s was not further used for the protein content 

determination in the CalB batches studied in the current Chapter. Regarding the 

enzymatic activity, in all cases, CalB exhibited higher activity at pH 8 (10-46 % 

higher, up to ~91 % in one of the batches); mean values were 0.2743 µmolꞏs-1ꞏmg-

1 at pH 8, and 0.2084 µmolꞏs-1ꞏmg-1 at pH 7. These values were as expected, 

justifying the selection of this pH value for the degradation experiments due to the 

higher enzymatic activity at pH 8.30 Finally, the Pluronic batch presented slightly 

lower U values, probably due to the lower protein content. Similar observations 

are reported in literature.47 
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5.3.3. Influence of CalB content on the self-degradation of the 

homopolymers: PLA, PBAT and PBS 

a. Analysis of the weight loss and morphological characterization of the 

degraded samples  

Figure 5.3 depicts the results corresponding to the weight loss of the three 

homopolymers under study with embedded CalB at two different concentrations, 

1 and 5 wt% (Figure 5.3a and Figure 5.3b, respectively). In Figure 5.3c, the results 

corresponding to weight loss of the 5 wt% CalB/Pluronic-embedded samples are 

shown for comparison purposes. Blank experiments, with neat polyester films in 

phosphate buffer solution (without CalB), were performed to study the hydrolytic 

degradation of the homopolymers, and results in Figure 5.3d showed negligible 

weight loss. 

The Polyester_1% films (i.e., 1 wt% CalB-embedded samples) exhibited 

moderate weight loss for PBS_1% films (~50 wt% after 1000 hours), with a lower 

extent in the case of the PBAT_1% films (~16 wt% after 1000 hours), as depicted 

in Figure 5.3a. When the CalB content inside the films increased from 1 to 5 wt% 

(Figure 5.1b), the trend changed from linear to exponential. In this case, PBAT_5% 

films reached ~53 wt% weight loss by the end of the biodegradation test, whereas 

PBS_5% films exhibited complete degradation (100 wt% achieved). These results 

contrast with those obtained for the 5 wt% CalB/Pluronic films (Figure 5.3c), 

where PBAT_5%Plur films reached ~11 wt% weight loss (4.5 times lower than in 

PBAT_5%), and ~25 wt% for PBS_5%Plur films was obtained (~4 times less than 

in PBS_5% samples). In all the cases, PLA films (i.e., PLA_1%, PLA_5%, and 

PLA_5%Plur) did not exhibit any weight loss (0-3 wt%). Weight loss results, 

together with the qualitative activity evaluation of the lipase-embedded films 

through the reaction with pNPB –and subsequent generation of pNP– suggested 

that added CalB inside the polyesters maintained its activity after melt extrusion at 

170 ºC without any further stabilization steps. 
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Figure 5.3. Weight loss curves for the three homopolyesters under study with 

increasing CalB/polyester ratio: a) 1 wt% CalB (Polyester_1%), b) 5 wt% CalB 

(Polyester_5%), c) 5 wt% CalB/Pluronic (Polyester_5%Plur), and d) blank 

experiments (without CalB). Dashed lines represent the fitting of the data to the 

different models: linear fitting (Figure 5.3a), and the proposed model in Equation 

5.3 (Figure 5.3b-c). Each graph includes a schematic representation of each system 

as an inset: the yellow square represents the polyester film, whereas the embedded 

lipase is plotted with  (embedded CalB) or  (embedded CalB/Pluronic). Symbols' 

number is related to CalB content inside the films. 

To quantify the extent of degradation and compare the different experiments, 

weight loss over degradation time curves were fitted to a previously employed 

model (also used in Chapter 4) to describe the degradation kinetics quantitatively.22 

This model, which is based on the Michaelis-Menten' model for enzymes, 

describes the whole biodegradation process, which is controlled by heterogeneous 

reactions: i) adsorption of the enzyme on the surface of the substrate, ii) 

degradation of the polymer and, iii) denaturation of the enzyme. Some authors 
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have proposed a modified Michaelis-Menten' model with some needed corrections 

for the enzymatic degradation of PLA that can be described by Equation 5.3.52,53 

mt = 𝜈ௗ൉𝜏 ൉ ሺ1 െ  𝑒
ି௧ ఛൗ ሻ (Eq. 5.3) 

Where mt refers to the weight loss of the sample (considered similar to Wloss 

indicated in Equation 5.2), νd stands for the rate of degradation, τ indicates the rate 

of denaturation of the enzyme (time constant) and implies that the degradation has 

reached a plateau and t is the time (expressed in hours). From the product between 

νd and τ, it is possible to obtain the value corresponding to the degradation at 

infinite time (A). This model cannot be appropriately applied for cases where 

weight loss does not reach a plateau (as for example, in the case of the 

Polyester_1% experiments in Figure 5.3a). For these cases, only information 

regarding the rate of degradation will be obtained. A linear fitting is applied to 

avoid this issue, where the slope is associated with the degradation's kinetics, and 

assumed to be similar to the degradation rate, νd, in the modified Michaelis-

Menten' model (Equation 5.3). 

The application of the modified Michaelis-Menten' model (Equation 5.3) to 

the experimental data shown in Figure 5.3b and Figure 5.3c allows us to extract 

further information on the effect of the CalB concentration, as well as the effect of 

Pluronic, on the self-degradation of the lipase-embedded homopolyester films 

(Table 5.3).  
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Table 5.3. Kinetic parameters determined from the modified Michaelis-Menten' 

model for the self-degradation studies in the Polyester_5% and Polyester_5%Plur 

experiments, with the three homopolymers under study (PLA, PBAT, and PBS). 

The standard deviation of the mean values is given in brackets. 

Sample 
CalB content 

(wt%) 
νd 

(%/h) τ (h) 
A 

(%) 
R

2
 

PLA_5% 5 0.0005 (0.0001)a n.d.b n.d.b 0.5772 

PBAT_5% 5 0.2731 (0.0150) 171 (13) 46.7 0.9734 

PBS_5% 5 0.6016 (0.0846) 175 (32) 105 0.9396 

PLA_5%Plur 5c 0.0004 (0.0005)a n.d.b n.d.b 0.1551 

PBAT_5%Plur 5c 0.1744 (0.0269) 60 (10) 10.5 0.9586 

PBS_5%Plur 5c 0.1342 (0.0258) 182 (42) 24.4 0.9303 

a Obtained from the linear fit of the data. 

b These data could not be obtained, as the weight loss curves were linearly fitted due to null weight 

loss exhibited by PLA films. 

c 50/50 CalB/Pluronic ratio. 

In all the cases, PLA films exhibited a negligible weight loss (below 3 wt%); 

hence, fitting experimental data to the modified Michaelis-Menten' model was 

impossible, and a linear fitting was applied instead (the slope give an idea of the 

degradation rate, as indicated in Table 5.3). The low weight loss exhibited by PLA 

films with embedded CalB was unexpected, as this lipase has been reported to 

degrade PLA successfully. Shinozaki et al. reported a ~50 % degradation for PLA 

cast films in 72 h.31 However, in a recent study from Rosato et al., CalB –as well 

as other enzymes– was unable to degrade PLA, whereas it successfully 

depolymerised other polyesters (e.g., PBSA, and PCL).54 Several studies have 

demonstrated the preferential attack of proteases (e.g., Proteinase K) on PLLA, 

whereas PDLA enzymatic degradation is enhanced by the action of lipases, such 

as CalB.54,55 This explanation might be behind the negligible degradation observed 

for PLA films in our study, as the PLA employed here has a 98 % L-isomer.56 A 

second reason could be related to the initial molecular weight of PLA, which 

almost doubled those of the other two homopolyesters (Table 5.1).  
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Regarding PBAT and PBS films, experimental data in Figure 5.3 were 

successfully modelled with the Michaelis-Menten' model, and the parameters are 

reported in Table 5.3. In the case of the 1 wt% CalB-embedded samples, no 

saturation in the weight loss curves was appreciated –similarly to all PLA samples–

, and no plateau regime is reached (linear tendency), as shown in Figure 5.3a. The 

rate of degradation was found to be almost three times higher for the PBS films: 

0.0415 %/h (PBS_1%) > 0.0154 %/h (PBAT_1%), meaning that PBS films were 

more degraded (according to the weight loss curves) than PBAT ones, under the 

selected conditions for CalB.  

Similar results were found when the CalB concentration was increased up to 

5 wt% (Figure 5.3b), PBS films showed a two-fold increase in the rate of 

degradation with respect to PBAT, being 0.6016 %/h for PBS_5% and 0.2731 %/h 

for PBAT_5%. On the other hand, the rate of denaturation of the lipase was found 

to be very similar for both homopolyesters: 171 and 175 h for PBAT_5% and 

PBS_5% films, respectively. This means that CalB denaturates or saturates at 

almost the same time. Finally, the degree of degradation at infinite time (A) was 

calculated to be ~47 wt% for PBAT films and >100 wt% for PBS films. This two-

fold higher A value in the case of PBS_5% is attributed to the larger (double) 

degradation rate of these films. These degradation results are in accordance with 

other studies in literature, which have shown improved degradation for PBS over 

PBAT, when degraded under the action of CalB.25 Although the initial molecular 

weight distribution of both homopolymers was similar, the initial degree of 

crystallinity was considerably higher for PBS than PBAT (33.1 vs. 13.9 %, 

respectively, as seen in Table 5.1), which would make PBAT films more prone to 

CalB degradation. Figure 5.4a shows the weight loss curve from the PBS_10% 

samples (i.e., films with 10 wt% CalB-embedded films), with comparable results 

with respect to PBS_5%: νd = 0.5872 %/h for PBS_10% (0.6016 %/h for 

PBS_5%), τ = 182 h for PBS_10% (175 h for PBS_5%), and A ~100 % in both 

cases. These observations show no enhancement in the overall degradation when 

the CalB content was increased from 5 to 10 wt% inside the PBS films, probably 

due to the high lipase content. 
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Figure 5.4. a) Weight loss curve for the PBS_10% films. Dashed lines represent 

the fitting of the data to the proposed model in Equation 3. A schematic 

representation of the system is included as an inset in the graph: the yellow square 

represents the polyester film, whereas the embedded CalB is plotted with . 

Symbols' number is related to CalB content inside the films. b) Optical 

micrographs taken at 20x magnification for the PBS_10% films. In the upper left 

corner, the achieved weight loss is shown, whereas the degradation time (in hours 

[h]) is included in the lower left corner. 

If we take a look at the kinetic parameters from the Polyester_5%Plur 

samples (Figure 5.3c), the incorporation of Pluronic led to a reduction in 

degradation when compared to PBAT_5% films, as evidenced by the lower values 

obtained for the kinetic parameters (from the modified Michaelis-Menten' model): 

reduction of ~36 % in the rate of degradation, whereas the rate of denaturation 

dropped by ~65 %. On the other hand, PBS_5%Plur films showed a ~78 % 

reduction in νd compared to PBS_5% films, with no modification in τ: 182 h for 

PBS_5%Plur and 175 h for PBS_5%. This behavior means that enzyme 

encapsulation within Pluronic does not have the same effect on the enzymatic 

degradation of PBS films as compared to PBAT films, as it delays the degradation 

by affecting only νd, and not τ, as in the case of PBAT_5%Plur samples (where 

Pluronic affects both parameters). The lower weight loss exhibited by the 5 wt% 

CalB/Pluronic-embedded films could be related to the lower enzymatic activity 

exhibited by the CalB when encapsulated within Pluronic, as shown in Table 5.2. 

This encapsulation with Pluronic was done for heat-protecting the enzyme; 
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however, this procedure possibly decreases the contact between the enzyme and 

the polymer, thus exhibiting a lower degradation rate. 

The values of the reported kinetic parameters in Table 5.3 for PBAT and PBS 

are in the same order of magnitude as reported in the literature for PCL degraded 

by the action of a lipase from P. cepacia (νd = 0.004-0.156 %/h, τ = 27-586 h)53 

and PLA films with Proteinase K (νd = 0.95-1.96 %/h, τ = 41-98 h).52 

The surface morphology of the degraded samples was observed through 

optical microscopy and the results are shown in Figure 5.5. Even though PLA 

achieved no degradation as determined through weight loss curves depicted in 

Figure 5.3, some small holes could be appreciated on the surface of the films in 

Figure 5.5a and Figure 5.5d. Remarkably, PBS and PBAT, which presented weight 

losses (after 1000 h) of ~50 wt% (PBS_1%) and ~16 wt% (PBAT_1%) in the 1 

wt% CalB, and 100 wt% (PBS_5%) and ~53 wt% (PBAT_5%) for the 5 wt% CalB 

films, did not show significant differences as to their surface morphology, at the 

scale shown. Small holes in PBAT films are depicted in Figure 5.5b (PBAT_1%) 

and Figure 5.5e (PBAT_5%) in the medium-range degradation times, turning into 

films with no evidence for degradation at higher times. On the contrary, PBS films 

presented small scattered areas at low weight loss values, turning into holes in the 

medium-range degradation times until the complete disappearance of the films 

(PBS_1% in Figure 5.5c and PBS_5% in Figure 5.5f). PBS films exhibited similar 

behavior with a higher content in lipase (i.e., PBS_10%), where the films presented 

holes on their surface that became larger with time until the total degradation of 

the films at times >200 h (see Figure 5.4b).  
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Figure 5.5. Optical micrographs taken at 20x magnification for the 1 and 5 wt% 

CalB-embedded polyester films: a) PLA_1%, b) PBAT_1%, c) PBS_1%, d) 

PLA_5%, e) PBAT_5%, and f) PBS_5%. In the upper left corner, the achieved 

weight loss is shown, whereas the degradation time (in hours [h]) is included in 

the lower left corner. 
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The surface morphology of the degraded samples with 5 wt% CalB/Pluronic-

embedded films was observed through optical microscopy, and the results are 

shown in Figure 5.6. As shown in Figure 5.3c, only PBS (~25 wt%) and PBAT 

(~11 wt%) exhibited significant weight loss. Notwithstanding, no visual 

differences were appreciated from the optical micrographs in Figure 5.6b 

(PBAT_5%Plur) and Figure 5.6c (PBS_5%Plur), respectively. PLA samples did 

not exhibit any morphological variations in the surface of the films, as evidenced 

in Figure 5.6a. 

 

Figure 5.6. Optical micrographs taken at 20x magnification for the 5 wt% 

CalB/Pluronic-embedded polyester films: a) PLA_5%Plur, b) PBAT_5%Plur, and 

c) PBS_5%Plur. The achieved weight loss is shown in the upper left corner, 

whereas the degradation time (in hours [h]) is included in the lower left corner. 

