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Chapter 1 

Introduction 

Since the beginning of mankind, healthcare has been a major profession in human-

ity, and even ancient Greek or Egyptian cultures searched for ways to prolong life. Mod-

ern medicine has reached a point, where it can extend the life expectancy up to 73 years 

as an average worldwide [1]. Considering the types of illnesses and accidents that threaten 

us in our day-to-day life, this achievement could not have been made possible without 

modern medical devices, advanced pharmaceuticals, improvements in hygiene, and ad-

vancements in other medical practices. In the next 30 years, the medical sector is expected 

to address infertility especially in older women, develop solutions to expand the number 

of our active years, and it will develop prosthetics from new, high functional, advanced 

materials in the field of organ transplant and tissue regeneration [2,3]. 

These goals cannot be achieved without polymers. Polymer products have long 

been involved with the medical field. Their advantages of being sterile, easy-to-handle 

and easy-to-produce, and – in most cases – naturally antimicrobial made them the perfect 

candidates to be used as prosthetics, tubes, catheters, implants, gloves, packaging mate-

rials, etc. However, with the expanding medical knowledge, new application areas 

emerged such as drug delivery systems, scaffolds for tissue engineering, wound dressings, 

temporary implants and so on. Specific polymer materials are needed to fulfill the re-

quirements of these areas, and with the pressing societal and environmental requirements, 

we also need to rethink our ‘traditional’ solutions. Biobased and/or biodegradable poly-

mers along with natural polymers offer great solutions to these problems. The European 

Union has paid special attention to this field and created calls within its’ research funding 

programme, Horizon Europe, to come up with solutions or medical devices in order to 

ensure circularity also in this field [4]. To ensure the decarbonization of this industry, bio-

based origin is preferred. If we move on to applications where the materials would be 

placed inside the human body, there are several very specific and equally important re-

quirements for the material, and biopolymers and natural polymers have a great chance 

fulfilling those requirements with additional modification. 

The Laboratory of Plastics and Rubber Technology of the Department of Physical 

Chemistry and Materials Science at the Budapest University of Technology and Econo-

mics together with the Polymer Chemistry and Physics Research Group of the Institute 

of Materials and Environmental Chemistry at the Research Centre for Natural Science, 

Eötvös Loránd Research Network have valuable experience both in the field of biopoly-

mers, modification of polymers and medical applications. Several PhD theses have been 

published on these topics [5-7]. In this thesis we built on our previous results and devel-

oped materials addressing several fields in the medical sector.  
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1.1. Requirements for tissue engineering 

Tissue engineering (TE) is a complex field with the main goal aiming to promote 

the regeneration of lost tissue [8]. This interdisciplinary field brings together the expertise 

of biochemistry, cell technology and materials science [9]. The idea of TE is not new. In 

the 16th century, Gasparo Tagliacozzi had already made and published a nose replacement 

where the implant was constructed from a forearm flap [10].  

The primary role of scaffolds would be “to maintain balance between temporary 

mechanical functions and mass transport to assist in biological delivery and tissue regen-

eration” [11]. The scaffold is only a temporary matrix which assists cell proliferation. 

There is a large number of criteria for scaffolds [12]. They should be composed of bio-

compatible materials and they should express some surface roughness to help the cells 

adhere to the surface. They must have a stable biological interface, meaning that the tissue 

and the scaffold should be able to bond without leaving any scars. They must have proper 

porosity and pore dimensions along with similar mechanical properties to the tissue that 

they are supporting. Last but not least, due to the fact that scaffolds are only temporary 

matrices they should have controlled biodegradability, so they can transfer the supporting 

functions to the developing tissue along the development phase. 

1.1.1. Toxicity and biocompatibility 

Biocompability is “the scaffold’s ability to support normal cellular activity includ-

ing molecular signaling systems without any local or systematic toxic effects to the host 

tissue” [13]. For example in the case of a bone scaffold, it should promote osteoconduc-

tivity, osteoinductivitiy and vascularization [14]. That means that the scaffold should al-

low bone cells to adhere and proliferate, and then induce the formation of the new bone 

tissue through allowing molecular signaling, while veins should form within the tissue to 

be able to transfer food and waste products within a few weeks from implantation.  

Biocompatibility is a complex requirement. The scaffold should not invoke a hos-

tile response by the body or change the balance of the body’s response, not to mention 

that the cells should be able to interact with it [15]. If the scaffold is biocompatible, the 

tissue has a three phase response to the scaffold [16]. The first phase lasts for two weeks. 

This stage is similar for all biocompatible polymers, regardless if they are biodegradable 

or not. The polymers initiate the cell’s response system which is composed of acute and 

chronic inflammatory responses being part of the natural process. The length of phase 

two depends on the biodegradability of the polymers. At first the monocytes migrate and 

foreign body cells are formed. After the inflammation has gone down, then the fibrous 

tissue development starts along with the formation of blood capillaries. This process can 

take from 50-60 days to 350-400 days influenced by the biodegradation of the polymers 

[17-20]. In phase three the polymers form particles that are smaller than 10 µm which 

makes the degradation rate faster. This can take from 1-2 weeks to several months based 

on the degradation rate of the polymer. 
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Surface properties play a key role in enabling the interaction between the cells and 

the matrice materials. By modifying the surface properties one can increase the affinity 

of biomolecules along with improving the interactions between the cells and the matrices 

[21]. In order to successfully establish a strong interaction between the cell and the ma-

trice at the interface, we need to consider several factors like the hydrophilicity of the 

material along with its free energy, the roughness of the surface, the softness of the ma-

terial as well as its chemical composition and overall morphology [22,23].  

A polymer must meet several requirements in order to be bioadhesive [24-26]. For 

linear polymers, the weight average molecular mass (Mw) should exceed 100 kDa because 

their mucoadhesion properties are proportional to their Mw; however, no such correlation 

was found for non-linear polymers. Spatial conformation of the polymer is important, 

functional groups must be available in order to promote adhesion. Crosslinking, flexibil-

ity of the polymer chain, and the concentration of the polymer also have considerable 

effects. If the polymer chains lose their flexibility, it will be harder for the cells and their 

carrier agent to penetrate. The number of hydrophilic groups and ionic charges influence 

bioadhesion. The functional groups and sites can interact with cells hence enhancing the 

bioadhesion of the polymer. 

1.1.2. Environmental conditions and physical properties 

The environmental conditions, namely the tissue or organ where the scaffold will 

be utilized, determine the physical properties the material should have. Due to the fact 

that the human body’s temperature does not exceed 40 °C even in a worst case scenario, 

but usually it stays around 36.5 °C degrees, the thermal stability of a polymer is not a big 

issue considering the application. (However, it plays a crucial role during processing.) 

The main focus is on the mechanical properties of the scaffolds and implants along with 

their porosity and structure. 

The geometry of the scaffold, the size and distribution of the pores, determines the 

ability of the cells to penetrate, proliferate, differentiate, and migrate within, and the abil-

ity of vascularization [27]. The porosity should be sufficient, meaning to have the suitable 

size and interconnection between the pores to promote the infiltration and migration of 

the cells, their nutrients and their waste products. The scaffold should also bear the exter-

nal loading stress expressed on the tissue [28]. For example, in the case of bone scaffolds, 

the osteoblasts have a cell size of 10-50 µm, but they prefer 100-200 µm pores to regen-

erate the mineralized bone tissue [29]. For the non-mineralized tissue the pores should be 

below 100 µm [30,31]. However, for the proliferation of the osteoblasts, the pore size 

should be 200-350 µm [32]. This shows us that to have a scaffold with one, homogenous 

pore size is not adequate. Scaffolds need to have interconnected pores in different sizes 

with a proper pore size distribution within the matrix [33].  

The porosity is also an effective factor to influence and control the mechanical 

properties of a scaffold [34], due to the fact that the mechanical properties tend to deteri-

orate exponentially with increasing porosity [35,36]. The contradiction between several 

factors is apparent, when we see that cell delivery requires a highly porous scaffold with 

the porosity being larger than 90 %, while in the case of a polymer scaffold made for bone 

tissue engineering, porosity greater than 80 % is disadvantageous [37,38].  
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Mechanical properties are influenced by other factors as well, such as the distri-

bution of the pore size, the heterogeneity of the pores, the orientation and placement of 

reinforcing agents, and the morphology of the pores [39]. The connection between pores, 

porosity, and mechanical properties is not so obvious and straightforward. For example, 

in the case of three-dimensional (3D) poly-(L-lactic acid) (PLLA) and poly-(lactic-co-

glycolic-acid) (PLGA) scaffolds, uniform small pores are connected to maximum stress 

the scaffold could bear, however, overall better mechanical properties were achieved with 

a heterogeneous porous structure regarding to application [40]. Porosity influences other 

properties as well besides mechanical ones. With greater porosity, permeation is easier 

resulting in faster degradation [34]. Wound dressings address different types of require-

ments. High loadbearing functionality [41] along with a sustained release behavior is 

preferable to promote wound healing [42].  

Mechanical properties should match the properties of the host tissue, and the scaf-

fold should provide proper mechanical support all along the formation of the tissue 

[43,44]. For example, in the case of cortical bone tissue the Young’s modulus should be 

15-20 GPa, while the compressible strength should be 100-200 MPa, but for cancellous 

bone tissue the Young’s modulus should be 0.1-2 GPa along with 2-20 MPa in compress-

ible strength [45].  

1.1.3. Controlled degradation 

The degradation rate of the polymers depends on several factors like the crystal-

linity and morphology of the polymer, not to mention the orientation of the chain [46]. 

Polymers with high crystallinity degrade slower than mostly amorphous polymers. Dur-

ing degradation the crystallinity is increasing, because even within the polymer the amor-

phous phase is degrading quicker than the crystalline phase, thus lowering the degradation 

rate [47-50]. Another phenomena which helps, is that with the decrease of the molecular 

weight the rate of crystallization increases, which helps to increase the amount of the 

crystalline phase. 