The results corresponding to PBAT_5%Plur films (Figure 5.6b) were similar 

to that previously seen in the PBAT_5% films (Figure 5.5e), although the achieved 

weight loss was ~5 times lower (~11 vs. ~53 wt%). Some small holes are 

appreciated, although no visible degradation is evidenced. On the other hand, 
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PBS_5%Plur films (Figure 5.6c) presented a completely different morphology 

when compared to the PBS films tested with PBS_5% films (see Figure 5.5f). 

Some possible degraded areas can be seen in the samples at high degradation times; 

however, their appearance did not resemble the large holes observed for the 

PBS_5% films. One possible explanation could be related to the achieved weight 

loss: ~25 wt% for PBS_5%Plur and 100 wt% for PBS_5% samples. Additionally, 

it is important to note that CalB does not degrade Pluronic –a PEO-based 

derivative–, and a migration of the Pluronic through the film towards the surface 

could also be possible. This hypothesis is aligned with the visual observations in 

Figure 5.6. 

b. Physicochemical characterization of the degraded samples and liquid aliquots 

The chemical composition of the films after degradation was monitored 

through FTIR spectroscopy and the results are shown in Figure 5.7. Regarding 

PLA films, representative peaks are located at ~1749 cm-1 and assigned to the C=O 

stretching from the ester group; at ~1081 cm-1, attributed to the C-O stretching of 

secondary alcohol generated in the hydrolysis; at ~1178 cm-1, assigned to the C-O 

stretching from the ester group; at ~1451 cm-1 corresponding to the CH2 vibration; 

and at ~2996 and ~2945 cm-1, assigned to the CH asymmetric stretching.8,57 No 

appreciable changes are observed between the FTIR spectra corresponding to the 

pristine PLA films and those corresponding to degraded samples, regardless 

enzyme concentration (1 and 5 wt%) or the presence of Pluronic for enzyme 

encapsulation (Figure 5.7a). This is in agreement with the negligible weight losses 

observed in Figure 5.3 for PLA films.  

In the case of PBAT films (Figure 5.7b), the FTIR spectra corresponding to 

PBAT_1% degraded films showed a decrease in the intensity from the 

characteristic peak of the C-O stretching of the ester group, from the esterification 

of a primary alcohol with adipic or terephthalic acid (1165 cm-1) with respect to 

that corresponding to the non-degraded film, thus confirming the breakage of the 

ester bonds.58 Additionally, the appearance of bands in the FTIR spectra 
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corresponding to the degraded film located at 1410 cm-1 corresponding to CH2 

angular deformation band, at ~1650 cm-1 corresponding to the C=O stretching of 

COOH end groups (from the degradation products), and the stretching peak of free 

C=O groups (1755 cm-1) further confirmed the degradation.1 PBAT_5% films 

exhibited higher variations in the bands; the peak at ~3300 cm-1 was assigned to 

the OH stretching, which additionally confirmed the degradation of PBAT films. 

On the other hand, PBAT_5%Plur films presented lower changes in FTIR spectra; 

the most noticeable is the decrease of the intensity of the band located at ~2895 

cm-1, which could be related to the partial solubilization of Pluronic and also 

confirmed the degradation.32 There are other bands that showed a slight increase 

in intensity, marked in Figure 5.7 with arrows.  

Finally, the FTIR spectra corresponding to degraded PBS films showed a 

significant decrease in the band intensity of all peaks with respect to pristine PBS 

films (Figure 5.7c). As in the case of PBAT, the appearance of new bands in the 

spectra corresponding to the degraded sample located at ~3286 cm-1 and ~1652 

cm-1 assigned to OH stretching and C=O stretching of COOH end groups (from the 

degradation products), additionally confirmed the degradation, as well as the broad 

band due to hydrogen bonding. It is important to note that for the spectra of the 

degraded PBS films, the appearance of a peak at ~1546 cm-1 that can be assigned 

to the amide II band of CalB –N-H deformation and C-N stretching–, further 

confirmed the degradation of PBS films, consistent with the exposure of CalB 

towards the surface of the films. 
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Figure 5.7. FTIR spectra corresponding to: a) PLA, b) PBAT, and c) PBS. Non-

degraded (black) and degraded films (after 1000 h) for the 1 wt% CalB-embedded 

films (red), 5 wt% CalB-embedded films (green), and 5 wt% CalB/Pluronic-

embedded films (blue). 
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The appearance of degradation products as a result of enzymatic degradation 

of the film was further confirmed by 1H-NMR and the analysis of the pH from the 

degradation media (Figure 5.8). The detection of the different monomers in the 

liquid aliquots suggests an endo-type degradation for CalB.57 

In the case of PLA_1%, 1H-NMR spectrum exhibited the characteristic 

signals of lactic acid (1.46, and 3.49 ppm), as evidenced in Figure 5.8a, left. 

However, its low concentration (deduced from the low intensity of the peaks) did 

not have an effect on pH, as it maintained constant at ~8 (Figure 5.8a, right). On 

the other hand, 1H-NMR spectra from the PBAT_1% and PBS_1% experiments 

(Figure 5.8a, left) showed much higher intensity for the characteristic peaks of the 

degradation products: 1.66 and 3.48 ppm (butanediol), 1.42 and 2.06 ppm (adipic 

acid), and 7.78 and 7.96 ppm (terephthalic acid) in the PBAT_1% assays; and 

small peaks from butanediol (1.46 and 3.49 ppm) and an intense peak from 

succinic acid (2.38 ppm) in the case of PBS_1%. The generation of these 

subproducts was in agreement with the pH of the degradation media, which was 

significantly reduced, as seen in Figure 5.8a, right: final pH values were ~7 

(PBAT_1%) and ~4.5 (PBS_1%). This acidification process is attributed to the 

generation of degradation products, mainly acids, with pKa values of 3.54 

(terephthalic acid), 3.86 (lactic acid), 4.21 (succinic acid), and 4.41 (adipic acid) 
59. The lower acidification observed in PBAT_1% might be attributed to a lower 

generation of sub-products, as indicated by the 10-fold lower intensity of the 1H-

NMR peaks with respect to PBS_1% and the lower weight loss (Figure 5.3). 

Similar observations were obtained in a previous study with PBAT films, where 

enzymatic degradation by the employment of CalB slightly reduced the pH of the 

media.32  

When CalB content was increased from 1 to 5 wt%, the signals from PBAT 

and PBS degradation subproducts were detected at a higher concentration 

(intensity is ten times higher than in the previous case), as evidenced in Figure 

5.8b, left. These results are in accordance with the achieved weight loss (Figure 

5.3), which was significantly larger, and the pH of the degradation media also 
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confirmed the growth in concentration of the subproducts: pH values dropped 

down to ~4 in PBAT_5% and PBS_5% (see Figure 5.8b, right). As in previous 

experiments, PLA_5% did not exhibit a pH change by the end of the assay, as 

almost not lactic acid residues were detected from 1H-NMR spectra.  

The incorporation of Pluronic to CalB led to lower degradation, which was 

confirmed by 1H-NMR spectra, as depicted from the lower intensity peaks in 

Figure 5.8c, left, with no detection of adipic nor succinic acids. These results are 

supported by the negligible pH variation maintained in the range of the studies (pH 

8 ± 0.5), as appreciated in Figure 5.8c, right. The most intense peak in 

PBAT_5%Plur and PBS_5%Plur was detected at 3.58 ppm and assigned to PEG 

from Pluronic. 
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Figure 5.8. 1H-NMR spectra (left) and variation in pH (right) from the liquid 

aliquots of: a) 1 wt% CalB-embedded experiments, b) 5 wt% CalB-embedded 

experiments, and c) 5 wt% CalB/Pluronic-embedded experiments. In the pH 

variation graphs (right), weight loss curves (hollow symbols) have been added for 

comparison purposes. The green area represents the pH value of the employed 

phosphate buffer (pH 8 ± 0.5). 

c. Analysis of changes in molecular weight distribution over time 

 The molecular weight distribution over degradation time was monitored in 

degraded samples through GPC. In the case of the polyesters with embedded 1 
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wt% CalB (Figure 5.9a), there is a noticeable decrease in Mn, for the three samples 

under study. PLA_1% showed a decrease of ~36 % (Đ maintained constant at ~2), 

whereas a ~66 % decrease was observed for PBAT_1% (Đ increased from ~2 to 

~4) and PBS_1% exhibited a ~45 % decrease (Đ firstly increased from ~4 to ~5, 

tending to ~4 by the end of degradation). A similar observation for PBS has been 

reported previously in the literature, in a study in which a PBS film exhibited a 

significant decrease in Mn (from 45,000 to 14,000 g/mol), whereas Mw maintained 

almost constant, making Đ increase from 1.5 to 4.1.60 For PLA films, the moderate 

decrease in Mn and the fact that polydispersity does not change in the degraded 

samples with respect to pristine films suggests a moderate hydrolytic degradation 

of the films, which is reflected in a very low amount of weight loss (Figure 5.3). 

In contrast, for PBAT and PBS, the larger changes in Mn observed for degraded 

samples, together with the noticeable increase in polydispersity, are consistent with 

a mechanism of enzymatic degradation induced by the action of CalB. This lipase 

commonly acts by cutting the long polymeric chains into shorter chains, a reason 

that can explain the high reduction in Mn and increase in Đ.57  

When CalB content was increased from 1 to 5 wt%, Mn in PLA films was not 

varied as much, as evidenced by Figure 5.9b: PLA_5% showed a reduction of ~22 

% (Đ maintained constant at ~2.5), and PBS_5% films –which exhibited total 

degradation in Figure 5.3b– did not present any change in Mn. Surprisingly, Đ was 

reduced from ~8 to ~4.5 at 240 h. On the contrary, PBAT_5% reached a ~90 % 

decrease in Mn, up to values as low as 3000 g/mol (Đ maintained constant at ~3, 

with a sharp increase to ~6 in the medium-range degradation times). Such 

reduction in Đ can be attributed to the low Mn achieved at the end of degradation, 

making CalB cut the long chains that still remain in the polymer. Xu et al. reported 

a reduction in Mn for PBAT samples, decreasing from ~30,000 to ~10,000 g/mol,61 

similar to that observed for PBAT_1% and PBAT_5% films. These observations 

for PBAT_5% and PBS_5% will be commented later on. 

Finally, GPC results corresponding to the sample with incorporated Pluronic 

(Figure 5.9c) showed a much higher reduction of Mn in PLA_5%Plur, which was 
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~56 %, although weight loss was null. This disagreement in degradation might be 

explained by the systematic cut-off of long polymeric chains into shorter ones, 

with no erosion on the films. On the other hand, the other two homopolymers (i.e., 

PBAT and PBS) presented a lower reduction in Mn: ~27 % (PBAT_5%Plur, which 

showed a ~11 wt% weight loss) and ~8 % (PBS_5%Plur, with a ~25 wt% weight 

loss). The dispersity values (Đ) were maintained constant at ~2.5 for both 

PLA_5%Plur and PBAT_5%Plur films, with a reduction from ~8 to ~4.5 in 1000 

h for PBS_5%Plur films. These results could be related to their lower degradation, 

as shown by weight loss experiments depicted in Figure 5.3. 

The behavior in PBS films with 5 wt% CalB (both alone and with Pluronic) 

is quite atypical and contrasted to PBS_1% films (with a more pronounced 

reduction in Mn and an increase in Đ, as seen in Figure 5.9a), as Đ usually increases 

in enzymatic degradation assays, at the same time that Mn gets reduced.36 The 

presence of a higher amount of CalB could have had a degradation effect on PBS, 

as reported in previous research, where a drastic decrease in Mn was found after 

extrusion of PBS in the presence of CalB.37 PBS films suffered a significant 

decrease in the initial Mn from the reference films without embedded lipase: ~12 

% in PBS_1%, and ~78 % and ~63 % for PBS_5% and PBS_5%Plur, respectively. 

Moreover, this effect was also appreciated for the other two studied homopolymers 

(i.e., PLA and PBAT) in a lower extent. For instance, PLA films suffered a 

reduction in Mn of ~12 % when adding 1 wt% CalB, ~38 % in PLA_5%, and ~20 

% in PLA_5%Plur. In the case of PBAT films, initial Mn was not reduced in 

PBAT_1% (~25 % increase), and diminished by ~17 % and ~8 % for PBAT_5% 

and PBAT_5%Plur, respectively. The lower reduction observed in PBAT films 

suggests a higher resistance of this polymer towards degradation by CalB, possibly 

due to the presence of the terephthalate groups.6 Hence, GPC results from PBS_5% 

(Figure 5.9b) and PBS_5%Plur (Figure 5.9c) are in line with the fact that only short 

segments are removed from the end-chains, making Mw diminish while keeping 

Mn constant, and thus, reducing Đ. This generally happens when the enzyme 

reaches the crystalline regions of the polymer, and it is only observed in PBS films 

due to the higher crystallinity of this polyester (as depicted from Table 5.1),54 and 
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the larger initial degradation (higher reduction in initial Mn), possibly due to the 

degradation during the extrusion process.37 Nonetheless, note that Đ in PBAT_5% 

films started to diminish from ~6 to ~2 in the medium-range degradation times 

(Figure 5.9b), in a similar way to PBS_5% films. 

All these observations in PBS films are in accordance with a bulk erosion 

mechanism, as optical micrographs revealed that the films maintained the original 

dimensions (at low degradation times), and the appearance of holes was also 

appreciated, together with a reduction in the molecular weight.26 In the case of 

PBAT films, the decrease in Mn observed by GPC would also suggest a bulk 

erosion mechanism, despite the absence of holes in the PBAT films, which are 

more related to a surface erosion mechanism, as reported in previous studies.62 The 

embedding of CalB inside the polyester films might be behind the change in the 

erosion mechanism,63 which has been reported to enhance both surface and bulk 

erosion.64  
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Figure 5.9. Molecular weight distribution (GPC) for the three homopolymers in: 

a) 1 wt% CalB-embedded films, b) 5 wt% CalB-embedded films, and c) 5 wt% 

CalB/Pluronic-embedded films. Degradation time (in hours) is indicated in the top 

of each bar. 
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d. Analysis of the crystallinity of the degraded samples  

Previous studies in literature have ascertained the occurrence of degradation 

in the case of PLA, PBAT and PBS through analysis of the crystallinity. In the 

case of PBAT samples, Xie et al. showed a small reduction from 9.5 to 5.7 %.62 

Shi et al. reported a small reduction in crystallinity in the case of PBS films, from 

57 to 49 %.57 Enzymes in general, and CalB in particular, usually start degrading 

the amorphous regions of the films, and through this process, the shorter newly-

generated chains from the amorphous domains can crystallize and, thus, increase 

the degree of crystallinity.57 

The 1st heating (DSC) of the degraded samples was used for the evaluation 

of the initial, intermediate, and final values for the crystallinity of the films (Figure 

5.10). The degree of crystallinity (Xc) of the homopolymers was determined from 

the melting enthalpy (ΔHm) –in the first heating scan– of the peak of each 

homopolymer, and the equilibrium melting enthalpy (ΔHm
0 ) of each of the 

homopolymers, which was considered to be 93 J/g for PLA,57 114 J/g for PBAT,65 

and 213 J/g for PBS,66 as detailed in Equation 5.4.  