Degradation is influenced by other factors as well. In terms of porosity, the homo-

geneity of the pores, the morphology and the pore size are all factors which determine the 

rate of the degradation [34]. The enzymatic degradation of the polymer is influenced by 

factors in three categories [51]. The first is the physico-chemical properties of the poly-

mer, such as its chain structure, the Mw, and the crystallinity of the polymer. The second 

category is the morphology of the surface, since enzymatic degradation is induced on the 

surface of the device. Factors like surface area, shape, hydrophilicity and water permea-

bility belong here. The third category collects the environmental factors such as the pH 

of the medium, the temperature, the presence of oxygen, the ionic content of the medium, 

etc. The degradation of the scaffold can help during application in different ways as well. 

For example, during the regeneration of the skin, the process takes advantage of the deg-

radation products [42].  

Within the body, polymers can go through several degradation mechanisms from 

which the most important one is enzymatic degradation. The enzymatic degradation goes 

through four steps [52-54]. First, the enzyme is adsorbed onto the surface of the polymer, 
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here starts the degradation [55]. Then a complex is formed between the enzyme and the 

polymer. At the third stage the enzyme performs a specific chain scission on the polymer, 

which depends on the polymer and the type of the enzyme. At last, the polymer-enzyme 

complex, formed in step two, can interact with other segments of the polymer hindering 

or promoting degradation. Degradation can occur within the cells as well. This intracel-

lular degradation occurs when the polymer is less than 10 kDa, at this stage the polymer 

lost most of its mechanical stability [56-58]. At that particle size, the macrophages within 

the body can interact with the polymer and break it down to smaller pieces, which then 

can leave the body. 

In larger sized devices, the preferred degradation method is heterogeneous degra-

dation, which means that the gross degradation rate is faster in the core than on the surface 

[59-61]. Homogeneous degradation is experienced if the microspheres are smaller than 

300 µm [62]. For aliphatic polyesters, basic compounds are able to accelerate the degra-

dation rate by catalyzing the ester-linkage scission, which means that the effect of acidic 

or basic therapeutic agents on the degradation of the matrix should be considered before 

application [59].  

The advantage of biodegradable devices is that once they fulfilled their roles they 

can leave the body without traces, so no surgical removal is necessary [63]. Controlled 

degradation is key in order to ensure that the shelf-life of the medical devices is adequate, 

the device loses its mechanical performance in sync with the healing process and the 

degradation products are not toxic for the body, they can be metabolized and/or expelled 

without any complications [64,65]. 

1.2. Most common materials in the medical sector 

The medical sector tries to substitute damaged organic tissue with artificial aids 

for a long time. As described previously, however, it is hard to find such a material. For 

implants they must not face the requirement to be biocompatible, but they have to be at 

least inert regarding to cellular activity, which led to the development of ceramic and 

metallic implants. With the evolution of medical tools and methods, biopolymers 

emerged as good candidates due their biocompatibility. Biopolymers are a very diverse 

material group. Solely bio-based, but not necessary biodegradable, and solely biodegrada-

ble, but not necessary bio-based polymers also fall within this category along with bio-

based and biodegradable polymers. Although the latter is more advantageous from an 

ecological point of view, the previous two categories also have promising candidates. 

Natural polymers, polymers which can be found in nature and can be used without mod-

ification, are the frontrunners when it comes to lack of toxicity and great biocompability, 

however their lack of mechanical strength overshadows their advantageous biological 

features. This complexity in properties is why numerous materials have been tested, and 

medical devices from countless materials are still currently being developed in order to 

achieve a material combination, which can check all the boxes.  

Several factors should be considered for a material before choosing it as raw ma-

terial for scaffold development. Besides the requirements demanded from scaffolds the 
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materials should be, e.g. easy to process, and the processing technology should be easy 

to scale-up if commercialization is an end goal [12]. The application area is also a crucial 

determining factor. The load on the hip joint during a step can be several times someone’s 

body weight [66], while the compression load on a knee joint is up to 4-8 times someone’s 

body weight during regular activities [67,68]. 

There are skin grafts, which are already commercially available [69]. For skin 

scaffolds, several natural and synthetic polymers are used such as collagen, alginates, 

chitosan or poly(vinyl-alcohol) (PVA), poly(lactic acid) (PLA), PLGA, etc. [70]. For 

bone TE application, the first generation of bone scaffolds were created from metals like 

stainless steel or titanium alloys, or from ceramics like alumina and zirconia. Some syn-

thetic polymers were also investigated as candidates such as polypropylene (PP) or sili-

cone rubber [63]. The second generation of scaffolds were created from the same materi-

als, however, they received a biocompatible coating. Currently the third generation of 

scaffolds are being developed, when cells and bioactive compounds are incorporated into 

the scaffold to promote tissue growth. Polymers has also shifted from traditionally inert 

polymers to biopolymers [71]. For dental applications, especially for pulp regeneration, 

bioactive ceramics and glasses combined with several natural polymers and PLA are used 

[72]. In the case of blood vessels, the application of scaffolds is limited so biocompatible 

synthetic grafts are used instead, which are created from PLA, PCL and PLGA combined 

with collagen, gelatin or silk fibroin [73]. In the following, I will review all the major 

material categories with a special focus on biopolymers and natural polymers since these 

materials are in the focal point of this thesis. 

1.2.1. Ceramics and metals 

In the case of metallic scaffolds for example titanium and cobalt-alloys [74], the 

release of toxic metallic ions can be a hazard [75]. Herefore surface modification is al-

ways needed to ensure biocompatibility [76]. Stainless steel is one of the most popular 

metal alloys for medical use. In order for a stainless steel device to be used in the human 

body it must have minimum amount of impurities [77]. Cobalt-based alloys are the lead-

ing metal joint replacements [78]. In these materials, chromium is usually added to influ-

ence biocompatibility and increase its resistance against corrosion. Mechanical properties 

of titanium alloys are not adequate [78], so they are currently used as porous coatings on 

dental implants.  

Tantalum aids proliferation and the differentiation of osteoblasts, however, the 

size of the implant must be limited due to its high price, large density, and relatively high 

elastic modulus [79]. Therefore, tantalum is usually used as coatings for other implants 

to increase biocompatibility and wear resistance. Zirconium inside of the human body is 

capable of developing a bone-like apatite layer on the surface [78].  

A disadvantage of metallic implants is that they have to be anchored, which means 

that they are directly integrated into the bone [77]. Metal implants has similar strength 

compared to bones, but their elastic modulus is usually larger, which can result in aseptic 

loosening of the implant during long-term application. Therefore, for long time durability, 

all mechanical properties should be similar. Another great problem with metallic implants 
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is that their ions and/or elements from metal alloys can be highly cytotoxic, which of 

course does not allow their application [80].  

In terms of ceramic implants and scaffolds there are two main bioinert ceramic-

types: aluminum-oxide-based ceramics and zirconium-oxide based ceramics [81]. Bioac-

tive ceramics such as hydroxyapatite (HA), calcium-sulfide or bioactive glass, are unsta-

ble in the presence of physiological fluids, they create strong chemical bonds with the 

tissues around them [82-84]. Bioresorbable ceramics slowly degrade in the body due to 

solution-derived and cell-mediated processes, and the tissue of the body replaces them 

[81]. Such ceramics are tricalcium-phosphate or HA. Ceramic scaffolds have great me-

chanical stiffness and very small elasticity with a hard and brittle surface, and in bone TE 

applications, they are great candidates, especially because they can have chemical and 

structural similarities with the mineral phase of the bone [85].  

Metals and ceramics are both suitable for medical applications in terms of me-

chanical properties. Ceramics also often have good biocompatibility, however, their in-

capability of biodegradation hinders their application as scaffolds by themselves [86]. A 

polymer is often needed for that purpose, so metallic and ceramic nanoparticles are often 

used in combination with a polymer matrix (see Sections 1.3. and 1.4.). 

1.2.2. Biopolymers 

The number of biopolymers, which has been tested for medical application is al-

most limitless. Therefore, in this section, I focus on those biopolymers which are either 

the most common candidates and/or has been used during our research and covered in the 

following chapters of this thesis (Figure 1.1).  

PCL is a biodegradable polymer, which can be used for several medical applica-

tions, such as wound dressings, resorbable sutures, drug delivery systems, and scaffolds 

[87]. The elasticity of the PCL makes it a good candidate for bone TE applications, and 

by combining it with gelatin in order to increase its biocompatibility, devices for guided 

bone regeneration could be fabricated [88,89]. The mechanical properties of PCL in them-

selves are not good enough for targeted TE applications, thus it is often blended or syn-

thetized with other biomaterials in order to improve its properties [9]. When PCL is com-

bined with PLA or PLGA, the properties can be compared even to the properties of the 

bone tissue [90,91]. The degradation rate of PCL is considered too slow if one wants to 

apply such a device in the human body, however, with the incorporation of e.g. chitosan, 

as the surface properties change, the degradation can be tuned. It also increases the bio-

activity of the material [92]. Blending PCL with other hydrophilic materials enhanced 

tissue regeneration as well [93]. The bioactivity can be increased by other means such as 

by chemically modifying the surface of PCL. When amine groups are grafted onto the 

surface of PCL [94], the cell attachment along with the cell proliferation are increased 

because the adsorption of proteins increases [95,96]. Even an easier process, like alkaline 

treatment with pure sodium-hydroxide, can lead to the improvement of hydrophilicity and 

thus lead to better biocompatibility [97-99]. The same effect like a chemical modification 

could be achieved by the incorporation of eggshell membrane proteins [100].  
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PVA is a water-soluble polymer often used in the medical field. The hydrolysis 

degree of PVA is usually between 85 and 100 %, and that determines most of its proper-

ties [101]. PVA alone is not suitable for TE application due to its limitations such as its 

insufficient elasticity, structural rigidity and poor aqueous stability. It can also trigger 

mild tissue reactions [102,103] although it is generally considered as nontoxic and bio-

compatible [104]. It has outstanding film forming, emulsifying properties so it is com-

monly used in drug delivery systems (DDS) [105]. However, in TE applications, it is 

often combined with poly(vinyl-pyrrolidone) (PVP) [106]. PVP is a good candidate for 

DDS, due to its good solubility both in polar and apolar solvents, although combined with 

other materials it is also used for TE applications. Combined with PVA and HA it can be 

used as a scaffold for cancellous bone [107], just like cellulose-acetate-PVP fibers with 

the addition of HA can be used for bone TE applications [108]. If PVP-bacterial cellulose 

hydrogels are created, they can aid musculoskeletal regeneration [109,110].  

PLA is also a common polymer used for medical applications, especially since it 

is approved by the US Food and Drug Adminisration (FDA) [111]. It is a synthetic, bi-

obased, and biodegradable polymer, which can have two configuration PLLA and poly-

D-lactic acid (PLDA) [112]. The physical properties of the polymer can be tailored by 

changing the ratio of the two different configurations [113]. The elastic modulus of PLA 

is similar to that of the bone tissue, so it is a popular choice for bone TE application [114-

119]. PLA is used in several other application areas as well beside TE [120-123]. It can 

be used as temporary or long-term implants, sutures, vascular grafts or in DDS. The fact 

that the hydrolysis product of PLA is L-lactic-acid promotes its application. L-lactic-acid 

is not bioaccumulative and can be eliminated from the body naturally [124]. As every 

material, PLA also has its drawbacks if it is used on its own. It has low hydrophilicity and 

relatively poor mechanical properties, which hinders cell adhesion and tissue develop-

ment [125-127]. PLA is biodegradable, however, its degradation time is long.  

 

Figure 1.1.  The most common biopolymers for tissue engineering purposes: a) PCL, b) 

PVA, c) PVP, d) PLA. 
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1.2.3. Natural polymers 

Natural polymers are more bioactive and biocompatible than other biopolymers or 

synthetic polymers. Although this helps with cell proliferation and cell adhesion, these 

polymers in themselves are rarely used in TE because they are hard to process. The con-

tamination risk is also high – due to the fact that they are not synthetized in a lab but 

rather extracted from their natural sources and then purified. Furthermore, they lack the 

mechanical strength this application requires. Other limitations for natural polymers are 

that they are prone to microbial contamination, which is understandable considering that 

microorganisms usually consider these polymers as feedstock. Due to their natural origin, 

their properties vary from batch to batch and their isolation and purification is very diffi-

cult in some cases [128,129]. Natural polymers are biocompatible, however, their me-

chanical properties are insufficient, their processing is a struggle, and their degradation is 

hard to control [130].  

Collagen is a common choice for TE application especially in the field of bone 

TE. It has excellent biocompatibility and biodegradability, however its low thermal sta-

bility and water solubility hinder its processing, and its insufficient mechanical strength 

and high manufacturing cost hinder its application [131-134]. However, its derivative, 

gelatin is a common and cheap natural polymer, which is utilized in the medical sector 

amid being considered as a safe material by the FDA (Figure 1.2a) [135]. Gelatin de-

scribes a large group of collagen-based materials derived by acidic or alkaline treatment 

[136]. Based on its extraction, we can differentiate between type A and type B gelatin 

[137]. Type A gelatin is treated by acid, while type B is treated by alkaline, so the avail-

able functional groups differ. Its properties can be tailored by changing its Mw, the degree 

of crosslinking and by choosing the proper type of material. Type A gelatin, for example, 

turns out to be more biocompatible than type B gelatin [138]. Gel is obtained from ani-

mals mostly from the bones, skin and porcine [139]. Its average Mw is usually between 

20 and 200 kDa, the material consists of several linear polypeptide chains [140,141]. Gel-

atin is a watersoluble material, it dissolves in water above 40 °C and is prone to gelation 

under this temperature. It is also soluble in acids or alkaline but it is insoluble in most 

general organic solvents such as ethanol (purity over 95%), acetone, chloroform, etc. It 

can also swell, it can adsorb water 5-10 times of its weight [137,141]. Gel can be used in 

many fields and in many roles. It can act as matrix for implants, scaffolds, coatings, and 

wound dressings among else [141,142]. It can also be a stabilizer in vaccines [143]. In 

DDS it can be the shell of capsules, a gelling and film-forming agent, a viscosity enhancer 

or a suspending agent [141]. 

Cellulose (Figure 1.2b), and crystalline nanocellulose (CNC) is an emerging ma-

terial in the medical field, due to its high surface area, good mechanical performance, 

biocompatibility and biodegradability [144,145]. It is also renewable and can be produced 

at a low cost, so it makes a perfect candidate for market uptake. After specific surface 

modifications, CNCs can be used as antibacterial and antiviral agents when they are com-

bined with silver nanoparticles. It can be also used as scaffold materials, biomarkers, as 

DDS or sensors [146-151]. CNCs on their own can enhance the interaction between the 

device and the cells [152,153]. CNC can also reinforce a polymer matrix [154]. However, 

CNC can be toxic depending on its surface chemistry, which is influenced by its source, 
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preparation process, and post-preparation treatments [155]. If the CNC particle is smaller 

than 50 nm, then it accumulates within the cell causing the CNC to be cytotoxic. When 

used as DDS, the rate of the release is affected by the chemical structure of the cellulose 

and the components, the concentration of the drug, and the surface modifier, along with 

the modification of the material throughout the whole sample preparation process [156]. 

Starch is a complex carbohydrate polymer consisting of two main molecules, am-

ylose (Figure 1.2c) and amylopectin (Figure 1.2d). Amylose has a lower Mw than amy-

lopectin [157]. Starch is structured into semi-crystalline lamellas. Native starch is origi-

nally used as diluent, disintegrant, binder, and lubricant in pharmaceutical applications 

[158,159]. Lately starch has been utilized as a DDS [160], due to the good properties of 

starch in terms of being stable during transportation and storage and providing a predict-

able release mechanism. It is also cheap, and starch itself or its degradation products do 

not cause any discomfort or unfavorable body response. It can also improve cell viability 

of a polymer device [161]. Although the preferable properties of starch make them an 

excellent candidate for medical application, there are serious drawbacks hindering its use. 

It is extremely water sensitive and prone to gelatinization and retrogradation [162]. These 

properties can be enhanced or compensated by the modification of starch. As starch is a 

highly hydrophilic material, this characteristic can aid the degradation of a TE device 

made from some hydrophobic polymers [163].  

 

Figure 1.2.  The most common biopolymers for tissue engineering purposes: a) gelatin 

[164], b) cellulose, c) amylose, d) amylopectin. 
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1.3. Interactions and modification 

As presented above, none of the possible materials can be used for TE and often 

for DDS applications by themselves. The modification of the materials or their combina-

tion is most certainly needed. The properties of a polymer system are influenced by its 

structure, and the formed structure is influenced by interactions. By changing the interac-

tions and therefore, the structure of a system, we can tailor the properties of our devices 

as needed. In the following section, after describing the basic concepts of miscibility and 

compatibility in the case of blends, I introduce common compatibilization methods in 

starch-containing blends and the possibilities of tailoring properties by adding nanofillers 

and other reinforcing agents to the polymer matrix.  

1.3.1. Miscibility and compatibility – basic terms 

A polymer blend is the mixture of two or more polymers in which each ingredient 

is used in more than 2 wt% [165]. Polymers can be miscible or immiscible whether the 

free energy of mixing is negative or positive, and the second derivative of the free energy 

of mixing should also be positive according to thermodynamics (Equations 1.1 and 1.2), 

 

 

∆𝐺𝑚 ≈ ∆𝐻𝑚 ≤ 0 (1.1) 

  

𝜕2∆𝐺𝑚
𝜕2𝜙2

> 0 (1.2) 

 

 

where ΔGm is the Gibbs free energy of mixing, ΔHm the enthalpy of mixing, while 

Φ is the volume fraction. Polymers are immiscible in most cases. That is why compati-

bilization is needed in order to improve the macroscopic properties of blends by improv-

ing the interaction of the phases. During compatibilization the interfacial tension between 

the components should be smaller while enhancing the adhesion at the interfaces and 

stabilizing morphology. Compatibilization can be chemical, physical or reactive. During 

these processes either a small amount of co-solvent is added to the polymer blend, or a 

copolymer, which is partly miscible with both components. One of the main components 

can also be chemically modified in order to enhance miscibility, besides other technical 

ways to improve miscibility between components. If we decide to use a compatibilizer, 

then this material must be miscible with all the components and we must tailor its con-

centration as well. We should be aware that, because these agents usually have lower 

molecular weight then the components of the blend, they could migrate either between 

the components or to the interface between. Reactive compatibilization is considered to 

be the best approach when it comes to compatibilization because it can lead to a thick 

interphase, which results in good morphological stability [166]. 
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1.3.2. Compatibilization of starch containing blends 

In order to improve the properties of starch it is often blended with other polymers. 

To enhance the compatibility and therefore the properties of these polymer blends, starch 

is usually modified and for that numerous options are available. 

Properties can be tailored by chemically modifying starch. As a result of oxidation, 

starch could maintain its hydrophilic nature, its water solubility even increases [167,168]. 

The effect is contradictory on its swelling properties, however, its MW decreases along 

with the crystallinity. Due to etherification, the hydrophilic nature remains intact and the 

water solubility increases along, without affecting the Mw [168-170]. The crystallinity 

decreases in this case too. In the case of acid hydrolysis, the effects are almost the same 

as in the case of etherification, while clearly lowering the Mw and increasing the crystal-

linity [167,171,172]. Esterification is one of the possible methods to turn the hydrophilic 

starch into a hydrophobic material and thus reducing its water solubility, while having no 

effect on Mw, but decreasing crystallinity [173-175]. Cross-linking can have the same 

effect as esterification, although the change in characteristics depends greatly on the re-

actant [176-178].  