 Xc = 
ΔHm

ΔHm
0    (Eq. 5.4) 

DSC results revealed no significant variation in crystallinity in the 

experiments carried out with the lowest CalB content (i.e., 1 wt% CalB), as 

appreciated in Figure 5.10a. Regarding PLA_1% films, Xc maintained almost 

invariant in the range 0-5 %, whereas in PBAT_1% and PBS_1%, the crystallinity 

values remained stable at ~12 and ~32 %, respectively. Surprisingly, when CalB 

content was increased from 1 to 5 wt% (Figure 5.10b), PLA_5% samples exhibited 

a higher initial Xc than previously observed (~7 %), with a growing trend by the 

end of the experiment (~13 %). PBAT_5% films showed a large increase in Xc, 

from ~10 to ~40 %, which could be related to a selective attack on the amorphous 

regions of PBAT, making the crystalline/amorphous ratio higher.32 Similar 

behavior has been reported with PBAT mulching films in different degradation 
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conditions and ascribed to the faster degradation in amorphous regions by the 

action of microorganisms and enzymes.67 This latter result contrasted with 

PBS_5% films, which showed a decreasing tendency in Xc, from values of ~35 % 

to ~10 %. At the very first stages of degradation, the degree of crystallinity 

experimented a slight increase, which could be related to a re-crystallization 

process. But when degradation speeds up, the enzyme also attacks the crystalline 

region of PBS, which is why Xc displays such a reduction.57  

Incorporating Pluronic into the films had a clear effect on crystallinity, as 

PBAT_5%Plur and PBS_5%Plur samples did not exhibit any variation in the 

degree of crystallinity, as appreciated in Figure 5.10c. These results could be 

supported due to the lower degradation achieved. The slight increase observed in 

the initial Xc of PLA_5%, PBS_5% and PBS_5%Plur films could also be explained 

by the degradation during extrusion due to the higher amount of CalB.37 
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Figure 5.10. Changes in the degree of crystallinity (Xc) of the degraded samples: 

a) 1 wt% CalB-embedded experiments, b) 5 wt% CalB-embedded experiments, 

and c) 5 wt% CalB/Pluronic-embedded experiments. 
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5.3.4. Self-degradation in biopolyester blends 

After studying the enzymatic self-degradation of homopolymers (i.e., PLA, 

PBAT, and PBS), a similar study was carried out for blends of these materials. 

These blends are materials with potential application for biodegradable packaging, 

hence the interest in them.15 The study of the weight loss of the 1 wt% CalB-

embedded films revealed very low degradation in all the blends (see Figure 5.11a, 

left), which were slightly higher than that exhibited by PLA_1%. When Pluronic 

was incorporated into the films, no change was observed from the weight loss 

curves (Figure 5.11b, left), showing similar results for all the blends, and in the 

same range as 1 wt% CalB-embedded samples (4-6 wt% weight loss).  

The weight loss curves were further fitted with the modified Michaelis-

Menten' model, and the results are included in Table 5.4. In this case, a 21-fold 

and 17-fold increase in degradation rate was obtained for PLA50PBAT50_5%Plur 

and PLA45PBAT45PBS10_5%Plur films, respectively, with regard to the 

degradation kinetics from the 1 wt% CalB-embedded films (i.e., 

PLA50PBAT50_1% and PLA45PBAT45PBS10_1%, respectively), determined from 

the slope of the linear fitting of the weight loss data. The νd data from the blends 

presented lower values with regard to that obtained for the homopolymers 

PBAT_5%Plur and PBS_5%Plur (see Table 5.3). Nevertheless, the low rate of 

denaturation of the lipase (~50 h) resulted in a similar degradation at infinite time 

(A) compared to 1 wt% CalB-embedded films: ~5 wt% for PLA50PBAT50_5%Plur 

and PLA45PBAT45PBS10_5%Plur, and ~6 wt% for PLA30PBAT30PBS40_5%Plur 

films. In both lipase-embedding systems depicted in Figure 5.11, the polyester 

blends showed the same behaviour: the higher the PBS content, the faster the 

degradation kinetics, and the higher the weight loss achieved. 
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Table 5.4. Kinetic parameters determined from the modified Michaelis-Menten' 

model for the self-degradation studies in the 5 wt% CalB/Pluronic-embedded 

films, in the three blends under study. The standard deviation is given in brackets. 

Sample 

CalB 

content 

(wt%) 

νd 
(%/h) τ (h) 

A 

(%) 
R

2
 

PLA50PBAT50_1% 1 0.0042 (0.0007)a n.d.b n.d.b 0.8498 

PLA45PBAT45PBS10_1% 1 0.0065 (0.0007)a n.d.b n.d.b 0.9206 

PLA30PBAT30PBS40_1% 1 n.a. n.a. n.a. n.a. 

PLA50PBAT50_5%Plur 5c 0.0902 (0.0145) 55 (9) 5.0 0.9573 

PLA45PBAT45PBS10_5%Plur 5c 0.1082 (0.0206) 45 (9) 4.9 0.9680 

PLA30PBAT30PBS40_5%Plur 5c 0.1037 (0.0086) 58 (5) 6.0 0.9899 

a Obtained from the linear fit of the data. 

b These parameters could not be obtained, as the weight loss curves were linearly fitted due to 

null weight loss exhibited by PLA films. 
c 50/50 CalB/Pluronic ratio. 

As for the case of the homopolymers, the pH of the degradation media was 

analyzed as a function of time, and the results showed that no changes in pH were 

detected, as depicted in Figure 5.11a and Figure 5.11b (left). Analysis of the 

chemical composition of the aliquots from degradation media through 1H-NMR 

experiments showed the characteristic peak of terephthalic COOH groups (7.74 

ppm) in both samples from 1 wt% CalB-embedded films (Figure 5.11a, right), as 

well as lactic acid (1.46 and 3.49 ppm) in PLA50PBAT50_1%; and adipic acid (1.42 

and 2.06 ppm), butanediol (3.46 and 4.28 ppm), succinic acid (2.23 ppm), and 

lactic acid (3.55 ppm) in the PLA45PBAT45PBS10_1% sample, with much lower 

intensity. On the contrary, with the incorporation of Pluronic into the films, it was 

not possible to appreciate the characteristic peaks of the degradation subproducts, 

only PEG signals from Pluronic were detected, as depicted in Figure 5.11b, right. 

Degradation results from the analysis of the films' weight loss from the blends, as 

well as 1H-NMR from the liquid aliquots, evidenced minor variations among the 

studied blends with slightly higher degradation compared to PLA films, which 
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presented the lowest degradation due to its nature (predominant L-isomer). In the 

studied blends, the main components are PLA and PBAT at equal ratios in the 

three blends (50, 45 and 30 wt%), which could possibly explain the low 

degradation exhibited by the self-degradable films obtained from the blends.  

 

Figure 5.11. Weight loss curves for the three blends under study (solid symbols) 

and variation in pH of the aliquots from the degradation media (hollow symbols) 

in left figures, and 1H-NMR spectra obtained from the liquid aliquots from the 

degradation media (right figures): a) 1 wt% CalB-embedded films, and b) 5 wt% 

CalB/Pluronic-embedded films. A schematic representation of each system is 

included as an inset in the left graphs: the yellow square represents the polyester 

film, whereas the embedded lipase is plotted with  (embedded CalB) or  

(embedded CalB/Pluronic). Symbols' number is related to CalB content inside the 

films. The green area represents the pH value of the employed phosphate buffer 

(pH 8 ± 0.5). 

The images of the degraded films are included in Figure 5.12. Control films (blank 

experiments) also exhibited no variation in the surface morphology, as observed 

in Figure 5.13 through optical microscopy. 



Chapter 5 

220 

 

Figure 5.12. Visual aspect of the degraded films for the different experiments: a) 

1 wt% CalB-embedded films, b) 5 wt% CalB-embedded films, c) 5 wt% 

CalB/Pluronic-embedded films, and d) blank experiments. The degradation time 

(in hours) is included at the top. 
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Figure 5.13. Optical micrographs taken at 20x magnification for the films in the 

blank experiments: a) PLA, b) PBAT, c) PBS, d) PLA50PBAT50, e) 

PLA45PBAT45PBS10, and f) PLA30PBAT30PBS40. In the upper left corner, the 

achieved weight loss is shown, whereas the degradation time (in hours [h]) is 

included in the lower left corner. 



Chapter 5 

222 

The chemical composition of the films prepared from the blends before and 

after degradation (1000 h) was evaluated through FTIR, and results in Figure 5.14 

evidenced the low degradation of these films. The most relevant change in 

degraded films was the appearance of the stretching vibration of free C=O groups 

(~1756 cm-1) and the C=C stretching as a rearrangement of the residues of the PLA 

ester breakage (~1682 cm-1).8 A slight reduction in the intensity of the peaks was 

appreciated in some samples, in accordance with the low weight loss appreciated 

in Figure 5.11, following the trend of the previously commented PLA samples. 
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Figure 5.14. FTIR spectra of non-degraded (in black) and degraded films (after 

1000 h) obtained from the three blends for the 1 wt% CalB-embedded films (red), 

and 5 wt% CalB/Pluronic-embedded films (blue): a) PLA50PBAT50, b) 

PLA45PBAT45PBS10, and c) PLA30PBAT30PBS40. 
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 The degradation of the films was further studied through the analysis of the 

evolution of the molecular weight distribution over degradation time. GPC results 

shown in Figure 5.15 revealed a significant reduction in Mn of the three blends 

under study. In the case of the samples tested with 1 wt% CalB inside the films 

(Figure 5.15a), there is a noticeable decrease in Mn: ~25 % in PLA50PBAT50_1% 

and ~56 % in PLA45PBAT45PBS10_1%. When Pluronic was incorporated into the 

5 wt% CalB/Pluronic-embedded films, the reduction in Mn was not as high as 

before (Figure 5.15b): ~14 % for PLA50PBAT50_5%Plur films, ~39 % for 

PLA45PBAT45PBS10_5%Plur samples, and ~25 % for 

PLA30PBAT30PBS40_5%Plur films.  

The polydispersity, on the other hand, was maintained constant in the 2.5-3 

range; only the PLA45PBAT45PBS10 blends, PLA45PBAT45PBS10_1% and 

PLA45PBAT45PBS10_5%Plur showed significant increases of Đ up to values of ~4 

and ~3.5, respectively. The low or negligible weight loss appreciated in many 

samples (Figure 5.11), as well as a moderate reduction in Mn (Figure 5.15) could 

be related to a hydrolytic degradation of the films. The higher degradation in 

PLA45PBAT45PBS10_1% and PLA45PBAT45PBS10_5%Plur samples (slightly 

higher weight loss in Figure 5.11) could be related to the presence of PBS in this 

blend, as this homopolymer was found to achieve higher degradation. These results 

would support a hydrolytic degradation mechanism induced by the catalytic action 

of CalB. 
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Figure 5.15. Molecular weight distribution (GPC) for the three blends under study: 

a) 1 wt% CalB-embedded films, and b) 5 wt% CalB/Pluronic-embedded films. 

Degradation time (in hours) is indicated in the top of each bar in GPC graphs (top). 

1st heating (DSC) of the degraded samples revealed no variation in 

crystallinity for the blends (Figure 5.16). In this case, it was not possible to 

distinguish the melting of PLA and PBS (narrow and well defined peaks) from the 

wide PBAT melting peak; hence, the total melting enthalpy (ΔHm,total) was reported 

instead. In general terms, ΔHm,total kept stable during the whole degradation 

experiment, with a slight increase in the PLA45PBAT45PBS10 samples: from ~7 to 

~13 J/g (PLA45PBAT45PBS10_1% in Figure 5.16a), and from ~13 to ~17 J/g 

(PLA45PBAT45PBS10_5%Plur in Figure 5.16b). Regarding PLA50PBAT50 

samples, the total melting enthalpy increased from ~5 J/g to ~10 J/g when Pluronic 

was added to 5 wt% CalB/Pluronic-embedded films (Figure 5.16b).  
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Figure 5.16. Changes in the degree of crystallinity (Xc) of the degraded samples 

from the three blends under study: a) 1 wt% CalB-embedded experiments, and b) 

5 wt% CalB/Pluronic-embedded experiments. 
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5.4. Conclusions 

In this Chapter, a thorough comparative investigation was conducted about 

the mechanism of degradation of self-degradable polyester films prepared by 

embedding two different lipases (Lipase from Pseudomonas cepacia and Candida 

antarctica lipase B, CalB) within PBS, PLA, and PBAT. The proposed lipase-

embedded alginate beads were successfully employed as enzyme-heating 

protecting agents for PBS self-degradation. A slight degradation was observed for 

PBS films containing a certain amount (10 wt% with respect to PBS) of AlgEmbLi 

particles, whereas the control PBS samples showed minor degradation. These 

results were quite promising, as the enzymatic activity was about 2 orders of 

magnitude lower than that of previous assays.  

Regarding the three studied homopolymers and their blends, the results 

showed that the degradation of PBAT and PBS CalB-embedded films was greatly 

enhanced by the increase of the CalB content inside the films (from 1 to 5 wt%). 

Furthermore, the incorporation of Pluronic® F-127 to CalB evidenced no real need 

to protect the lipase from thermal denaturation (as in the previous case with P. 

cepacia), as this study also demonstrated that lipases incorporated into these 

polymers maintained their activities after melt extrusion at 170 ºC without any 

further stabilization steps. Additionally, results from CalB/Pluronic-embedded 

films also supported this hypothesis: the weight loss was about 4-5 times lower 

when compared to films with similar content in CalB. The encapsulation of CalB 

within Pluronic is used as a common heat-protecting procedure; nevertheless, the 

encapsulation possibly decreases the contact between CalB and the polyester films, 

and thus, lower the degradation rate. Regarding the nature of the polyesters, CalB 

showed a higher preference towards PBS, as evidenced by the kinetics obtained 

from the modified Michaelis-Menten' model applied to weight loss curves: PBS > 

PBAT > PLA. PLA films did not show any degradation for all the tested 

conditions, which is in accordance with the high L-isomer content. 
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The characterization of the degraded samples revealed further information 

regarding the degradation mechanism of CalB. The increase in crystallinity of 

PBAT together with optical microscopy observations, suggest that the mechanism 

of self-degradation for this homopolymer is based on a surface erosion mechanism, 

as no holes were appreciated at the surface of PBAT films. However, the lipase-

embedding procedure might have modified the degradation mechanism of PBAT 

films, as revealed by GPC, which suggests a bulk erosion mechanism due to the 

decrease in Mn. Possibly, both mechanisms are happening in PBAT degradation. 