In many cases, instead of starch, thermoplastic starch (TPS) is used, where starch 

is gelatinized in order to change its properties and to help processing. To improve the 

miscibility in a blend, several reactive agents could be used with varying effects. When 

citric acid was used in the case of poly(butylene adipate) (PBAT) and TPS blend, which 

also contains zeolite as an adsorbent, the miscibility has not been improved [179]. How-

ever, when citric acid was used as compatibilizer in a TPS and a PBAT derivative copol-

ymer blend, the size of the dispersed phase has been increased according to scanning 

electron miscroscopy (SEM) images [180]. Maleic anhydride (MA) and polymers modi-

fied with it are common compatibilizers. When MA was grafted onto the surface of PBAT 

and then added to the PBAT and TPS blend, the droplet size of the dispersed phase in-

creased and partial miscibility was observed [181]. The tensile strength also improved, 

which further supports that the interfacial interactions became stronger. In the case of 

PLA and TPS, MA was grafted onto polyethylene glycol (PEG), and then this modified 

PEG was grafted onto the surface of starch [182]. This modified starch was used as com-

patibilizer in the blend, which resulted in more homogeneous phase distribution, indicat-

ing that the interfacial interactions improved. Due to the compatibilizer, partial miscibility 

could be observed with the possible phase separation of glycerin and starch. 

1.3.3. Composites, nanocomposites 

Several reinforcing agents can be added to improve the mechanical properties of 

biopolymers and natural polymers, even in the field of medical application. Natural fibers 

are relatively cheap while they have excellent specific properties [183]. They are biode-

gradable, lightweight, and renewable reinforcing agents [184,185]. Fibers are often clas-

sified according to their origin from the plant. The mechanical properties of these natural 

fibers depend on several factors like their chemical composition, origin, defects, or sur-

face morphology [186]. In case of fiber reinforced composites, the mechanical properties 
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are influenced by the properties of the components (fiber, matrix), composition, interfa-

cial interactions, and the orientation of the fiber. Natural fiber reinforced composites, be-

sides their advantages, have also some drawbacks [186]. They are sensitive to moisture 

and microorganisms, have low thermal stability, and it is hard to replicate their properties 

which hinders their medical applications, although there are some good examples, like 

flax fiber reinforced epoxy composites for bone TE application or sisal reinforced 

poly(methyl methacrylate) (PMMA) composites for drug delivery applications [187].  

While natural fiber-reinforced composites are yet to be picked up by the medical 

industry, nanofillers are used extensively not just to improve the mechanical properties 

of the polymer matrix but also to improve some functional properties of the devices. For 

example, PVA combined with cellulose ether was used as a matrix into which halloysite 

nanotubes were loaded [188]. The halloysite provided mechanical reinforcement while 

also acting as a drug carrier agent, which could provide sustained drug release. Halloysite 

is a layered alumina-silicate clay in which an octahedral alumina layer is alternating with 

a tetrahedral silica layer. This discrepancy in the alignment of the layers results in its 

characteristic tubular morphology [189]. Halloysite is an ideal carryer agent either for a 

drug, enzyme or other bioactive compound [190-193]. Halloysite is a mineral found in 

nature, and its origin influences its morphology, which greatly influences its thermal and 

mechanical properties [194]. Halloysite can be added to chitosan, agarose, and gelatin as 

well [195]. To prepare these composites, the biopolymers were first dissolved, then hal-

loysite was dispersed in the solution. The suspension was freeze-dried to obtain the scaf-

fold material. The addition of halloysite improved biocompatibility and thermal stability. 

Besides the thermal stability, halloysite could improve the mechanical properties of PCL 

[196]. The porosity of the scaffold decreased due to the halloysite, however, it was still 

in the acceptable range. As halloysite is a good adsorbent and carrier, it can be utilized in 

DDS as well [197-199]. 

HA is another extensively used nanofiller, being a good candidate in bone TE ap-

plications [200]. It is bioactive, biocompatible, it has great mechanical strength along with 

a porous structure, and it can promote bone formation. The chemical formula of the syn-

thetic HA is very similar to the natural one, which makes 70% of the bone [201,202]. HA 

is usually used as coating for metallic implants due to its properties, however, it is very 

brittle and sensitive to cracks [200] When HA was combined with PCL and then the final 

material was treated with oxygen, it promoted proliferation [203]. It has not changed the 

cell adhesion but it enabled mineralization in greater terms. If the HA is in excessive 

amounts, cell growth is insufficient [204]. When calcium-phosphate (CaP) was added to 

PCL, the biocompatibility increased along with increasing the capacity of bone formation 

[99]. Magnesium also helped increasing biocompaitibility and mineralization in vitro, and 

it also increased the degradation rate of PCL [205]. When zinc-oxide was incorporated 

into PCL, it improved the osteoconductivity experienced in the case of PCL and also gave 

antibacterial properties to the samples [206].  

Electrospun poly(hydroxyl-butyrate) (PHB) fibers combined with electrosprayed 

HA nanoparticles were created for future bone TE applications [207]. The mechanical 

properties of the nanocomposite improved. However, when the HA nanoparticles were 

incorporated within the PHB solution during electrospinning and additional HA was elec-

trosprayed onto the composite fibers, the mechanical properties deteriorated due to the 
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higher porosity, and the biological properties were only slightly enhanced. When nano 

HA containing PHB fibers are combined with protein hydrogels, the created system could 

be a great alternative for bone scaffolds [208]. The hydrogel layers can provide a nour-

ishing environment for cell encapsulation and proliferation while the PHB fibers increase 

the mechanical properties.  

To enhance the antibacterial properties of a polymer system, titanium-dioxide or 

zinc phosphate nanoparticles can be incorporated into the polymer matrix [209,210]. The 

antimicrobial activity of the nanoparticles is in correlation with the applied loading 

method. If they are loaded during electrospinning, it can cause aggregation [211,212]. 

The antibacterial properties of a polymer device can also be enhanced if the nanoparticles 

are incorporated only into the surface layers [213,214]. Metallic nanoparticles usually 

have antibacterial properties, which can be boosted by the large surface area and hence 

the larger interface, however, above a critical concentration they can become toxic [215]. 

Silver nanoparticles are good antiseptic agents and also good antibacterial agents [215-

217]. They can enhance wound healing properties, while in higher concentration they are 

also cytotoxic. Zinc-oxide nanoparticles can have the same purpose as silver nanoparti-

cles, however, they can also enhance thermal stability and tensile strength, while at higher 

concentrations being cytotoxic [218,219]. Titan-dioxide nanoparticles show the same ef-

fects [220]. 

1.4. Functionalization for specific application areas 

Polymers in themselves, even if they are blended and modified in order to bring 

out their best properties, usually perform poorly still. Their properties and effectiveness 

in TE can be elevated by incorporating specific bioactive agents to promote cell prolifer-

ation, speed up healing processes, and deliver treatment. The functionalization of these 

devices are considered to be the next step in order to accelerate the recovery process of a 

patient. 

1.4.1. Drug delivery systems 

Drug immobilization can happen through encapsulation or loading onto a carrier 

[42]. The interaction between the drug and its carrier can be either just physical adsorption 

or a chemical bond, if the drug is on the surface. This interaction can result in a controlled 

and prolonged drug release. The carrier surface can be activated either by post-modifica-

tion after the fabrication of the carrier, or pre-treatment of the precursors [221]. The dif-

ference can be seen, for example, in the case of PLA nanofibers as carriers of ciproflox-

acin drug [222]. When the fibers were only dipped into the solution of the drug, less drug 

was adsorbed and it was released faster, while when the drug was incorporated into the 

fibers, more was encapsulated and it had a longer, sustained release rate.  
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Nanofibers are often used to carry drugs. Drugs usually do not influence the mor-

phology of nanofibers [223,224]. In some cases the diameter can either increase or de-

crease with increasing drug concentration [223, 225, 226]. The result is a combination of 

various effects, like with increasing drug content, the concentration of the polymer de-

creases in the polymer solution, which will reduce the viscosity [225], but the drug also 

influences the conductivity [227] of the solution, which will all influence the fiber diam-

eter. The release rate of the drug is found to be directly proportional to the drug concen-

tration and the temperature the drug is released at [223,228]. However, other factors affect 

the release as well.  

There are several different drug encapsulation methods. One is the blend loading, 

when a blend of the drug and the polymer is created before processing [229]. It can happen 

by either just mixing the solution of the polymer and the drug together, if they have a 

common solvent, or it can happen solvent-free like via hot-melt extrusion. It is important 

to know the solubility of the drug within the polymer, which is often predicted by calcu-

lating the solubility parameters of the components [230]. If the solubility parameters are 

close to each other it can predict a highly homogeneous distribution of the drugs, while if 

the solubility parameters are far from each other, it can indicate phase separation in the 

final product [231]. In critical cases, it can result in complete segregation.  

Another technique is soak loading, when the scaffold is merged into a solution 

which contains the drug, until all the possible drug is adsorbed by the scaffold [229]. Its 

efficiency depends on various factors such as the porosity of the scaffold, free volume 

and the wettability of the matrix. The interaction of the drug and the polymer will deter-

mine how much drug can be loaded onto the polymer scaffold [232]. Another method can 

be site-specific binding, when the polymer is chemically modified in order to have func-

tional groups, which can interact with the drug [233]. We can also create a chemical bond 

between the carrier and the drug, which would result in great stability of the drug within 

the matrix [234]. Creating a chemical bond cannot just lower release rates and prevent 

the aggregation of the drug, but it can also avoid drug loss, if the drug delivery system 

needs to be sterilized. Drug encapsulated within nano-, or microparticles can also be 

loaded into the scaffold [235]. This method is usually used when the solvent of the scaf-

fold matrix polymer does not dissolve the particle, therefore, a suspension can be made, 

from which the drug loaded scaffold can be fabricated.  