PBS seems to be degraded through autocatalyzed hydrolysis, which results in 

drastic changes in crystallinity, surface morphology, FTIR data, and weight loss 

curves, which supported a bulk erosion mechanism of CalB on this polyester. 

Finally, the lipase-embedding procedure was further applied to blends from 

these three polyesters, with increasing PBS composition. Degradation results 

evidenced minor variations among the studied blends, with slightly higher 

degradation compared to PLA films. The main components of the polymer blends 

under study are PLA and PBAT at equal ratios in the three blends (50, 45 and 30 

wt%). Therefore, modest degradation was observed due to the nature of PLA's L-

isomer. 1H-NMR carried out in the liquid aliquots further supported the lack of 

degradation of PLA in the blends, as only terephthalic acid from PBAT was 

detected as a subproduct. However, the addition of PBS (10 wt%) to the second 

blend enhanced its degradation, possibly because of the faster degradation of PBS 

in the presence of CalB, as demonstrated by the higher Mn reduction. The studied 

lipase-embedding procedure exhibited promising results for PBS, as well as for 

PBAT films, when the CalB content was increased. Nonetheless, the low 

effectiveness of the self-degradation of PLA, together with the blends, exposed the 

need to select the most suitable enzyme for degrading each biopolyester, or all the 

components in blends. A future approach for enzymatic degradation of enzymes 

could lie in finding a common enzyme that degrades all the components in the 

blend, or in exploring a mixture of enzymes. 
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To sum up, this research has shed more light on the enzymatic degradation 

of several polyesters, and more in detail, it has deepened into the self-degradation 

of three biopolyesters and their blends achieved through lipase-embedding. 
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6.1. Introduction 

Aqueous solutions of diblock and triblock amphiphilic copolymers based on 

poly(ethylene oxide) and poly(ε-caprolactone), linear PEO-b-PCL, and PCL-b-

PEO-b-PCL can assemble in micelles whose morphology and size depend on the 

copolymer composition, molecular weight, and mass fraction of hydrophilic and 

hydrophobic blocks.1 The use of well-defined diblock and triblock amphiphilic 

copolymers with a narrow molecular weight distribution structure allows them to 

control their self-assembly in water and hence, expand the range of applications, 

for example, in drug delivery devices.2–8 Earlier results in literature have reported 

on thermoreversible gelation of triblock PCL-b-PEO-b-PCL copolymers due to 

their amphiphilic character that results in micelle formation and micelle packing 

at concentrations above the critical gelation concentration. Thermoreversible 

gelation depends to a great extent on the hydrophilic/hydrophobic ratio and 

temperature.9–11  

The chain topology of the block copolymer also plays an essential role in 

establishing critical micelle concentration, micelle size, and aggregation number. 

In particular, for star block copolymers of poly(ethylene glycol) and poly(ε-

caprolactone) consisting of at least three macromolecular chains (arms) radiating 

from a central core, experimental and theoretical results have demonstrated that 

the formation of micelles becomes easier for 4-arm star block copolymers than for 

2 and 3-arm star block copolymers.12 Few studies in the literature report gel 

formation from star block copolymers in comparison to linear block copolymers. 

4-arm PEG-b-PCL star block copolymers were reported to self-assemble into 

micelles in water and form thermoreversible hydrogels at concentrations above 10 

% w/v. Atomic force microscopy analyses were employed to image the 

morphology of aggregates, which showed a core-corona spherical structure with 

the micelle and a mountain-chain-like morphology with the gel that stemmed from 

the packing of worm-like micelle clusters.13 More recently, the physical, 

mechanical, and degradation properties of hydrogels of 8-arm star copolymer with 

PEO blocks of 4000 and 20,000 g/mol and PCL blocks between 600 and 3500 
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g/mol were determined and compared to their linear analogs. Star block 

copolymers show better aqueous solubility and yield more homogeneous and 

transparent hydrogels. Also, increasing the PCL block length, as well as increasing 

the molecular weight, generally resulted in a larger gel window, a higher gel 

stiffness, and enhanced in vitro stability.14 

PEO-b-PCL star block copolymers have mainly been used for the preparation 

of micelles to deliver pharmaceutical and biological drugs as well as for the design 

of imaging agents;15 however, the formation of hydrogels from star block 

copolymers has been much less reported. In the present Chapter, 3 and 4-arm PEO-

b-PCL star block copolymers were synthesized. Their gel formation was studied 

and compared to their linear analogs having the same PEO and PCL block 

molecular weights. PEO and PCL molecular weight were selected to be between 

1000 and 2000 as this Mw range has been reported to yield thermoreversible 

gelation for linear PEO-b-PCL block copolymers. When the PEO block is too 

large, the aggregation of micelles is hampered, whereas the increase of the PCL 

block results in poor solubility of the copolymer in water.10,16–18 The control of 

phase transitions associated with gel formation, crystallization and melting of PEO 

and PCL blocks was studied in detail. In fact, crystallinity-induced gelation in 

water can be employed to tune gelation properties and control bulk mechanical 

properties for hydrogels obtained from triblock copolymers with crystallizable 

hydrophobic blocks,19,20 brush copolymers with crystalline side chains,21,22 as well 

as for semicrystalline polymers such as polyvinyl alcohol.23 The occurrence of 

crystallization within hydrogel networks obtained from block and random 

copolymers has been employed as a strategy in 3D extrusion (bio) printing to 

improve the stability and mechanical strengths of the hydrogel networks, hence 

improving the construction of 3D printed hydrogel structures.24,25 Hence, the 

viscoelastic properties associated with gel formation were determined to tune the 

use of copolymers as biomaterial inks for 3D extrusion printing. In particular, we 

provide proof-of-concept of the feasibility of using 4-arm PEO-b-PCL block 

copolymers for direct ink printing as sacrificial biomaterial inks, which to the best 

of our knowledge, has not been reported before. 
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6.2. Experimental Part 

6.2.1. Materials 

Methanol (MeOH), tetrahydrofuran (THF), dichloromethane (DCM), ethyl 

acetate (EtOAc) and diethyl ether (Et2O) were purchased from VWR Chemicals 

(HiPerSolv Chromanorm). 1,4-dioxane (anhydrous, >99.9 %), tert-

butyliminotris(dimethylamino)phosphorane (t-BuP1), 1-tert-butyl-2,2,4,4,4-

pentakis(dimethylamino)2λ5,4λ5catenadi(phosphazene) (t-BuP2) (2 M solution in 

THF), benzoic acid (99.5 %), calcium hydride (CaH2, 95 %), triethylborane (Et3B) 

in THF (1 M), and trifluoroacetic acid (TFAA) were purchased from Sigma-

Aldrich and used as received. THF was refluxed over sodium/benzophenone 

before use. ε-caprolactone (CL, 99 %) from Sigma-Aldrich was distilled twice over 

CaH2 under a dynamic vacuum. Trimethylolpropane (TMOP, >99 %) and 

di(trimethylolpropane) (DTMOP, 97 %) were recrystallized from EtOAc three 

times, dissolved in anhydrous 1,4-dioxane, cryo-evaporating the 1,4-dioxane, 

followed by drying under vacuum overnight. All monomers, solvents, and 

catalysts for polymerizations were stored under argon (Ar) in a glove box 

(LABmasterproSP, MBraun, Germany). 

6.2.2. Synthesis of linear triblock copolymers, 3-arm and 4-arm star block 

copolymers 

For the linear polymer samples, size exclusion chromatography (SEC) 

measurements equipped with a refractive index (RI) detector were conducted in 

THF at 35 ºC using two identical PLgel MIXED-C columns (5 m) at a flow rate 

of 1.0 mL min-1 [(poly(ethylene oxide) standards were used to calibrate SEC for 

PEO samples and polystyrene standards for other samples]. 1H-NMR was 

performed on a Bruker 500 MHz NMR spectrometer. CDCl3 was used as a solvent, 

and the testing temperature was set to 25 ºC. 
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a. Linear PCL2-b-PEO2-b-PCL2 

6 mL difunctional initiator (H2O, 3.0 mmol, 0.5 M in THF), 40 L t-BuP1 

(0.15 mmol), 450 L Et3B (0.45 mmol) and 20.7 mL THF was mixed in a Schlenk 

flask under Ar atmosphere. The Schlenk flask was connected to a vacuum line, and 

6.8 mL predried ethylene oxide (136.2 mmol) were slowly condensed into the flask 

at 0 ºC. The flask was kept stirring at RT until it turned to be a white solid (~6 h). 

The solid was heated to melt, and half of it was taken out, dissolved in a small 

amount of THF, and precipitated in diethyl ether two times before being dried 

under vacuum at 40 ºC overnight. 5.8 mL -caprolactone (52.6 mmol) and 225 L 

t-BuP2 (0.45 mmol, 2 M in THF) were added to the remaining living polymer 

before stirring at RT until it became a white solid. The resultant polymer was 

precipitated in the mixture of diethyl ether and methanol (7:3, v/v) before being 

dried under vacuum at 40 ºC overnight. 

b. Three arms copolymer (PEO2-b-PCL2)3 

825 mg of trifunctional initiator (trimethylolpropane [TMOP], 6.15 mmol), 

144 mg t-BuP1 (0.615 mmol), 1.85 mL Et3B (1.85 mmol) and 70 mL THF were 

mixed in a Schlenk flask under Ar atmosphere. The Schlenk flask was connected 

to a vacuum line, and 14 mL predried ethylene oxide (280 mmol) were slowly 

condensed into the flask at 0 ºC. The flask was kept under stirring at 40 ºC for 12 

h. Half of the reaction mixture was removed, dissolved in a small amount of THF, 

and precipitated in diethyl ether twice before being dried under vacuum at 40 ºC 

overnight. 6.2 mL of -caprolactone (52.6 mmol) and 0.46 mL t-BuP2 (0.923 

mmol, 2 M in THF) were added to the remaining living polymer before stirring at 

RT until it became a white solid. The resulting polymer was precipitated in the 

mixture of diethyl ether and methanol (7:3, v/v) before being dried under vacuum 

at 40 ºC overnight. 
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c. Four arms copolymer (PEO2-b-PCL2)4 

1.52 g of tetrafunctional initiator {di(trimethylolpropane) [DTMOP], 6.08 

mmol}, 143 mg t-BuP1 (0.608 mmol), 1.82 mL Et3B (1.82 mmol) and 70 mL THF 

were mixed in a Schlenk flask under Ar atmosphere. The Schlenk flask was 

connected to a vacuum line, and 14 mL of predried ethylene oxide (280 mmol) 

werw slowly condensed into the flask at 0 ºC. The flask was kept under stirring at 

40 ºC for 12 h. Half of the reaction mixture was removed, dissolved in a small 

amount of THF, and precipitated in diethyl ether twice before being dried under 

vacuum at 40 ºC overnight. 6.1 mL -caprolactone (54.7 mmol) and 0.46 mL t-

BuP2 (0.923 mmol, 2 M in THF) were added to the remaining living polymer 

before stirring at RT until it became a white solid. The resulting polymer was 

precipitated in the mixture of diethyl ether and methanol (7:3, v/v) before being 

dried under vacuum at 40 ºC overnight. 

6.2.3. Phase diagram determination 

All block copolymers were dissolved in water at concentrations from 15 to 40 

% w/v in a silicone bath maintained at 80 ºC for 30 min under magnetic stirring. 

Then, they were cooled in ice water for 10 min. Phase diagrams were determined 

via inverted vial tests and rheology. For inverted vial tests, polymer aqueous 

solutions in vials were placed in a Julabo ED cryostat (Julabo GmbH, Germany) 

at an initial temperature of 10 ºC. The heating rate was set at 2 min/ºC from 10 to 

80 ºC. The samples were inspected for the formation of a stable gel (transparent 

and cloudy), which is determined by the inverted vial test as the point at which the 

sample does not flow upon tube inversion. The criterion to define the sol-gel phase 

transition was given by the temperature at which the vial was inverted 180º, and 

no flow of the sample was observed for 10 seconds. All gel samples were kept in 

the fridge after the measurements. 

Oscillatory temperature sweeps were measured in an AR-G2 rheometer (TA 

Instruments, USA) using a 20 mm plate-plate geometry in the temperature range 

between 5-90 ºC at a heating rate of 2 ºC/min. The tests were carried out at a 
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constant strain of 0.5 % located within the region of linear viscoelasticity. The 

results were analyzed with the TRIOS software from TA Instruments. 

6.2.4. Differential Scanning Calorimetry (DSC) 

Thermal transitions of the gels were studied through DSC experiments carried 

out in a DSC 8000 (PerkinElmer, USA) equipped with an Intracooler II, using 

special liquid pans for gels measurements and standard aluminum pans for samples 

in bulk. The experimental protocol for the gels (15-25 mg) was the following: i) 

1st heating from room temperature to 85 ºC, ii) cooling from 85 to 5 ºC, and iii) 2nd 

heating from 5 to 85 ºC. All gel samples were measured at a 2 ºC/min scanning 

rate. Measurements with the samples in bulk (5-7 mg) were performed at 20 

ºC/min as indicated: i) cooling from 90 to -30 ºC, and ii) heating from -30 to 90 

ºC. 

6.2.5. Polarized Light Optical Microscopy (PLOM) 

An Olympus BX51 polarized light optical microscope was employed to 

analyze the crystalline morphology of the samples in the gel form and in bulk. A 

Linkam THMS600 hot stage with liquid N2 was used for accurate temperature 

control, and an Olympus SC50 camera was used to obtain images. 

Films were prepared by melting the samples in a glass slide covered by a glass 

coverslip. Cooling rates of 2 and 20 ºC/min (for gels and materials in bulk, 

respectively) were employed to analyze morphological changes. 

6.2.6. Small Angle and Wide Angle X-ray Scattering (SAXS/WAXS) 

Non-isothermal simultaneous in situ SAXS/WAXS experiments were carried 

out at the ALBA Synchrotron Radiation Facility (Barcelona, Spain) at the 

beamline BL11 NCD-SWEET. DSC pans were employed as holders for 

copolymers in bulk, whereas hydrogels were placed inside glass capillaries. A 

THMS 600 Linkam (Linkam Scientific Instruments, UK) hot-stage device coupled 

to a liquid nitrogen cooling system was employed for the heating and cooling scans 
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of the samples. The non-isothermal protocol was as follows: i) heating from room 

temperature to the melt at 20 ºC/min (in the case of bulk copolymers) and at 2 

ºC/min (in the case of gels) and ii) cooling from the melt to -20 ºC (bulk 

copolymers) and to 5 ºC (gel samples) at the same rates, while SAXS/WAXS data 

were collected simultaneously.  

The X-ray energy source amounted to 12.0 keV using a channel cut Si (1 1 1) 

monochromator (λ = 1.03 Å). For the SAXS setup, the distance between the sample 

and the detector (Pilatus 1 M detector, Dectris Ltd, Switzerland, with a resolution 

of 3070 × 3070 pixels, pixel size of 102 µm2) was 3652 mm with a tilt angle of 0º. 

Calibration was performed with silver behenate. Regarding WAXS configuration, 

a distance of 97.5 mm was used between the sample and the detector, with a tilt 

angle of 21.2º. Chromium (III) oxide was employed for calibration, using a 

Rayonix LX255-HS detector (Rayonix L.L.C., USA), with a resolution of 1920 × 

5760 pixels; the pixel size was 44 µm2. Scattering intensity as a function of the 

scattering vector, q = 4πꞏsinθꞏλ−1 data are obtained, where λ is the X-ray 

wavelength, and 2θ is the scattering angle. 

6.2.7. 3D extrusion printing of the hydrogels 

Rheological properties were determined for selected compositions of the 

hydrogels to assess their printability. Two types of experiments were carried out 

in an AR-G2 rheometer (TA Instruments, USA): i) a frequency sweep from 10 to 

0.01 Hz at a constant strain of 0.5 % to determine the elastic moduli and ii) 

consecutive time sweeps at 0.1 and 100 % strain to determine recovery of the 

elastic moduli. 

Hydrogels were subjected to 3D extrusion printing tests in an adapted filament 

Creality Ender 3.26 A first test was carried out to define the printing conditions 

where the pressure was varied from 0.6 to 1.8 bar. For the stacking test, cylinders 

with diameters (12 and 16 mm) were defined with a fill distance between lines of 

1 mm. Printed structures were visualized through scanning electron microscopy 

analysis performed on a PHILIPS XL30 ESEM (Koninklijke Philips N.V., 
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Netherlands) unit operated at 25 kV. The samples, previously frozen in a 

refrigerator and lyophilized for 24 h, were prepared by the gold coating technique 

using a Thermo VG Scientific Polaron SC7640 Sputter Coater (Quorum 

Technologies, UK) power supply in direct current at 1 kV, applying vacuum. 

To determine the ability of hydrogels to be employed as sacrificial biomaterial 

inks, dissolution tests were carried out in the water at 37 ºC, where the mass loss 

was recorded at specific times. Then, two hydrogels were printed simultaneously 

with a coaxial nozzle (0.8 mm internal diameter, 2 mm external diameter) into a 

calcium chloride CaCl2 solution (200 mM). A medium viscosity alginate hydrogel 

at 8 % w/v that crosslinks with the CaCl2 solution was printed as the outer layer, 

whereas selected compositions of the 4-arm star copolymers were printed as the 

inner part.  
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6.3. Results and Discussion 

6.3.1. Synthesis of the copolymers 

The linear triblock copolymers and the 3- and 4-arm star block copolymers 

(Figure 6.1) were synthesized according to previous reports.27,28 The molecular 

characteristics of the resulting copolymers are summarized in Table 6.1. The 

details of the experimental procedures and molecular characterization (1H-NMR 

spectra, SEC traces, and MALDI-TOF spectra) are presented in Figures 6.2–6.9. 

 

Figure 6.1. Schematic representation of the synthesis of linear triblock copolymer 

PCL-b-PEO-b-PCL, and 3-arm and 4-arm star block copolymers (PEO-b-PCL)x. 
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Table 6.1. Molecular characteristics of the studied copolymers. 

Sample Mn (g/mol)  Mn, SEC 

(PEO)a 

Mn, NMR 

(PEO)b 

Mn, MALDI-

TOF (PEO)c 

PEO/PCLd 

Linear copolymers      

PCL1-b-PEO1.2-b-PCL1 1k – 1.2k – 1k 1.1 1.2 1.2 0.6 
PCL2-b-PEO2.1-b-PCL2 2k – 2.1k – 2k 1.9 2.1 2.2 0.53 

3-arm star copolymers      

(PEO1.1-b-PCL0.5)3 (1.2k – 0.5k)3 3.1 3.6  2.4 

(PEO2.9-b-PCL1)3 (4.1k – 1.4k)3 6.8 12.3  2.9 

4-arm star copolymers      

(PEO1.2-b-PCL1)4 (1.2k – 1k)4 4.6 4.8  1.2 

(PEO2.5-b-PCL1.4)4 (2.5k – 1.4k)4 8.6 10  1.8 
a Molecular weight by SEC (DMF, 40 ºC, PEO standards). b Molecular weight by 1H-NMR (500 

MHz, CDCl3, 25 ºC) and c MALDI-TOF MS. d PEO/PCL mole fraction by 1H-NMR. 

 

 

Figure 6.2. SEC traces (DMF, 40 ºC, PEO standards) and 1H-NMR spectra (500 

MHz, CDCl3, 25 ºC) of: a) PEO1.2, and b) PCL1-b-PEO1.2-b-PCL1 linear triblock 

copolymer. 
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Figure 6.3. 1H-NMR spectrum of (PEO1.1-b-PCL0.5)3 star block copolymer (500 

MHz, CDCl3, 25 ºC). * denotes an unknown impurity. 

 

 

 

 

Figure 6.4. 1H-NMR spectrum of (PEO2.9-b-PCL1)3 star block copolymer (500 

MHz, CDCl3, 25 ºC). ǂ denotes the residual solvent. * denotes an unknown 

impurity. 
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Figure 6.5. 1H-NMR spectrum of (PEO1.2-b-PCL1)4 star block copolymer (500 

MHz, CDCl3, 25 ºC). ǂ denotes the residual solvent. 

 

 

 

Figure 6.6. 1H-NMR spectrum of (PEO2.5-b-PCL1.4)4 star block copolymer (500 

MHz, CDCl3, 25 ºC). ǂ denotes the residual solvent. 
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Figure 6.7. SEC traces of 3-arm star block block copolymers: a) (PEO1.1-b-

PCL0.5)3, and b) (PEO2.9-b-PCL1)3 (THF, 35 ºC, PS standards). 

 

 

 
Figure 6.8. SEC traces of 4-arm star block copolymers: a) (PEO1.2-b-PCL1)4, and 

b) (PEO2.5-b-PCL1.4)4 (THF, 35 ºC, PS standards). 
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Figure 6.9. MALDI-TOF spectra of PEO precursors: a) PEO2.1, and b) (PEO2.5)4. 

6.3.2. Determination of phase diagrams  

To determine the phase diagram (temperature vs. concentration) 

corresponding to the aqueous solutions of the triblock copolymers under study and 

to evaluate the dependence of gel formation on the molecular topology, inverted 

vial tests were performed for aqueous solutions of polymer concentrations between 

15 and 40 % w/v and at temperatures ranging from 10 to 80 ºC. The results are 

shown in Figure 6.10a.  

Linear block copolymers, PCL1-b-PEO1.2-b-PCL1 and PCL2-b-PEO2.1-b-

PCL2, exhibit a thermoreversible behavior with a sol-gel-sol phase transition (Tsol-

gel-sol) for copolymer concentrations in the range of 15-30 % w/v. The Tsol-gel of 

PCL1-b-PEO1.2-b-PCL1 decreases with increasing copolymer concentration from 

34 to 31 ºC, whereas the Tgel-sol increases with concentration from 49 to 54 ºC. For 

the PCL2-b-PEO2.1-b-PCL2 copolymer, the Tsol-gel decreases with increasing 
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copolymer concentration from 64 to 52 ºC, and the Tgel-sol increases with copolymer 

concentration from 74 to 80 ºC. The gel window is shifted to lower polymer 

concentration and higher temperatures with the increase of Mw of the PEO and 

PCL blocks at the same PEO/PCL ratio, as reported in similar studies.11 

As to the 4-arm star copolymers, hydrogel formation was observed upon 

cooling to 0 ºC, aqueous solutions at polymer concentrations above 15 % w/v. For 

both samples, (PEO1.2-b-PCL1)4 and (PEO2.5-b-PCL1.4)4, only one Tgel-sol transition 

temperature (gel melting transition) is obtained that increases with polymer 

concentration. Such increase with increasing polymer concentration has been 

widely reported for linear and star block copolymers. It is associated with the 

formation of a larger number of micelles and bigger aggregates that yields more 

intense physical interactions in the resulting hydrogels.14,16 

 

Figure 6.10. a) Sol-gel transition phase diagrams of block copolymers under 

study: ♦ PCL1-b-PEO1.2-b-PCL1, ■ PCL2-b-PEO2.1-b-PCL2,▼ (PEO1.2-b-PCL1)4, 

● (PEO2.5-b-PCL1.4)4. 3-arm star copolymers did not show gel formation, and 

therefore they are not represented. Macroscopic appearance of the hydrogels at 30 

% w/v: b) PCL1-b-PEO1.2-b-PCL1, c) PCL2-b-PEO2.1-b-PCL2, d) (PEO1.1-b-

PCL0.5)3, e) (PEO2.9-b-PCL1)3, f) (PEO1.2-b-PCL1)4 and, g) (PEO2.5-b-PCL1.4)4. 

Note that solutions at 30 % w/v from 3-arm star block copolymers do not form 

hydrogels, remaining as transparent/translucent aqueous solutions. 

It is important to note that at polymer concentrations below 25 % w/v, the 

Tgel-sol temperatures are higher for (PEO1.2-b-PCL1)4 hydrogels than those 
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corresponding to (PEO2.5-b-PCL1.4)4 hydrogels, which could be attributed to their 

lower total molecular weight. A shorter block length is expected to produce a 

smaller inter-micellar space, which should favor lattice structures with a lower 

coordination number and thus increase the stability of the gel phase with 

temperature.29 

For linear block copolymers, it has been reported that an increase in total 

molecular weight causes the gel phase window to shift to higher temperatures. In 

contrast, the gel phase window shift observed in 4-arm star copolymers could be 

associated with an increase in the molecular weight of the hydrophilic PEO block 

in (PEO2.5-b-PCL1.4)4.11,30 At this point, it is important to note that only hydrogels 

obtained from the (PEO1.2-b-PCL1)4 sample were transparent whereas the rest of 

the hydrogels were opaque (see Figure 6.10b-g). 

Aqueous solutions of (PEO2.9-b-PCL1)3 and (PEO1.1-b-PCL0.5)3 3-arm star 

copolymers did not form hydrogels at any concentration and temperature, 

remaining as transparent/translucent aqueous solutions (see Figure 6.10d-e), and 

hence they are not represented in Figure 6.10a. To explain these results, besides 

the molecular weight of each block, it is important to take into account that for 

amphiphilic diblock and triblock copolymers, the hydrophilic-hydrophobic ratio 

has been reported to be one of the main factors affecting mobility, the strength of 

physical interactions and the mechanism for micelle packing.31 For our study, gel 

formation upon heating is favored for linear copolymers that present the lowest 

PEO/PCL ratio (~0.6), being the 3-arm star block copolymers that did not form 

hydrogels, the two samples that presented the highest PEO/PCL ratio (~2.2). 

Hence, the absence of gel formation in aqueous solutions of 3-arm star block 

copolymers could be associated with the synergy between the high proportion of 

the PEO hydrophilic blocks with respect to the hydrophobic PCL blocks and the 

decrease in the number of branches compared to 4-arm star block copolymers. 

Both factors possibly decreased the ability of the copolymer to form strong enough 

hydrophobic interactions to stabilize the gel phase.9,32 
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The behavior of the aqueous solutions of the 3-arm star copolymers, as 

observed in Figure 6.10d-e, and the lack of gel formation prevented any further 

study of these materials. The rest of the tests regarding gels were conducted 

exclusively with the linear and 4-arm star copolymers. 

Phase diagrams obtained through inverted vial tests were further confirmed 

via oscillatory temperature sweeps, as shown in Figure 6.11. Gel formation for 

linear triblock copolymers is accompanied by an abrupt change in the storage (G') 

and the loss (G'') moduli, depicted as a function of temperature in Figure 6.11a. 

The temperature sweep corresponding to the PCL2-b-PEO2.1-b-PCL2 (20 % w/v) 

sample shows an abrupt increase in G' starting at 47 ºC –corresponding to the sol-

to-gel transition (Tsol-gel)–, followed by a decrease in both moduli at 78 ºC due to 

the gel-to-sol transition (Tgel-sol). For the PCL1-b-PEO1.2-b-PCL1 (20 % w/v) 

copolymer, gel formation was recorded upon cooling from 70 ºC, as an increase in 

G' and G'' occurs at 58 ºC caused by the sol-to-gel transition. It is important to note 

that gel-to-sol transition occurring at 30 ºC could not be measured by this 

technique. The gel phase window is located between 50 and 75 ºC for the PCL2-b-

PEO2.1-b-PCL2 (20 % w/v) sample and shifts to lower temperatures for the PCL1-

b-PEO1.2-b-PCL1 (20 % w/v) sample. Hence, the results confirm that at the same 

PEO/PCL ratio, gel formation is favored for samples with lower molecular weight 

of the PEO and PCL blocks, as shown through inverted vial tests. 

The temperature sweeps corresponding to (PEO1.2-b-PCL1)4 and (PEO2.5-b-

PCL1.4)4 4-arm star block copolymers are shown in Figure 6.11b. Both samples, 

measured at polymer concentrations of 20 and 30 % w/v, are hydrogels formed 

upon cooling, as shown by the fact that G' is higher than G'' at temperatures below 

20 ºC. As temperature increases, G' and G'' gradually decrease until the Tgel-sol is 

reached (the Tgel-sol temperatures are marked as dashed lines in Figure 6.11b). The 

Tgel-sol is highly influenced by polymer concentration being ~50 ºC for hydrogels at 

20 % w/v and ~60 ºC for hydrogels at 30 % w/v.  
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Figure 6.11. Dynamic oscillatory temperature ramp experiments showing storage, 

G' (close) and loss, G'' (open) moduli corresponding to a) linear copolymers: ♦ 

PCL1-b-PEO1.2-b-PCL1 (20 % w/v), ■ PCL2-b-PEO2.1-b-PCL2 (20 % w/v) and b) 

4-arm star copolymers: ■ (PEO1.2-b-PCL1)4 (30 % w/v),▲(PEO1.2-b-PCL1)4 (20 % 

w/v), ● (PEO2.5-b-PCL1.4)4 (30 % w/v), ▼ (PEO2.5-b-PCL1.4)4 (20 % w/v). Dashed 

lines mark the Tgel-sol. 

The results are consistent with the phase diagrams obtained through inverted 

vial tests depicted in Figure 6.10a and confirm sol-gel-sol behavior for linear 

copolymers and only a gel-to-sol transition corresponding to gel melting for 4-arm 

star block copolymers.  