The release kinetics of the drug is influenced by several factors. The most relevant 

factors regarding to the drug are desorption from the matrix, dissolution and diffusion 

within the solvent. While regarding to the matrix, its erosion, degradation, and swelling 

are just as important, as its diffusion within the dissolving media [229]. If there is an 

initial burst in the release profile, it indicates that the drug can be found only on the sur-

face of the matrix, and the drug is crystalline within the polymer [236]. If these crystalline 

drug particles are solubilized, they can create pores on the surface of the matrix and the 

water can penetrate easier, which will promote the burst drug release at the beginning. 

When the interactions are stronger between the drug and the polymer, the release rate of 

the drug can be lower [237]. When the drug is bonded to the matrix by primary chemical 

bonds, then the drug can be released at the fastest degrading sites first. The drug release 

can also be responsive to enzymes, specific reactions, pH, light, etc.  
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The drug release can be regulated by several methods. When as matrix we use 

polymer blends, then we can modify the properties of the original matrix by tailoring it 

to the specific needs [238,239]. When we create polymer blends from hydrophobic poly-

mers, then we can achieve an erosion-based drug delivery. It means that the macromole-

cules from the polymer blends cannot simply diffuse through the polymer matrix, and we 

can have a controlled release. When we have compatible polymer blends from a hydro-

phobic and a hydrophilic component, the compatibility between the drug and the matrix 

improves [240]. When we have an incompatible polymer blend from a hydrophobic and 

a hydrophilic polymer as matrix materials, then the low fractions of the hydrophilic pol-

ymer segregates within the polymer matrix and with time, it can be solubilized resulting 

in an initial burst release, however, the other component can have a prolonged release of 

the drug.  

A DDS should be stable during transportation and storage, and also providing a 

stable and predictable release rate of the drug [160]. The matrix materials and their deg-

radation products should not be toxic or have an unintentional boosting effect on drug 

release and the device itself should not cause any discomfort to the patient during and 

after the administration of the DDS, while also being economically feasible to produce. 

1.4.2. Bioactive compounds 

Medicinal plants were used as natural remedies even 50 000 years ago [241].  In 

ancient Mesopotamia some medicinal oils were used as cough remedies [242]. These bi-

oactive compounds can also initiate tissue regeneration; however, the formulation of these 

therapeutic agents needs to be improved.  

In terms of natural products, spirulina extract has a lot of antioxidants, it is bio-

compatible, and it has been used in TE applications [243,244]. Although it is only effec-

tive under a 10 µg/ml concentration. Green tea extract has been also utilized in medical 

applications due to its antioxidant, anti-inflammatory, and antimicrobial effects 

[245,246]. The incorporation of green tea extract boost the degradation of the medical 

device, however, at a critical value, when the water uptake started to decrease, the mac-

roscopic rate of the degradation also started to decrease [247]. Thyme oil also has anti-

microbial and anti-inflammatory properties [248,249]. It can have diverse effects on the 

polymer system. It can either act as a plasticizer or lower the viscosity of the polymer 

solution [248]. It can enhance the diameter and reduce the tensile strength of the carrier 

[249]. Lavender oil is usually used for minor burns to reduce the pain. It is antibacterial 

and anti-inflammatory [250-252]. Curcumin is also anti-inflammatory and has antioxi-

dant properties, and in addition, it can facilitate wound healing by enhancing collagen 

synthesis [253-257]. In small concentration, curcumin can increase the tensile strength of 

the polymer and the cell viability, however, in larger concentrations it can become cyto-

toxic. 

Growth factors are often used in order to promote tissue formation and regenera-

tion in TE applications. Based on the tissue, they can affect several cells and aid vascu-

larization, fibroblast formation, bone growth, etc. [258]. Growth factors tend to degrade 

easily, so they have a very short half-live after they have been introduced into a living 
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environment, but their incorporation into nanofibers cannot just slow down their degra-

dation, but it can also improve their release [259]. Bone morphogenetic protein (BMP) 

can promote bone formation. When it is encapsulated in an aqueous solution into PLGA 

microparticles, it could accelerate bone regeneration in rats [260,261]. PLA in itself is 

also a good carrier agent for BMP, beneficial behavior is shown at several tissue areas 

[262]. In terms of enzymes, several enzymes, which can be found in the body, are used 

in TE like lysozymes, which are antimicrobial enzymes [263,264]. 

Probiotics are usually applied in skin wound care to decrease the chance of path-

ogenic infection [265], to promote tissue development [266,267], and to induce phagocy-

toses [268]. The encapsulation of probiotics is difficult but with the help of electrospin-

ning, traditional backlashes such as uncontrolled release and nonuniform distribution can 

be overcome [269]. Antioxidants are also usual aids for TE applications because they do 

not influence the mechanical properties generally, while also being biocompatible [270]. 

Vitamin E has already been applied on a membrane for skin TE applications [271]. It 

proved to prevent scar formation and had anti-inflammatory properties during a sustained 

release period but it also resulted in a slightly quicker degradation of the membrane.  

1.5. Scope 

As of now, our best option for regenerative medicinal application is to use biopol-

ymers and natural polymers combined with several therapeutic agents. However, as seen 

in the presented literature review, it is easier said than done. Beside their positive proper-

ties, biopolymers and natural polymers have major shortcomings that hinder their stand-

alone application. The combination of these materials is not just advantageous but 

strongly needed; however, they are usually immiscible polymers, for which proper com-

patibilization is necessary in order to provide an appropriate polymer matrix. One of the 

major questions in creating scaffolds is their price and their processability. Biopolymers, 

but more importantly natural polymers, are hard to work with and their poor mechanical 

and thermal stability hinders their large-scale production. Therefore, as soon as a material 

system works on laboratory scale, the effect of processing should be tested in order to 

ensure that the material is truly a candidate for practical applications. The creation of the 

material system of a scaffold is only the first step. The incorporation of therapeutic agents 

is needed for actual application and while every component interacts with each other, the 

mechanism of the whole system during application needs to be described, and this feed-

back should be taken into consideration during material development in order to avoid 

problems later on. The field is complicated and complex where not just several factors 

but several disciplines are strongly connected. The main motive of this thesis is to aid the 

development of functional biopolymers for medical application throughout the entire de-

velopment process. During this thesis we took a glimpse into each and every issue from 

a material science perspective. Since the topic is wide, each and every chapter can only 

give a slight insight into specific areas, and can offer a possible solution only to the unique 

problem addressed at those specific areas. We believe that this approach does not decrease 

the value of the work presented, but highlights the interconnection and complexity of the 

field addressed. 
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Since the mechanical properties of PLA, commonly used for medical applications, 

are not adequate on their own, the improvement of these properties is needed. Natural 

reinforcing agents can come in mind, in order to keep the biocompatibility and biodegra-

dability of the material systems, however, a deep analysis on the interactions and on their 

effect on the final structure and properties are still not adequately addressed in the litera-

ture. Therefore, in Chapter 2 we decided to investigate the effects of natural reinforcing 

agents on the polymer matrix in order to learn how different types of reinforcing agents 

affect the structure of the composites and with that the macroscopic properties. Biocom-

posites were prepared from PLA and two natural reinforcements, a native starch and sug-

arcane bagasse fibers. The mechanical properties and the structure were characterized, 

and the strength of the interfacial adhesion between the components was estimated. 

The results of Chapter 2 showed that starch would be one of the best candidates 

to be blended with biopolymers, since it is a natural polymer with good biocompatibility, 

and it is also available in large quantities as a cheap alternative to commercially available 

materials. However, its drawbacks currently make it impossible to be utilized in many 

sectors and application areas. Its modification would be a great solution to improve its 

properties so in Chapter 3, we describe how the chemical modification of starch, namely 

its organocatalytic acetylation, affects the properties. The effect of the modification on 

the mechanical behavior of composites based on modified, unplasticized corn starch and 

polylactide was investigated and the behavior of the composites was considered also un-

der different humidity conditions. 

Even if in theory a good interaction can be achieved between the blend compo-

nents, unknown problems can arise during processing, and previously not considered fac-

tors can alter not just the final properties but the structure of the devices themselves. 

Therefore, while keeping in mind the effects of an adequate starch-biopolymer blend on 

the practical application, we investigated the effect of processing on the structure and 

properties of TPS and PLA blends in Chapter 4. PLA and TPS blends with two different 

glycerol contents were processed into specimens by injection molding. Mechanical prop-

erties and structure were characterized by different techniques to reveal the factors which 

influence them during processing. The consequences were investigated by determining 

the water absorption as a function of time. Compression molded specimens were used as 

reference. 

As described above, blending in itself does not address adequately the current 

needs of the medical industry. Creating a stable polymer matrix with sufficient mechani-

cal properties is not enough, and other functionalization is often needed. Thus nanofillers 

are a popular choice in tissue engineering, not just because they can also improve the 

mechanical properties of the polymers but also because they can improve other functional 

properties of the device as well, for example acting as carriers. A major problem with 

nanofillers is that they tend to aggregate and the non-homogeneous distribution of the 

particles is not preferred, especially if drugs or enzymes are loaded onto their surface and 

the device should perform a homogeneous and controlled release. Not just the properties 

of the blends are influenced by the processing technology as described in Chapter 4, but 

also the aggregation of the nanofillers depends on it. Therefore, in Chapter 5 we com-

pared three different processing and sample preparation methods of halloysite containing 

PCL composites to determine the best possible candidate for a therapeutic agent carrying 
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enzymes. The effect of the processing technology on the particle size distribution and on 

the mechanical properties were investigated along with the effect on the crystallinity of 

the composite. 

The interaction between the components determines the properties of the final de-

vice, as has been shown in Chapters 2 and 3. Therefore, carefully choosing our matrix 

material is crucial from the application point of view. In Chapter 6 we walk around this 

issue investigating the delivery of valsartan (drug). Three polymers were used to encap-

sulate the drug with poor water solubility. In this chapter, by investigating the release of 

the drug at different pHs, we study the release mechanism of the drug, in order to deter-

mine how the interaction between the matrix and the drug affects the application, so we 

can tailor the properties to achieve a desired outcome. 