6.3.3. Structural organization and morphology of hydrogels as determined 

through DSC and synchrotron radiation SAXS 

Earlier reports in the literature showed that the crystallization of the 

hydrophobic PCL blocks occurs when aqueous solutions of triblock PCL-b-PEO-

b-PCL initially as a sol phase are left at room temperature for at least 1 h giving 

rise to the formation of opaque gels with reinforced mechanical properties with 

respect to “fresh” hydrogels.10 

To investigate the occurrence of crystallization in polymer hydrogels 

obtained from linear and 4-arm star block copolymers, the thermal transitions of 

bulk copolymers determined by DSC were compared to those obtained for gels (30 

% w/v composition), and the results are shown in Figure 6.12. For comparison 

purposes, all DSC experiments were carried out at a rate of 2 ºC/min. It is important 
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to note that thermal transitions corresponding to the hydrogels could not be 

observed when DSC experiments were performed at higher scan rates.  

 

Figure 6.12. DSC cooling and 2nd heating scans at 2 ºC/min in a) bulk samples 

and b) gel samples (30 % w/v) for — PCL1-b-PEO1.2-b-PCL1, — PCL2-b-PEO2.1-

b-PCL2, — (PEO1.2-b-PCL1)4, — (PEO2.5-b-PCL1.4)4. The DSC traces are 

normalized by the mass of the polymer present in the samples. 

In bulk, the PCL1-b-PEO1.2-b-PCL1 linear copolymer shows a single 

crystallization peak at 18.8 ºC (although it also shows a shoulder at the 

crystallization onset at around 25 ºC) with two endothermic peaks at 32.7 and 38.7 

ºC, both attributed to the melting of PCL blocks crystals (Figure 6.12a, red curves). 

The in-situ corresponding WAXS measurements performed at 20 ºC/min are 

shown in Figure 6.13a, where the presence of the PCL reflections (PCL110 at 15.1 

nm-1 and PCL200 at 16.7 nm-1) revealed that the crystallization of the PCL block 

started at 22 ºC during cooling from the melt. PEO block characteristic reflections 

are first detected at 15 and -14 ºC, as evidenced by the appearance of very small 

intensity peaks attributed to the PEO120 and PEO032/112/132/212 reflections, which 

were observed at 13.8 and 16.3 nm-1, respectively.33 Given the extreme differences 

between the WAXS intensities corresponding to the PCL and PEO reflections, it 

can be deduced that in this PCL1-b-PEO1.2-b-PCL1 triblock copolymer, as the PCL 
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block crystallizes first (with a PCL/PEO ratio of 1.66), it severely restricts the 

crystallization of the short PEO blocks. This is why the two endothermic peaks in 

Figure 6.12a for this copolymer are assigned to the melting of PCL blocks crystals, 

in which the melting of folded (low melting peak) and extended chains (high 

melting peak) lamellar crystals can account for the two melting transitions. It has 

been recently shown that PCL chains start to fold at Mn = 2000 g/mol.34 

 

Figure 6.13. WAXS results obtained during the cooling process at 20 ºC/min for 

the copolymers in bulk: a) PCL1-b-PEO1.2-b-PCL1, b) PCL2-b-PEO2.1-b-PCL2, c) 

(PEO1.2-b-PCL1)4 and d) (PEO2.5-b-PCL1.4)4, showing the characteristic reflections 

of the PCL block in blue (PCL110 at 15.1 nm-1 and PCL200 at 16.7 nm-1) and the 

PEO block in red (PEO120 at 13.8 nm-1 and PEO032/112/132/212 at 16.4 nm-1). 
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The PCL2-b-PEO2.1-b-PCL2 linear triblock copolymer (Figure 6.12a, black 

curves) showed two crystallization exotherms, at 30.1 and 18.1 ºC, corresponding 

to the crystallization of the PCL blocks and the PEO block, respectively. This was 

confirmed by WAXS results (Figure 6.13b), where the presence of the PCL110
 and 

PCL200 reflections revealed that crystallization of the PCL blocks started at 22 ºC, 

whereas the crystallization of the PEO block began at 4 ºC, as evidenced by the 

appearance of the peaks attributed to the PEO110 and PEO032/112/132/212 reflections. 

The differences in the crystallization temperatures detected by WAXS and DSC 

are due to the differences in scanning rates. Figure 6.14 shows DSC traces for the 

bulk materials at 20 ºC/min, for comparison purposes. Regardless of the 

quantitative differences in Tc values due to different cooling rates, the fact remains 

that the PCL blocks crystallized first and to a larger extent (as judged by the WAXS 

signals relative intensities) than the PEO block. Also, in DSC, the crystallization 

enthalpy for the PCL blocks is much higher than that of the PEO block, as shown 

in Table 6.2 for the materials in bulk measured at 20 ºC/min, and in Table 6.3 for 

the experiments measured at 2 ºC/min. The subsequent DSC heating scan showed 

a first very small endothermic transition at 32.7 ºC attributed to the melting of the 

PEO block crystals, followed by two larger melting peaks at 48.3 and 53.3 ºC 

corresponding to the melting of PCL block crystals.  

Table 6.2. DSC cooling and heating thermal transitions of the linear and 4-arm 

star block copolymers, measured in bulk at 20 ºC/min. Total enthalpies are 

provided when transitions are overlapped.  

Sample 
Tc, peak [ºC] 

PCL or PEO 
ΔHc [J/g] 

Tm, peak [ºC] 

PCL or PEO 
ΔHm [J/g] 

PCL1-b-PEO1.2-b-PCL1 9.1 48.8 9.0; 31.3/38.1 1.3; 49.3 

PCL2-b-PEO2.1-b-PCL2 7.6/16.8 60.6 33.4; 43.4/49.7 11.2; 45.1 

(PEO1.2-b-PCL1)4 4.9; 13.7 63.5 24.3; 42.0 63.1 

(PEO2.5-b-PCL1.4)4 1.5; 16.1 72.7 40.3; 46.7 79.8 
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Table 6.3. DSC cooling and heating thermal transitions of the linear and 4-arm 

star copolymers, measured in bulk and in 30 % w/v gels at 2 ºC/min. Total 

enthalpies are provided when transitions are overlapped.  

 
Sample 

state 

Tc, peak [ºC] 

PCL or PEO 

ΔHc 

[J/g] 

Tm, peak [ºC] 

PCL or PEO 

ΔHm 

[J/g] 

PCL1-b-PEO1.2-b-PCL1 
Bulk 18.8 50.2 32.7; 38.7 

25.5; 
23.4 

Gel 30 % 
w/v 

17.3 60.1 33.9; 40.5 
24.4; 
30.2 

PCL2-b-PEO2.1-b-PCL2 
Bulk 18.1; 30.1 

12.9; 
44.8 

32.7;  
48.3/53.3 

9.2;  
23.1/19.3 

Gel 30 % 
w/v 

35.3 41.6 50.4; 54.2 
24.3; 
14.2 

(PEO1.2-b-PCL1)4 
Bulk 

7.0/10.1; 
29.3 

16.2; 
30.2 

23.7; 39.4/ 
46.3/50.7 

14.2; 
33.5 

Gel 30 % 
w/v 

20.6; 28.6 46.6 
31.4/36.9; 
47.1/51.6 

0.9/1.4; 
15.3/0.3 

(PEO2.5-b-PCL1.4)4 Bulk 22.9; 32.0 
17.8; 
37.1 

29.5/33.5;  
50.9 

15.1; 
40.3 

 Gel 30 % 
w/v 

19.5; 28.2 
29.2; 
23.7 

28.8; 51.0 
28.3; 
17.0 

Regarding the 4-arm star block copolymers, the bulk (PEO1.2-b-PCL1)4 

exhibits two main crystallization exotherms during cooling from the melt: a first 

peak at 29.3 ºC corresponding to the crystallization of the PCL blocks and a second 

bimodal peak at 10.1 and 7.0 ºC that can be attributed to the crystallization of the 

PEO blocks (Figure 6.12a, blue curves). WAXS results confirmed this 

crystallization behaviour, since the presence of the PCL110 and PCL200 reflections 

evidenced that the PCL blocks were the first blocks to crystallize (18 ºC), whereas 

the PEO block did it at lower temperatures (12 ºC) (Figure 6.13c). The subsequent 

DSC heating scans show a very complex set of thermal transitions upon increasing 

temperature. First, there is a very small melting peak at 23.7 ºC, assigned to the 

melting of the PEO blocks crystals. Then there is a broad and small cold-

crystallization shallow exotherm possibly due to additional PCL block 

crystallization during the scan. Then there are three consecutive endothermic peaks 

at 39.4, 46.3 and 50.7 ºC that correspond to the melting of PCL blocks crystals. 
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Figure 6.14. DSC a) cooling and b) heating scans at 20 ºC/min for the copolymers 

in bulk — PCL1-b-PEO1.2-b-PCL1, — PCL2-b-PEO2.1-b-PCL2, — (PEO1.2-b-

PCL1)4, — (PEO2.5-b-PCL1.4)4. 

The bulk (PEO2.5-b-PCL1.4)4 star block copolymer shows a well-defined large 

crystallization peak at 32.0 ºC upon cooling from the melt, corresponding to the 

crystallization of the PCL blocks (Figure 6.12a, green curves), and a small peak at 

lower temperatures (22.9 ºC), related to the crystallization of the PEO blocks. 

WAXS results confirmed this crystallization behaviour (Figure 6.13d), since the 

presence of the PCL110 and PCL200 reflections confirmed that the PCL block was 

the first block to crystallize (24 ºC), whereas the peaks ascribed to the PEO block 

appeared at lower temperatures (15 ºC). The subsequent DSC heating scans 

revealed some small endothermic transitions at 29.5 and 33.5 ºC, probably due to 

the melting of PEO block crystals, while the main endothermic event occurring at 

higher temperatures is due to the melting of the PCL blocks at 50.9 ºC.  

The final superstructural bulk morphology obtained by PLOM at 0 ºC of 

PCL1-b-PEO1.2-b-PCL1 and PCL2-b-PEO2.1-b-PCL2 linear triblock copolymers 

and (PEO1.2-b-PCL1)4 and (PEO2.5-b-PCL1.4)4 4-arm star block copolymers are 

shown in Figure 6.15, after cooling the samples at 20 ºC/min. All micrographs 

show very small spherulites. Since, in all cases, the PCL blocks are the first blocks 
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to crystallize in accordance with DSC results, small PCL spherulites are firstly 

formed. These PCL blocks spherulites can be considered templates within which 

the covalently bonded PEO blocks crystallize during finally forming in all cases, 

double crystalline spherulites, as we have demonstrated in previous works recently 

reviewed.35–37 

 

Figure 6.15. PLOM micrographs taken at 0 ºC after cooling the samples in bulk at 

20 ºC/min for a) PCL1-b-PEO1.2-b-PCL1, b) PCL2-b-PEO2.1-b-PCL2, c) (PEO1.2-b-

PCL1)4, and d) (PEO2.5-b-PCL1.4)4. 

Now we focus on the DSC results obtained for hydrogels (30 % w/v) shown 

in Figure 6.12b. The 30 % w/v hydrogel from the PCL1-b-PEO1.2-b-PCL1 triblock 

copolymer (Figure 6.12b, red curves) revealed a single exothermic peak located at 

17.3 ºC, attributed to the PCL blocks crystallization. The heating scan showed two 

endothermic events corresponding to the melting of the PCL blocks crystals at 33.9 

and 40.5 ºC (possibly due to the melting of folded and extended chains, 

respectively, as explained above for the same sample in bulk).  

The gel formed by the PCL2-b-PEO2.1-b-PCL2 triblock copolymer (Figure 

6.12b, black curves) showed a single exothermic peak assigned to the PCL blocks 
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crystallization at 35.3 ºC; and two melting peaks located at 50.4 and 54.2 ºC 

corresponding to the melting of the PCL crystals, paralleling the behavior of the 

bulk sample but without any signals that can be attributed to the PEO 

crystallization or melting. As PEO is soluble in water, it is expected that it remains 

dissolved in the gel aqueous continuous phase during the crystallization and 

melting of the hydrophobic PCL component. 

Regarding the hydrogels formed by the 4-arm star block copolymers, the gel 

from (PEO1.2-b-PCL1)4 (Figure 6.12b, blue curves) exhibited two exothermic 

peaks during cooling at 28.6 and 20.6 ºC, which could be assigned to the 

crystallization of the PCL and PEO blocks, respectively. In the subsequent DSC 

heating scan, this gel showed two bimodal endothermic peaks: the first one at 31.4 

and 36.9 ºC, which could correspond to the melting of the PEO blocks crystals, 

and a second one located at 47.1 and 51.6 ºC, due to the melting of PCL blocks 

crystals.  

The (PEO2.5-b-PCL1.4)4 hydrogel (Figure 6.12b, green curves) exhibited two 

exothermic peaks during cooling, one corresponding to the crystallization of the 

PCL blocks (28.2 ºC) and another one at lower temperatures, which was ascribed 

to the crystallization of the PEO blocks (19.5 ºC). During the subsequent heating, 

this hydrogel showed two distinct endothermic peaks due to the melting of PEO 

block crystals at 28.8 ºC, and the second one at higher temperatures, corresponding 

to the melting of the PCL blocks crystals at 51.0 ºC. The results corresponding to 

DSC cooling and heating scans shown in Figure 6.12 are summarized in Tables 

6.2 and 6.3.  

In general terms, the thermal transitions associated with PCL and PEO blocks 

crystallization and melting observed for 30 % w/v hydrogels of linear and 4-arm 

star copolymers were similar to those encountered for the same copolymers in 

bulk. For linear copolymers, only PCL block crystallization was detected in the 

DSC of the hydrogels. However, hydrogels from 4-arm star copolymers, did show 

crystallization and melting of both PEO and PCL blocks. This is an unexpected 
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behavior as PEO blocks are hydrophilic and water-soluble; therefore, no 

crystallization was expected for these blocks. It is possible that PEO block 

crystallization is occurring in the star block copolymers due to their peculiar 

topology, whereupon PCL blocks crystallization, the PEO blocks are partially 

shielded from the water phase and can therefore crystallize. Our results thus 

suggest that there should be differences in the micellar organization within the gels 

of linear and star block copolymers, and this aspect will be further evaluated by 

SAXS measurements.  