In Chapter 7 we summarize the results of the Thesis. The main purpose of this 

chapter is to give a brief overview of the background and achievements of our research 

work, while highlighting the thesis points that were established along the way. We believe 

that the currently presented findings are beneficial for the field of biopolymers in medical 

application and can guide future research work in order to overcome practical issues and 

aid the market uptake of currently developed solutions. Based on these results we intend 

to investigate the possibilities of improving the properties of biopolymer-based scaffold 

materials for advanced tissue engineering applications further. 
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Chapter 2 

Preparation of biocomposites with natural reinforcements: 

the effect of native starch and sugarcane bagasse fibers1 

2.1. Introduction 

Presently, the biopolymer produced and used in the largest quantity is PLA. Its 

stiffness and strength compete even with those of engineering plastics, but its physical 

ageing is fast because of its low glass transition temperature [1], and its impact resistance 

is also rather small [2]. Accordingly, PLA is frequently modified in various ways includ-

ing, for example plasticization [3-5], blending [6-10] and the addition of reinforcements 

[11-18] to further improve stiffness and strength. In order to maintain the inherent ad-

vantages of biopolymers of small carbon footprint, natural origin and compostability as 

well as to further tailor its mechanical properties to fit medical application areas, they are 

often combined with reinforcements from natural resources.  

Starch is also a biopolymer produced by plants for energy storage and it is availa-

ble in large quantities [19]. Because of its large molecular weight and polarity, starch 

cannot be processed by the usual conversion technologies of plastics [20]. Accordingly, 

it is usually plasticized with water, glycerol or other polar compounds capable of forming 

hydrogen bonds with starch [21-23]. On the other hand, native starch is a stiff material 

which can form strong hydrogen bonds with PLA thus reinforcing it in a similar way to 

inorganic fillers like calcium carbonate, talc or kaolin. Only few papers have been pub-

lished on PLA/starch composites, but most of them deal with the treatment or the modi-

fication of starch in order to improve its adhesion to PLA [24-26]. In spite of their goal, 

unfortunately these works do not provide a detailed analysis of the interactions between 

the components and on local processes taking place during deformation. According to the 

best of our knowledge, no one has yet pointed out the differences or similarities between 

natural fibers and native starch as additives for PLA. 

In accordance with the considerations presented above the goal of this work was 

to prepare PLA/native starch composites and compare their properties to those modified 

with a natural reinforcement, sugarcane bagasse fiber. The majority of publications on 

PLA/natural fiber composites claim weak interactions between the components thus an 

attempt was made to modify them by the addition of a functionalized, maleated PLA 

polymer. Since both the natural fibers and starch are expected to increase stiffness and 

strength, the attention is focused mainly on the mechanical properties of the composites, 

i.e. stiffness, strength and impact resistance, and efforts were made to explore the mech-

anism of the deformation and failure of the composites. 

 

                                                 
1 Józó, M., Várdai, R., Bartos, A., Móczó, J., Pukánszky, B. under review 
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2.2. Experimental 

2.2.1. Materials 

The matrix, poly(lactic acid) (Ingeo 4032D, Mn = 88500 g/mol and Mw/Mn = 1.8, 

measured data) was provided by NatureWorks LLC (Minnetonka, MN, USA). The extru-

sion grade polymer (<2 % D isomer, data provided by producer) has a density of 1.24 

g/cm3, and its melt flow rate (MFR) is 3.9 g/10 min (190 °C and 2.16 kg). The maleic 

anhydride grafted PLA coupling agent (MAPLA) was prepared in our laboratory. Its pro-

duction method was described earlier in detail [25]. The PLA used in the grafting reaction 

was the Ingeo 3251D grade obtained also from NatureWorks (MFR: 35 g/10 min at 190 

°C and 2.16 kg load). A Brabender LabStation (Brabender GmbH, Duisburg, Germany) 

single screw extruder was used for reactive extrusion. The temperature profile from hop-

per to die was 175-180-185-190 °C and the rotational speed was set to 12 rpm. The reac-

tion mixture contained 2 wt% maleic anhydride and 2 wt% Luperox 101 peroxide as ini-

tiator. The MAPLA was characterized by nuclear magnetic resonance spectroscopy 

(NMR, Varian NMR System, Agilent Technologies, Inc., Santa Clara, CA, USA), how-

ever, it was not purified; it was used as produced in reactive extrusion. 

The bagasse fibers used as reinforcement were obtained directly from the sugar 

mill (Sidoarjo, Indonesia). They were washed with ethanol, dried, cut up and sieved be-

fore the extrusion. The dimensions of the fibers were determined by digital optical mi-

croscopy (Keyence VHX 5000, Keyence Co., Osaka, Japan). The native starch was de-

rived from corn and was purchased from Hungrana Kft., Hungary. The amount of the 

reinforcements in the polymer changed from 0 to 30 wt% in 5 wt% steps. The maleated 

PLA coupling agent was added to the polymer in 10 wt% calculated for the amount of the 

reinforcement. 

2.2.2. Sample preparation 

The reinforcements were dried in a Memmert UF450 type oven (Memmert GmbH, 

Schwabach, Germany) before processing (bagasse fibers for 4 h, and starch for 24 h at 

105 °C) to eliminate their residual moisture content. PLA and MAPLA were also dried 

in a vacuum oven at 100 °C and 150 mbar pressure for 4 hours. A Brabender DSK 42/7 

(Brabender GmbH, Duisburg, Germany) twin-screw compounder was used for the ho-

mogenization of the components at the set temperatures of 170-180-185-190 °C and 40 

rpm. The pellets were injection molded into tensile bars according to the ISO 527 1A 

standard using a Demag IntElect 50/330-100 electric injection molding machine. The 

temperature profile of the barrel was set to 40-170-180-185-190 °C and injection pressure 

(800-1200 bar) depended on the amount of the reinforcement. The values of other im-

portant processing parameters were injection speed (50 mm/s), holding pressure (650-800 

bars), holding time (15 s), and cooling time (45 s). The temperature of the mold was set 

to 20 °C. The specimens were kept under ambient conditions (23 °C, 50 % relative hu-

midity, RH) before further testing.  
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2.2.3. Characterization 

An Instron 5566 universal testing machine (Instron, Norwood, MA, USA) was 

used for the characterization of tensile properties with a gauge length of 115 mm and 

5 mm/min crosshead speed. Local deformation processes were followed simultaneously 

by acoustic emission (AE) testing using a Sensophone AED 404 apparatus (Geréb és 

Társa Ltd., Budapest, Hungary). A single piezoelectric sensor (150 kHz resonance fre-

quency) was attached to the center of the specimen. The threshold level of detection was 

25 dB. A Ceast Resil 5.5 impact tester (Ceast spa, Pianezza, Italy) was used for the deter-

mination of Charpy impact strength (ISO 179 standard at 23 °C with 2 mm notch depth) 

of the specimens. Fracture surfaces were studied by scanning electron microscopy (Jeol 

JSM 6380 LA, Jeol Ltd., Tokyo, Japan). Micrographs were recorded on surfaces created 

during tensile and fracture testing, respectively. The particle size and size distribution of 

the reinforcements were determined by laser light scattering using a Horiba LA 950 A2 

(Horiba, Kyoto, Japan) analyzer. The size, size distribution and aspect ratio of the bagasse 

fibers were determined also after processing by digital optical microscopy (Keyence 

VHX 5000, Keyence Co., Osaka, Japan). The polymer was dissolved in tetrahydrofuran 

(Molar Chemicals Kft., Hungary) to extract the fibers from the composites. 

2.3. Results and discussion 

The results are discussed in several sections. The chemical and physical structure 

of the reinforcements used in the study are compared in the first and then their effect on 

composite properties is shown in the next section. The extent of reinforcement is evalu-

ated quantitatively in the subsequent section followed by the discussion of the mechanism 

of deformation and failure as well as its consequence for the possible practical application 

of the composites. In this Chapter and throughout the whole Thesis the lines presented on 

the figures are solely for the purpose to guide the readers, and highlight the tendencies of 

the plots. In case where the lines are fitted, the fitting equation is presented. 

2.3.1. Structure of the reinforcements 

The chemical and physical structure of the reinforcement used strongly influence 

its effect on the matrix polymer and on the properties of the resulting composite [27]. The 

chemical structure of the two reinforcements used in this study shows strong similarities, 

but some differences as well. Both polymers are polysaccharides consisting of glucose 

units. The coupling of these units is different, cellulose contains β-glucosides [28], while 

starch consists of α units [19]. Cellulose molecules are linear, while starch chains are 

helical. The chain structure of the two polymers is shown in Scheme 2.1. Starch consists 

of linear amylose and branched amylopectin chains (only this latter is shown in the 

scheme). In spite of the differences mentioned, both polymers contain a large number of 

hydroxyl groups capable of forming relatively strong hydrogen bonds with PLA. 

 



Chapter 2 

 

 

 

40 

 

 

 
a) b) 

  

Scheme 2.1.  Chemical structure of the reinforcements used in the study; a) cellulose, b) 

amylopectin (the structure of amylose is the same but without branching). 

The phase structure of the two reinforcements also shows some similarities, both 

are semicrystalline materials containing an ordered, crystalline phase. Both the strong 

self-interactions and crystallinity result in large modulus. However, while starch is a rel-

atively pure material, cellulose fibers contain other components as well, mainly hemicel-

lulose, lignin and waxes [28,29]. The oriented chains located in cellulose crystals result 

in increased modulus and strength in the direction of the orientation and smaller strength 

perpendicularly to it [30]. Such orientation does not exist in starch particles. 

Particle morphology is crucial for such materials used as reinforcements in poly-

mer composites. Size, shape, the extent of anisotropy, i.e. aspect ratio, are extremely im-

portant in the determination of deformation processes and final properties [31,32]. The 

appearance of the two reinforcements is shown in Figure 2.1 starch is a whitish-yellowish 

fine powder (Figure 2.1a), while the fiber-like morphology of the sugarcane bagasse 

(Figure 2.1b) is clearly visible in the figure.  

 

a) 
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b) 

Figure 2.1. Visual appearance of the two reinforcements used; a) starch, b) sugarcane 

bagasse fiber 

The size distribution of the two materials is compared in Figure 2.2. The average 

size of starch particles is around 20 µm, while bagasse fibers are much larger, the most 

frequent size being around 900-1000 µm. However, since sugarcane bagasse fibers have 

anisotropic shape, their size was determined also by microscopy. According to these 

measurements, the average length of the fibers is 2850 µm, their diameter 720 µm and 

thus their aspect ratio is around 5.1. Moreover, we must call the attention to the fact that 

the fibers change their size during processing, considerable attrition takes place and thus 

the final length of the fibers in PLA composites processed by extrusion and injection 

molding was 730 µm, their diameter 170 µm, and aspect ratio decreased to 3.0 [13]. Alt-

hough considerable similarities can be found in the chemical structure of the two rein-

forcements, their physical structure, composition and particle morphology differ consid-

erably; it remains to be seen which factor determines the extent of reinforcement and 

composite properties. 
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Figure 2.2.  Particle size distribution of the additives as determined by laser light scat-

tering. 

2.3.2. Interactions 

Since fiber-reinforced materials are mostly used in structural applications, the at-

tention is focused mainly on their mechanical properties. The modulus of the composites 

containing various amounts of the two reinforcements is plotted against additive content 

in Figure 2.3. Both reinforcements increase modulus, but to considerably different ex-

tents; bagasse fibers increase modulus to a much larger extent than starch. The Young’s 

modulus of natural fibers was shown to cover a wide range from several 10 to several 100 

GPa [28,33]; the direct measurement of the modulus of the fibers used in this study re-

sulted in the value of 25 GPa [29] that is in line with their reinforcing effect. Unfortu-

nately, the direct determination of the stiffness of starch particles is very difficult, if not 

impossible, and we found only a single paper reporting the modulus value for starch, 

which was derived indirectly from the study of epoxy resin/starch and polycaprolac-

tone/starch blends [34]. The value given was 2.7 GPa that cannot be correct since the 

addition of starch clearly increases the modulus of neat PLA having a modulus of 3.3 

GPa. We may assume that the inherent stiffness of starch is smaller than that of the sug-

arcane bagasse fibers, but the anisotropic particle geometry and the orientation of the 

fibers must also contribute to the larger stiffness of their composites. Coupling, the addi-

tion of MAPLA to the composites does not have any influence on composite stiffness that 

is not very surprising, since stiffness is not very sensitive to changes in interfacial adhe-

sion [12,35]. 
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Figure 2.3. Composition dependence of the modulus of PLA composites reinforced 

with starch or bagasse fibers. Effect of coupling. Symbols: (,) sugar-

cane bagasse fibers, (,) starch; empty symbols without MAPLA, full 

symbols with MAPLA. 

The deformability of the composites decreases slightly with increasing amount of 

the additives independently of their type or coupling (not shown). Larger modulus is ac-

companied by smaller deformability as expected. The strength of the composites contain-

ing the two reinforcements is presented in Figure 2.4 as a function of additive content. 

The results are quite surprising, starch having a stronger reinforcing effect than the ba-

gasse fibers, at least at smaller additive loadings. The orientation of the anisotropic fibers 

should lead to stronger composites similarly to stiffness. Obviously, other factors, most 

probably local deformation processes, play a significant role in the determination of com-

posite strength. The much larger size of the fibers, even after attrition, facilitates debond-

ing and leads to smaller strength. Although starch particles of around 20 µm size may 

also debond, but at a larger stress than the fibers having a size of one order of magnitude 

larger. Another surprising result is that coupling does not have practically any influence 

on tensile strength either, although properties measured at larger deformations depend on 

interfacial adhesion quite strongly [35]. In spite of numerous claims published in the lit-

erature that the interaction between natural fibers and PLA is weak [15,16,18], we have 

proved earlier that relatively strong interactions develop in such composites [13,36]. Con-

sidering the similar chemical structure of starch and bagasse fibers, the lack of any cou-

pling effect is not surprising in the case of starch either. However, the relative influence 

of particle size and interfacial interactions must be considered in the further evaluation of 

the results. 
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Figure 2.4.  Effect of composition and coupling on the tensile strength of PLA compo-

sites. Symbols: (,) sugarcane bagasse fibers, (,) starch; empty 

symbols without MAPLA, full symbols with MAPLA. 

Besides stiffness and strength, impact resistance is another mechanical property 

that is important for most structural materials; very often large strength and impact re-

sistance is required from such materials used in practice [37,38]. The impact strength of 

the composites prepared in this study is presented in Figure 2.5. The effect of the two 

reinforcements differs considerably from each other. The addition of bagasse doubles 

composite impact strength, while the addition of starch decreases it slightly. The opposite 

effects must be caused by the different deformation and failure mechanism of the com-

posites containing the two kinds of additives. The effect of coupling is very slight again. 

This small effect must be related to the interaction of the components and to the local 

deformation processes taking place during failure. The main factors determining compo-

site properties are particle characteristics and to some extent interfacial adhesion. 

 

0.0 0.1 0.2 0.3 0.4
45

50

55

60

65

T
en

si
le

 s
tr

en
g

th
 (

M
P

a
)

Volume fraction of reinforcement

starch

bagasse



Comparison of starch and bagasse natural reinforcing agents 

 

 

 

45 

 

Figure 2.5.  Dependence of the notched Charpy impact resistance of PLA composites 

containing natural reinforcements. Symbols: (,) sugarcane bagasse fi-

bers, (,) starch; empty symbols without MAPLA, full symbols with 

MAPLA. 

2.3.3. Local deformation processes 

The reinforcing effect of additives is difficult to assess based on the primary results 

of modulus and especially strength values even though it is almost invariably done so. 

Reinforcement depends on several factors including their size, shape and orientation and 

also on interfacial interactions. The use of appropriate models helps the quantitative esti-

mation of the reinforcing effect of the most various second components and such a model 

was developed earlier to describe the composition dependence of tensile strength [39]. 

The model can be expressed as 

 

𝜎𝑇 =  𝜎𝑇0 𝜆𝑛  
1− 𝜑𝑓

1+2.5 𝜑𝑓
 𝑒𝑥𝑝(𝐵 𝜑𝑓)  (2.1) 

where σT and σT0  are the true tensile strength of the composite and the matrix, respec-

tively, φf is the volume fraction of the additive in the composite, B expresses the load-

bearing capacity of the reinforcement and it depends on interfacial adhesion. In the equa-

tion true tensile strength (σT  = σλ, λ = L/L0, relative elongation) accounts for the change 

in specimen cross-section and λn for strain hardening occurring with increasing elonga-

tion. n characterizes the strain hardening tendency of the polymer and can be determined 

from matrix properties. The rearrangement of the equation leads to the reduced tensile 
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strength 

𝜎𝑇𝑟𝑒𝑑 =  
𝜎𝑇

𝜆𝑛  
1+2.5 𝜑𝑓

1− 𝜑𝑓
=  𝜎𝑇0 exp(𝐵 𝜑𝑓)  (2.2) 

and if we plot its natural logarithm against composition, we should obtain straight lines, 

the slope of which expresses the reinforcing effect of the additives quantitatively. 

The tensile strength of the composites is plotted in the way indicated by Equa-

tion 2.2 in Figure 2.6. We obtain straight lines as predicted verifying the validity of the 

approach and showing the lack of considerable structural effects.  

 

Figure 2.6.  Reinforcing effect of the natural additives used in PLA composites. Tensile 

strength plotted in the linear representation of Equation 2. Effect of cou-

pling. Symbols: (,) sugarcane bagasse fibers, (,) starch; empty 

symbols without MAPLA, full symbols with MAPLA. 

The analysis indicates that the load-bearing capacity of the two reinforcements is 

similar in spite of the different primary values shown in Figure 2.4. The parameters de-

termined by the fitting of the model to the experimental values are compiled in Table 2.1. 

The comparison of the data listed in the table shows the very slight overall effect of cou-

pling as well. The similar reinforcing effect of the two additives might be surprising first 

but can be reasonably explained by the smaller size of starch particles increasing the value 

of parameter B and the orientation of bagasse fibers, which compensates for the negative 

effect of large size. The strength of interfacial adhesion is difficult to predict from the 

model because of the different size and shape of the particles, but it can be estimated by 
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the reversible work of adhesion. This latter can be calculated from the surface tension of 

the components. The matrix of the composites was the same, and the surface tension of 

the two additives is quite similar, 35 mJ/m2 was measured for starch, while 38 mJ/m2 for 

bagasse fibers by inverse gas chromatography leading to similar work of adhesions 

(99.4 mJ/m2 and 100.2 mJ/m2 respectively), i.e. strength of interfacial adhesion. 

Table 2.1. Calculation of parameter (B) characterizing the load-bearing capacity of 

the reinforcements studied (see Equations 2.1 and 2.2) 

Reinforcement Coupling 
T0 

(MPa) 
Parameter B R2a 

Starch 
– 58.2 3.11  0.16 0.9896 

+ 59.2 2.84  0.12 0.9910 

Bagasse 
– 55.0 3.07  0.04 0.9992 

+ 55.1 3.14  0.03 0.9994 

a) determination coefficient  

2.3.4. Deformation and failure 

The results presented above indicate that considerable differences exist in the 

properties of the composites prepared with the two kinds of reinforcements. Modulus and 

impact resistance was larger for the PLA/bagasse fiber composites that is a slight contra-

diction in itself since larger modulus is usually accompanied by smaller impact strength 

[40], while the strength of the PLA/starch composites exceeded that of the other set of 

materials. Since the strength of interfacial adhesion is similar, the main reason for the 

differences must lay in the particle characteristics of the additives and the local defor-

mation processes initiated by them.  