The morphology of the hydrogels formed from 30 % w/v aqueous solutions 

of the copolymers was also studied by PLOM and included in Figure 6.16. For the 

30 % w/v as-prepared hydrogels from the linear triblock copolymers, a birefringent 

superstructural morphology (resembling ill-defined spherulites) was observed 

(Figures 6.16a and 6.16c). After subsequent heating and cooling from 60 to 5 ºC, 

better-defined small spherulites (with Maltese crosses and a negative sign in the 

case of PCL1-b-PEO1.2-b-PCL1, see Figure 6.16b) could be observed (Figures 

6.16b and 6.16d), which should contain only PCL blocks lamellae. For the PCL1-

b-PEO1.2-b-PCL1 hydrogel, the appearance of spherulites was first seen at 29 ºC 

(after having been previously melted at 37 ºC), whereas the PCL2-b-PEO2.1-b-

PCL2 gel exhibited the first spherulites at 38 ºC (after having been previously 

melted at 49 ºC). In the case of the hydrogels prepared from the 4-arm star 

copolymers, the superstructural texture was too fine to be detected by PLOM at 5 

ºC (Figures 6.16e-f), indicating that these materials probably form sub-micron 

double crystalline spherulites, as in these cases, both PCL and PEO blocks can 

crystallize according to the DSC results of Figure 6.12b. 
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Figure 6.16. PLOM micrographs taken at 5 ºC after cooling the 30 % w/v at 2 

ºC/min for a) PCL1-b-PEO1.2-b-PCL1 (before heating/cooling steps), b) PCL1-b-

PEO1.2-b-PCL1, c) PCL2-b-PEO2.1-b-PCL2 (before heating/cooling steps), d) 

PCL2-b-PEO2.1-b-PCL2, e) (PEO1.2-b-PCL1)4, and f) (PEO2.5-b-PCL1.4)4. 

Synchrotron radiation SAXS constitutes a powerful tool to determine the 

self-assembly and network structure of polymer hydrogels.38,39 The results 

corresponding to 30 % w/v hydrogels of linear triblock copolymers are shown in 

Figures 6.17a and 6.17b. It must be noted that these experiments were performed 

on gel samples that had been prepared by previously cooling to 5 ºC and stored at 

that temperature for two months, before they were measured at the synchrotron 

during heating from 5 ºC until 80 ºC at 2 ºC/min. 

The SAXS profiles exhibit a broad scattering peak (denoted as P1 in the 

figure) located at q = 0.35 nm-1 for both PCL1-b-PEO1.2-b-PCL1 and PCL2-b-

PEO2.1-b-PCL2. In the case of PCL1-b-PEO1.2-b-PCL1, the correlation peak (P1) is 

more clear (in fact, it would seem that a second-order minor reflection, P2, can be 

observed at q = 0.71 nm-1) and substantially decreases with the temperature above 

35 ºC and at 42 ºC, it tends to disappear, coinciding with the end of the PCL block 

crystals melting (i.e., 43 ºC, see Figure 6.12b). For PCL2-b-PEO2.1-b-PCL2, the P1 

peak is less defined and broad (without any traces of a second-order peak) and 

tends to disappear at higher temperatures (above 51 ºC), also in agreement with 

the end of the PCL blocks melting endotherm in Figure 6.12b (i.e., 55 ºC), although 
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it is not as straightforward as in the case of the other gel formed by the PCL1-b-

PEO1.2-b-PCL1 sample. The position of the SAXS correlation peak (P1) 

corresponds to a long period of approximately 18.0 nm for both PCL1-b-PEO1.2-b-

PCL1 and PCL2-b-PEO2.1-b-PCL2 that reflects the average spacing between 

hydrophobic and semicrystalline aggregates formed by PCL domains. A possible 

schematic representation of the hydrogel microstructure is given in the inset of the 

figures in analogy with semicrystalline stereocomplexed physical hydrogels 

reported elsewhere.40 

 

Figure 6.17. SAXS diffractograms obtained during the heating at 2 ºC/min of the 

30 % w/v gels: a) PCL1-b-PEO1.2-b-PCL1, b) PCL2-b-PEO2.1-b-PCL2, c) (PEO1.2-

b-PCL1)4, and d) (PEO2.5-b-PCL1.4)4. 

As to star block copolymers, the 30 % w/v hydrogel from (PEO1.2-b-PCL1)4, 

shows a broad knee-like feature around q = 0.4 nm-1 (P1) in the SAXS scattering 

profile (Figure 6.17c) assigned to the long spacing L between crystalline domains 

of PCL that disappears at temperatures above 60 ºC in agreement with DSC results 

(Figure 6.12b). Interestingly, at temperatures above 60 ºC, two scattering peaks at 
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q = 0.38 nm-1 (P1) and q = 0.70 nm-1 (P2) are observed, which could be attributed 

to micellar ordering upon heating as it will be confirmed by SAXS experiments 

obtained during cooling discussed below. Figure 6.17d shows the scattering profile 

corresponding to the 30 % w/v hydrogel of (PEO2.5-b-PCL1.4)4. At 5 ºC, the 

scattering profile presents a broad scattering peak constituted by two overlapped 

peaks at q = 0.30 nm-1 (P1) and q = 0.32 nm-1 (P2) followed by a broad scattering 

peak at q ~0.5 nm-1 (P3). Upon heating to 28 ºC, the scattering peak at q = 0.30 nm-

1 corresponding to a long distance of 20.9 nm disappears, which is coincident with 

the melting point of the PEO blocks crystals shown by DSC (Figure 6.12b). The 

SAXS curves recorded in the temperature range from 28 to 51 ºC show the 

occurrence of two scattering peaks at approximately q = 0.32 nm-1 (P2) and q ~0.59 

nm-1 (P3), which could correspond to first and second-order diffraction peaks 

respectively. Both peaks disappear at temperatures above 51 ºC, and according to 

DSC results for this sample (Figure 6.12b), the melting temperature observed for 

PCL blocks crystals corresponds to 54 ºC. The results are reminiscent of the 

structure Kepola et al. proposed for a different block copolymer star network.41 In 

that system, self-assembly leads to a lamellar structure perpendicular to the sheets, 

which gives rise to a secondary assembly in water in which the hydrophobic cores 

in the micelles organize in 2D to produce lamellae.  

To shed further light into the microstructure of hydrogels from 4-arm star 

copolymers, SAXS diffractograms were recorded upon cooling of 30 % w/v 

aqueous solutions of (PEO1.2-b-PCL1)4, and (PEO2.5-b-PCL1.4)4, and the results are 

shown in Figure 6.18. Information about SAXS experiments performed on linear 

triblock copolymers is shown in Figure 6.19. The SAXS profiles show the 

occurrence of well-defined scattering peaks that can be attributed to the micellar 

organization and crystallization of the blocks within the gels. As is well known, as 

the concentration is increased in semidilute or concentrated block copolymer 

solutions, chains begin to overlap, and this can lead to the formation of a liquid 

crystalline phase such as a cubic phase of spherical micelles, a hexagonal phase of 

rodlike micelles, a lamellar phase or a bicontinuous cubic phase.42  
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The results obtained for the (PEO1.2-b-PCL1)4 gel (Figure 6.18a) show the 

appearance of two broad scattering peaks at 80 ºC located at q = 0.44 and q = 0.80 

nm-1, which could be attributed to micellar formation in analogy to the SAXS 

scattering curves obtained during heating where similar reflections appeared at 

temperatures above 60 ºC (Figure 6.17c). It is important to note that the sol-gel 

transition for this material is located at ~75 ºC as determined through inverted vial 

tests (Figure 6.10a), which would be consistent with the results obtained. At 50 ºC, 

the SAXS pattern in Figure 6.18a shows two reflections located at approximately 

q = 0.32 nm-1 (P1) and q = 0.60 nm-1 (P2), which could be interpreted as the 

formation of a lamellar morphology arising from the organization of the PCL 

hydrophobic cores in two dimensions, before crystallization. According to Figure 

6.12b, the PCL blocks start to crystallize below 35 ºC, and the two SAXS 

reflections slightly shift positions. Figures 6.17c and 6.18a do not show similar 

SAXS patterns at low temperatures (below 20 ºC), because even though they 

correspond to the same samples, they have different thermal histories. In the first 

case, the samples were stored at 5 ºC for several days before heating them (giving 

ample time for gel structuring and blocks crystallization to saturation) and in the 

second time, the samples were measured in situ during cooling from the sol state. 

 

Figure 6.18. SAXS diffractograms measured at 2 ºC/min during the cooling 

process for the 30 % w/v gels: a) (PEO1.2-b-PCL1)4, and b) (PEO2.5-b-PCL1.4)4. For 

easier visualization, scattering curves obtained at different temperatures have been 

vertically shifted. Dashed lines correspond to scattering peaks at 60 ºC whereas 

solid lines correspond to scattering peaks at 5 ºC (for the (PEO1.2-b-PCL1)4 sample) 

and 17 ºC (for the (PEO2.5-b-PCL1.4)4 sample).  
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The (PEO2.5-b-PCL1.4)4 30 % w/v aqueous solution (Figure 6.18b) shows a 

different scattering profile. At 80 ºC, no significant scattering was observed. 

However, upon cooling the solution, some ordering takes place. At lower 

temperatures, two peaks start to appear at q values of ~0.4 and ~0.6 nm-1, and shift 

towards lower q values when temperature decreases. Eventually, at 50 ºC two well-

defined reflections appeared at q = 0.34 nm-1 and q = 0.58 nm-1, which are 

progressively transformed in shape as temperature decreases, as new reflections 

appear on the left-hand side of each peak. The structure of the solution at 50 ºC 

does not seem to correspond to highly ordered lamellae, as the reflections are not 

in the expected ratio of 1:2:3:4. It may correspond to distorted or not very well 

ordered lamellae, as the reflections observed are broad, i.e., to a pseudo-lamellar 

structure. 

 

Figure 6.19. SAXS diffractograms measured at 2 ºC/min during the cooling 

process for the 30 % w/v gels from the linear triblock copolymers: a) PCL1-b-

PEO1.2-b-PCL1, and b) PCL2-b-PEO2.1-b-PCL2. 

At 45 ºC, a broad shoulder can be observed at q = 0.29 nm-1 (P1) in Figure 

6.18b that increases in intensity and shifts to lower q with the decrease in 

temperature. At the same time, a broad shoulder constituted of two overlapped 

peaks at q = 0.44 nm-1 (P2) and q = 0.53 nm-1 (P3) is observed within the same 

temperature range. The three peaks observed are in agreement with a hexagonal 

cylinder-like structure with the relative q-ratios 1:3:2. Once again, we note that 

the reflections are quite broad; hence the degree of ordering of these cylinders is 

not very high. A similar structure has been proposed for a 4-arm PEO-b-PPO star 
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block copolymer, where PPO self-assembly gives rise to micelles that combine 2D 

lamellar sheets into hexagonal cylindrical structures.43 Hence, our results suggest 

a thermally induced transition from a pseudo-lamellar structure to a hexagonal 

cylindrical structure upon cooling. DSC results in Figure 6.12b showed the 

occurrence of crystallization of the PCL blocks at temperatures below 35 ºC and 

of the PEO blocks at temperatures below 23 ºC. The fact that the PCL blocks 

crystallize first, followed by the PEO crystallization might be related to the 

thermally induced transition from pseudo-lamellar to hexagonal assembly 

observed for the (PEO2.5-b-PCL1.4) hydrogel and points to an influence of the 

crystallinity of the PEO and the PCL blocks on the micellar arrangement on the 

hydrogel. A schematic and highly idealized representation of the structure 

proposed for the hydrogels of 4-arm star block copolymers is shown in Figure 6.20. 

More experiments are currently in progress to further elucidate the micellar 

organization of the linear and star block copolymers in dilute solutions. 

 

Figure 6.20. Schematic structure corresponding to 30 % w/v hydrogels of (PEO1.2-

b-PCL1)4, and (PEO2.5-b-PCL1.4)4 where it can be observed how PCL cores 

organize into a 2D lamellar structures. For sample (PEO2.5-b-PCL1.4)4, a thermally 

induced transition at temperatures below 45 ºC is observed, the PCL polymer 

blocks assemble adjacent lamellas in cylinder-like PCL domains, which organize 

themselves perpendicular to the sheets in a hexagonal pattern.  
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6.3.4. 3D extrusion printing of 4-arm star block copolymers. Proof-of-concept 

of their employment as sacrificial biomaterial inks 

3D extrusion printing is based on the design of prototypes through the 

deposition of a material layer by layer. It is a technology widely employed in 

biomedicine to manufacture polymer scaffolds for tissue engineering. To that aim, 

hydrogels are used as biomaterial inks that can be smoothly extruded and deposited 

on a surface giving rise to polymer scaffolds with high shape fidelity. However, 

their swelling after being extruded, their lower mechanical resistance, and the 

difficulty in generating hollow structures remain a current challenge for their 

employment in 3D extrusion (bio)printing. To that aim, sacrificial biomaterial inks 

with suitable mechanical properties and a rapid degradation profile can be 

employed to provide mechanical support and improve the printability of 

multicomponent biomaterial inks. Sacrificial inks can be eliminated through 

simple dissolution in physiological conditions, hence facilitating the formation of 

hollow tubular structures.44–49 

Taking into account that 4-arm star block copolymers are hydrogels at room 

temperature, as shown through inverted vial tests and rheological experiments 

shown in Figures 6.10a and 6.11b, they were further investigated for their potential 

employment as biomaterial inks in 3D extrusion (bio)printing. Figure 6.21a shows 

the results of oscillatory rheological experiments that determined the gels storage 

moduli at room temperature as a function of frequency for 20 and 30 % w/v 

hydrogels. Except for the (PEO2.5-b-PCL1.4)4 sample at a polymer concentration of 

20 % w/v, all the samples presented the characteristic behaviour of a gel, where 

the elastic and the loss moduli were practically independent of the frequency, being 

G' higher than G'' over the entire tested frequency range. G' increased from 2700 

to 10,100 Pa for the (PEO1.2-b-PCL1)4 hydrogel when the polymer concentration 

increased from 20 to 30 % w/v. As to the hydrogels obtained from (PEO2.5-b-

PCL1.4)4, G' was 24000 Pa for a polymer concentration of 30 % w/v. At 20 % w/v, 

G' and G'' are very dependent on frequency even if G' was higher than G'', which 

is characteristic of a weak gel. From the results obtained, it is clear that the elastic 
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moduli are highly dependent on polymer concentration, which is a characteristic 

behaviour of physical hydrogels. 

Polymer hydrogels employed as biomaterial inks for 3D extrusion printing 

must exhibit shear thinning and self-healing properties that manifest in the 

instantaneous response of the gel modulus to changes in the applied strain.50 Cyclic 

shear-thinning experiments corresponding to 30 % w/v hydrogels from 4-arm star 

block copolymers, (PEO1.2-b-PCL1)4 and (PEO2.5-b-PCL1.4)4 are shown in Figure 

6.21b. In this experiment, gels were subjected to three cycles of low (0.1 %) and 

two cycles of high (100 %) strains for 200 s. Both hydrogels showed a marked 

decrease in G' moduli at high strains and immediate recovery at low strains for 

each cyclic test. The (PEO2.5-b-PCL1.4)4 sample , being a stronger gel, presents G' 

values of 31,000 and 3000 Pa at 0.1 % and 100 % strain, respectively, whereas for 

(PEO1.2-b-PCL1)4 G' decreases to 11000 and 1100 for 0.1 and 100 % strain, 

respectively. It is important to note that even if the sample (PEO2.5-b-PCL1.4)4 

presented a higher elastic modulus than the sample (PEO1.2-b-PCL1)4, it also 

exhibited higher mechanical hysteresis between strain cycles, losing 64 % of the 

initial value of G' when subjected to large strains, whereas the (PEO1.2-b-PCL1)4 

sample displayed minimal mechanical hysteresis between strain cycles. The results 

showed that both samples are suitable as biomaterial inks for 3D extrusion printing 

because they can be extruded during printing and maintain sufficient mechanical 

integrity necessary to support printed layers. 
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Figure 6.21. a) Dynamic oscillatory frequency sweep experiments showing 

storage, G' (close) and loss, G'' (open) moduli for: ■ (PEO1.2-b-PCL1)4 (30 % w/v), 

▲ (PEO1.2-b-PCL1)4 (20 % w/v), ● (PEO2.5-b-PCL1.4)4 (30 % w/v), ▼ (PEO2.5-b-

PCL1.4)4 (20 % w/v). The dashed rectangle remarks the G' and G'' values at 1 Hz. 

b) Cyclic shear-thinning experiment showing G' (close) and G'' (open) response 

and recovery to high (100 %) and low (0.1 %) oscillatory strains: ● (PEO1.2-b-

PCL1)4 (30 % w/v), ● (PEO2.5-b-PCL1.4)4 (30 % w/v). 

Next, the ability to obtain 3D printed structures from 4-arm star block 

copolymers was demonstrated through the extrusion of 30 % w/v hydrogels 

formed upon cooling (PEO1.2-b-PCL1.4)4 and (PEO2.5-b-PCL1.4)4 aqueous 

solutions. As can be observed in Figure 6.22a, cylindrical shape structures were 

obtained through the stacking of 5 layers (1.1 mm height) and 4 layers (0.8 mm 

height) for (PEO1.2-b-PCL1.4)4 and (PEO2.5-b-PCL1.4)4, respectively. The SEM 

images of lyophilized 3D printed structures (Figure 6.22b, right) confirmed that 

both samples stacked correctly in well-differentiated layers that preserved their 

shape over time after printing, where individual filaments were well-defined and 

showed a smooth surface with no porosity at the macroscale (Figure 6.22b, left). 

Further magnification of the images corresponding to individual filaments allowed 

to observe a porous morphology with pore size in the micron range (Figure 6.22b, 

right).  
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Figure 6.22. a) Extrusion-based printing setup (nozzle: conical; 1.2 mm inner 

diameter; speed: 1 mm/min; 1 mm layer height) (left) and printed structures 

showing 5-layer stacking scaffolds of 30 % w/v (PEO1.2-b-PCL1)4 hydrogels (right, 

up) and 6-layer stacking scaffolds of 30 % w/v (PEO2.5-b-PCL1.4)4 hydrogels (right, 

down) and, b) SEM images corresponding to 30 % w/v 4-arm star copolymer 

hydrogels: stacking layers obtained through layer by layer 3D extrusion printing 

(left) and porous morphology in the micron size (right). 

Dissolution tests carried out in the water at 37 ºC showed full dissolution of 

the (PEO2.5-b-PCL1.4)4 hydrogel after 15 minutes, whereas the hydrogel of (PEO1.2-

b-PCL1)4 dissolved after 60 minutes (Figure 6.23a). Hence, this latter sample was 

selected for a proof-of-concept for its employment as sacrificial biomaterial ink. 

Figure 6.23b shows the setup employed for constructing concentric tubes through 

coaxial printing consisting of the printing of an aqueous solution of alginate as an 

outer layer and a (PEO1.2-b-PCL1)4 hydrogel as the inner layer. Dissolution of the 

inner part of the concentric tube yielded hollow alginate tubes that can be observed 

in Figure 6.23c, and hence, the potential employment of 4-arm star block 

copolymers as sacrificial biomaterial inks was demonstrated.  
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Figure 6.23. a) Dissolution tests of 30 % w/v hydrogels of ● (PEO1.2-b-PCL1)4 and 

■ (PEO2.5-b-PCL1.4)4 carried out in water at 37 ºC, b) coaxial printing of a 

concentric tube consisting of an alginate hydrogel (outer tube/transparent) and a 

hydrogel of (PEO1.2-b-PCL1)4 (inner tube/blue) and, c) dissolution of the inner 

tubular structure, by immersion in water at 37 ºC for 1 h. 

  



Chapter 6 

278 

6.4. Conclusions 

In this Chapter, hydrogel formation from aqueous solutions of model block 

copolymers of poly(ε-caprolactone) (PCL) and poly(ethylene oxide) (PEO) was 

evaluated as a function of chain topology (linear and 3 and 4 arms star copolymers) 

with block copolymer molecular weights of PEO and PCL of ~1000 and ~2000 

g/mol. Upon heating, linear PCL-b-PEO-b-PCL triblock copolymers present a Tsol-

gel followed by a Tgel-sol, a characteristic behaviour of micellar physical hydrogels 

already reported in the literature that marks the formation of a gel through micellar 

packing and its subsequent melting with temperature. In contrast, 4-arm star block 

copolymers form hydrogels upon cooling to 0 ºC characterized by a single Tgel-sol 

depending on polymer concentration in the gel. The 3-arm star block copolymer 

sample did not form hydrogels on the range of temperatures and concentrations 

under study. The results were attributed mainly to the PEO/PCL ratio that increases 

in the order: linear < 4-arm < 3-arm star block copolymers.  

The use of synchrotron in situ WAXS, SAXS, and DSC was found to be 

essential to determine the crystalline organization of each of the blocks within 

hydrogels obtained from linear and 4-arm star block copolymers through 

comparison with results obtained in the bulk copolymers. Interestingly, the results 

showed the occurrence of PEO and PCL blocks crystallization within hydrogels 

obtained from 4-arm star copolymers, whereas hydrogels of linear triblock 

copolymers only showed PCL block crystallization. The occurrence of PEO and 

PCL crystallization on hydrogels of 4-arm star block copolymers might lie on the 

base of gel formation upon cooling of aqueous solutions of these copolymers. It is 

suggested that both hydrogels from 4-arm block copolymers organize into a 

lamellar structure upon cooling. The increase in the molecular weight of the PEO 

block leads to further organization of the lamellar structure into hexagonal 

cylinders upon cooling. More experiments are now in progress to elucidate micelle 

self-assembly in aqueous solutions of the linear and star block copolymers under 

study.  
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Finally, 3D printed structures with high shape fidelity and well-stacked layers 

could be obtained from 30 % w/v hydrogels of 4-arm shape block copolymers 

through 3D direct ink printing. A proof of concept on the suitability of using a 

(PEO1.2-b-PCL1)4 hydrogel as sacrificial biomaterial ink was provided. Rapid 

dissolution of this hydrogel together with a high elastic modulus, allowed the 

construction of hollow tubular structures through 3D direct coaxial extrusion 

printing. To sum up, the research exposed in this Chapter expands the knowledge 

of the self-assembly of block copolymers with crystallizable blocks to form 

hydrogels, studying their structural organization as a function of copolymer 

architecture and paving their way to their application as polymer biomaterial inks 

for 3D direct printing. 
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7.1. Final Remarks 

Plastic pollution is a major worldwide concern recently highlighted by the 

United Nations' Sustainable Development Goals. One of the possible solutions to 

this issue is the design and development of novel polymeric materials that 

accomplish the environmental sustainability criteria, with a focus set on reducing 

the dependence on petroleum-based materials and eliminating plastic waste. Over 

the past decades, the emergence of naturally-degrading biopolyesters as potential 

alternatives to common plastics has paved the way to achieve zero-waste materials. 

Nevertheless, the relative novelty of these materials and the appearance of new 

biopolyesters requires a deep investigation to understand their processing, 

structure, and properties, which is vital to design materials with enhanced 

properties and bringing them to the top in plastic applications. Moreover, and to 

fulfill the sustainability needs and the achievement of zero-waste biopolyester-

based materials, these polymers' biodegradation is a key point within these 

objectives.  

Within this context, in this thesis, novel strategies for the assembly of 

semicrystalline biopolyesters, mainly poly(butylene succinate) (PBS) and poly(ɛ-

caprolactone) (PCL), and their copolymers with crystallizable blocks in bulk and 

in solution were proposed with a focus not only on the structure-properties 

relationship of the resulting polymer materials but also on their (bio)degradation 

triggered through enzymes.  

Final remarks corresponding to each of the Chapters are summarized below: 

Chapter 2 contains a deep investigation of state of the art on biopolyesters, 

with a focus on research carried out on PBS. In this Chapter, a brief introduction 

to biopolyesters, the common materials in this thesis, was exposed. After that, the 

focus was set on PBS, with an extensive review of the mechanical and thermal 

properties and crystallinity properties of PBS-based materials, with an emphasis 

on PBS copolymers and composites. As packaging is one of the most employed 
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applications of biopolyesters, barrier properties and biodegradation of PBS were 

also reviewed in this Chapter. 

Chapter 3 shows the investigation carried out on nanostructured films 

formed through multilayer assembly of semicrystalline biopolyesters. Ultrathin 

films (film thicknesses <25 nm) were prepared from chloroform solutions of PBS, 

PCL and a random copolymer PBS-ran-PCL through dip-coating to obtain 

samples with a number of layers from 3 to 13. AFM microscopy revealed that the 

crystalline morphology corresponded to that of the last deposited polyester: 

spherulitc/axialitic in PBS-ending films and dendritic in PCL-ending films. 

GIWAXS detected diffraction peaks corresponding to the semicrystalline structure 

of PCL in films for which the last deposited layer was PCL, whereas no diffraction 

peaks were observed for those films with PBS as the last deposited layer. The 

nanoscale organization was evaluated through nano-FTIR spectroscopy, 

evidencing a heterogeneous composition with nanodomain regions of varying PBS 

and PCL content. In the case of the 13-layer films, the spectra revealed the 

presence of almost segregated PCL nanodomains within a PBS matrix, probably 

due to the partial dissolution of the film during the sequential dip-coating, giving 

rise to a mixed solution of the three polymers (i.e., PBS, PCL and the random PBS-

ran-PCL copolymer). 

Chapter 4 presents a novel strategy for modulating the enzymatic 

degradation of PBS films through multilayer polysaccharide films composed of 

alginate and chitosan (Alg/Chi). The influence of several factors affecting the 

enzymatic degradation of PBS by the action of a lipase from Pseudomonas cepacia 

(P. cepacia) were studied. PBS films were coated through spray-assisted LbL 

assembly with an increasing number of Alg/Chi layers. The extent of degradation 

was found to be dependent on the number of the coating layers: the higher the 

number of Alg/Chi layers, the lower the degradation. These results suggested that 

the employed biobased coating constituted an effective barrier to the diffusion of 

the lipase, proving its effectiveness in modulating the enzymatic activity as a 

function of the thickness of the coating.  
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Chapter 5 unveils the enzymatic degradation studies of self-degradable films 

from PBS, PBAT and PLA. The first approach was conducted on PBS films, with 

the embedding of lipase from P. cepacia into alginate particles as enzyme-heating 

protecting agents, resulting in minor degradation. In a second approach, PBS, 

PBAT and PLA were melt-extruded in combination with Candida antarctica 

lipase B (CalB), showing enhanced degradation with the increase in CalB content, 

with a higher preference towards PBS, as evidenced by the degradation kinetics: 

PBS > PBAT > PLA. The degradation mechanism of this lipase was also studied 

from the degraded films: PBS seemed to be degraded through a bulk erosion 

mechanism (evidenced by the drastic changes in crystallinity, surface morphology, 

FTIR intensity, and weight loss), whereas PBAT films suggested a combined 

mechanism of surface erosion (due to the increase in crystallinity and 

morphological changes) and bulk erosion (with a reduction in Mn). The high L-

isomer content in PLA films could explain the negligible degradation observed for 

all the tested conditions. Finally, the self-degradation studies on blends showed 

minor degradation as compared to the homopolymers, probably due to the high 

content in PLA and PBAT, and PLA's nature. The incorporation of higher amounts 

of PBS resulted in enhanced degradation, probably related to the faster degradation 

of PBS. 

Chapter 6 displays the last system under investigation in this thesis, that is, 

polymer hydrogels formed through the self-assembly of copolymers with 

crystallizable blocks. The hydrogel formation from aqueous solutions of 

poly(ethylene oxide) (PEO) and PCL block copolymers (Mn <2000 g/mol) was 

evaluated as a function of chain topology: linear copolymers showed a sol-to-gel 

and a gel-to-sol transitions when heated to 80 ºC; whereas the 3-arm star 

copolymers did not form hydrogels, and the 4-arm star copolymers formed 

hydrogels upon cooling to 0 ºC, as evidenced by a single gel-to-sol transition. 

These differences were attributed mainly to the PEO/PCL ratio that increases in 

the following order: linear < 4-arm < 3-arm star block copolymers. The crystalline 

organization within the hydrogels was evaluated through DSC and SAXS/WAXS, 
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showing the crystallization of PCL in the hydrogels from the linear copolymers, 

and both PEO and PCL blocks in those from the 4-arm star copolymers, which 

might be related to the gel formation upon cooling from the corresponding aqueous 

solutions. The good mechanical properties and rapid dissolution of these latter 

hydrogels allowed their employment in 3D printing as sacrificial biomaterials inks. 

As summary, this thesis has deepened into the comprehension of the self-

assembly of different biopolyesters and their combination with natural-occurring 

polymers, studying the morphology and mechanical properties. The preparation of 

combined polyester/polysaccharide materials has opened the door towards the 

modulation in bio(degradation) of these biopolyesters, with many potential 

applications in agriculture or food industry for the preparation of biodegradable 

mulching films or food packaging materials. As a solution to reduce plastic wastes, 

biodegradable materials were further explored in this thesis with the study of the 

enzymatic degradation of self-degradable polyesters. The embedded enzymatic 

degradation, which consists on embedding enzymes into the biopolyester matrix, 

has been recently explored in the past decade. This approach has provided further 

information on the self-degradation of polyester blends, and widened the 

knowledge on the degradation mechanisms of several biopolyesters triggered by 

the action of lipases. As a culmination, biocompatible hydrogels from aqueous 

solutions of copolymers with crystallizable blocks (polyester) were prepared for 

3D printing purposes as a way to obtain biomaterial inks with potential 

applications in biomedicine. 
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