Composites are heterogeneous materials containing components with dissimilar 

elastic properties. External load results in the development of local stress maxima which 

initiate local deformation processes. These processes like the debonding of the particles, 

i.e. the separation of the interface between the matrix and the reinforcement, and the frac-

ture of the latter can be followed by various means including volume strain measure-

ments, the determination of changes in the volume of the specimen during deformation, 

or by acoustic emission tests recording elastic waves during burst-like processes like the 

two mentioned above. The results of such measurements are presented in Figure 2.7 for 

two composites, one containing starch (Figure 2.7a) and the other bagasse fibers (Fig-

ure 2.7b). The small circles in the figure indicate individual acoustic events, while the 

two continuous lines show the stress vs. deformation correlation for reference (left axis), 

as well as the cumulative number of signal vs. deformation trace (right axis). This latter 

shows the total number of signals detected up to a certain deformation and its shape offers 

information about the process itself. Debonding is often accompanied by a saturation-like 

correlation [37], but the shape in itself does not allow the unambiguous identification of 

the dominating local deformation process [41]. 
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a) 

 

b) 

Figure 2.7.  Results of the acoustic emission testing of PLA composites containing 

starch or bagasse fibers. Additive content: 20 vol%. Symbols: () individ-

ual acoustic events, full lines: stress vs. deformation (left axis, red) and 

cumulative number of signal vs. deformation (right axis, navy) correla-

tions. a) starch, b) sugarcane bagasse fiber. 
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The comparison of the two plots presented in Figures 2.7a and 2.7b reveals a 

number of similarities, but also differences. The amplitude, i.e. strength, of the signals 

indicated by the height of the points on the vertical axis is approximately the same, alt-

hough signals with higher energy seem to be located in larger numbers at the first part of 

the measurement in the starch composite (Figure 2.7a). Both plots show that signals start 

to appear after a certain, critical deformation, which is larger for the starch composite 

than for the one containing bagasse. If debonding is the main local deformation process, 

this difference can be clearly explained by the smaller size of the starch particles, since 

debonding stress is inversely proportional to particle size [42]. The signals in Figure 2.7a 

seem to form only one group but their high amplitude and the shape of the cumulative 

number of signals trace indicate the occurrence of a second process besides debonding 

which may be the fracture of starch particles, although one would not expect this to hap-

pen and it needs further proof. 

The plotting of the cumulative number of signal traces allows the determination 

of characteristic stresses which can be assigned to local processes taking place during the 

deformation of the specimen. The determination of these values from the plots is shown 

in Figure 2.7. Characteristic stresses determined for the processes detected, σAE1 and σAE2, 

are plotted against composition in Figure 2.8. Only one characteristic stress could be 

determined for the starch composites with any reliability. The first process in bagasse 

fiber composites is initiated at smaller stress and is unambiguously assigned to debond-

ing. The larger stress obtained for starch is consistent with the explanation given above, 

i.e. debonding needs larger stress for smaller particles. In the case of fiber-reinforced pol-

ymers, the second process is mostly related to the fracture of the fibers [30,35,37]. Frac-

ture is difficult to imagine for starch particles, but it is not impossible. The stress belong-

ing to fiber fracture is much larger and can be clearly separated from the first process for 

the bagasse composites. The existence of a second, competitive process cannot be identi-

fied definitely for starch-filled composites but scanning electron microscopy may provide 

further evidence about the processes taking place during failure.  

SEM micrographs recorded on the fracture surface of specimens broken during 

the test are presented in Figure 2.9 for samples containing starch or bagasse fibers with 

or without coupling. Considerable debonding can be observed in Figure 2.9a in the com-

posite containing starch without coupling, while less debonding and the fracture of some 

particles are observed in Figure 2.9b in the presence of the coupling agent (MAPLA). 

One could draw the conclusion from these results that coupling is very efficient that 

would contradict all earlier conclusions. However, we must call the attention here to the 

fact that SEM micrographs cover only a very small area of the fractured surface of the 

specimen. Some micrographs prepared showed less debonding than in Figure 2.9a and 

even some broken particles in the absence of the coupling agent, and, on the other hand 

larger number of debonded particles in its presence. Nevertheless, the micrographs verify 

the occurrence of two processes in these composites and identify them as debonding and 

particle fracture. Very similar micrographs were recorded also on composites containing 

the bagasse fibers as shown by Figures 2.9c and 2.9d; the two processes, debonding and 

fiber fracture, can be clearly identified also in these micrographs. 



Chapter 2 

 

 

 

50 

 

 
 

Figure 2.8.  Composition dependence of characteristic stresses derived from acoustic 

emission testing. Symbols: (,) sugarcane bagasse fibers, σAE1 (,) 

starch, σAE, (,) bagasse, σAE2; empty symbols without MAPLA, full 

symbols with MAPLA. 
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b) 

 
c) 

 
d) 

Figure 2.9.  SEM micrographs recorded on the fractured surfaces of specimens broken 

during tensile testing: a) starch, 20 wt%, b) starch, 20 wt%, MAPLA, c) 

sugarcane bagasse fiber, 20 wt%, d) bagasse fiber, 20 wt%, MAPLA. 
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3.3.5. Discussion 

The results presented in the previous sections clearly showed the main factors de-

termining composite properties are particle characteristics and the inherent properties of 

the additives. Bagasse fibers increase modulus to a larger extent than starch because of 

the larger stiffness of the fibers and their anisotropic particle characteristics. Strength is 

strongly influenced by local processes taking place during deformation. The smaller par-

ticle size of starch results in larger debonding stress (see also Figure 2.8, σAE1) and thus 

larger composite strength compared to composites containing bagasse fibers. The pre-

sumably larger inherent strength of the fibers leads to considerably larger impact re-

sistance for the PLA/bagasse fiber composites. Because of the similar chemical structure 

of the two reinforcements, interfacial adhesion is also very similar for the two (see Fig-

ure 2.6 and Table 2.1) and coupling has a very slight influence on properties. The limited 

efficiency of coupling can be explained also by the small number of functional groups 

and smaller molecular weight of the modified polymer as well as the small number of 

entanglements in PLA. The results are consistent and help to identify the main factors 

determining composite properties, but also the advantages and drawbacks of the two re-

inforcements. 

One of the main requirements towards composites used as structural materials is 

large stiffness and impact resistance. The requirement is quite difficult to satisfy because 

they are inversely proportional in most structural materials, i.e. larger stiffness is usually 

accompanied by smaller impact strength. The two quantities are plotted against each other 

in Figure 2.10. The general tendency is valid for the PLA/starch composites indeed but 

it shows an opposite trend for the polymer reinforced with the bagasse fibers. The reason 

for the discrepancy is the relatively large inherent strength of the bagasse fibers and the 

fact that considerable fiber fracture takes place during the deformation and failure of its 

composites; in fact, fiber fracture might be the dominating local deformation process over 

debonding and it consumes considerable energy during failure. We must call the attention 

here, though, that the absolute value of fracture resistance is not very large in any of the 

composites, and that much larger fracture strengths are required in certain applications. 

Nevertheless, bagasse fibers offer a reasonable overall performance over starch. 
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Figure 2.10. Correlation of the modulus and impact strength of PLA composites rein-

forced with starch and sugarcane bagasse fibers. Opposing effects as a re-

sult of different local processes. Symbols: (,) sugarcane bagasse fibers, 

(,) starch; empty symbols without MAPLA, full symbols with MAPLA. 

 

2.4. Conclusions 

The comparison of the properties of PLA composites reinforced with native starch 

and sugarcane bagasse fibers shows that the two additives influence properties differently. 

The analysis of their chemical and physical structure indicates that the former is quite 

similar, while considerable differences exist in the latter. Particle characteristics differ 

even more and are shown to influence properties considerably. The strength of interfacial 

adhesion and thus the extent of reinforcement are similar because of the similar chemical 

structure of the reinforcements. Relatively strong interfacial adhesion develops between 

the components which renders coupling inefficient. Dissimilar particle characteristics, on 

the other hand, influence local deformation processes considerably. The smaller particle 

size of starch results in larger debonding stress and thus larger composite strength. Be-

sides debonding, considerable fiber or particle fracture also takes place during the failure 

of the composites. The larger inherent strength of the bagasse fibers leads to larger energy 

consumption during fracture and increased impact resistance. Although the environmen-

tal benefit of the prepared biocomposites is very similar, the overall performance of the 

bagasse fiber reinforced PLA composites is better than that offered by the PLA/starch 

composites. The materials presented here can open the ways to novel scaffolds for bone 

tissue engineering after adequately tailoring their properties.  
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Chapter 3 

Compatibilized Starch Acetate/Poly(lactic acid) Compo-

sites2 

3.1. Introduction 

Not surprisingly, many contemporary studies focus on the compatibilization of 

starch-based blends and composites, i.e., improving their property profiles to better match 

the requirements of specific applications. In practice, this generally involves facilitating 

interfacial adhesion between the matrix and the dispersed particles. Various reactive 

methods are applied for this purpose, such as the surface-modification of starch with mon-

ofunctional reagents, graft copolymerization, and coupling the phases through small mol-

ecules or reactive polymers [1-3], as summarized in our recent review [4]. 

The polar nature of the polysaccharide can be altered through substituting its hy-

droxyl moieties with less polar groups by etherification [5] or esterification [6]. The latter 

is typically performed using acids, acid chlorides, or anhydrides as acylating agents. Be-

sides reducing the moisture uptake of starch and potentially improving its thermal stabil-

ity [7], however, the modification also lowers the surface energy of the granules, thereby 

resulting in less interfacial adhesion between the polysaccharide and the matrix polymer 

in starch blends and composites. 

Although it is often claimed that the substitution reaction itself is responsible for 

the fundamental changes in morphology [8], we demonstrated earlier [7] that the reaction 

medium plays a much greater role. While aqueous reactions [9,10] and the use of acid 

reagents [6] result in a rapid loss of crystallinity and break down the granular structure of 

native starch due to plasticization, no such phenomena were observed when the modifi-

cation was conducted in the absence of water [6,7].  

In our present study, composites were prepared by combining poly(lactic acid) 

with unplasticized, acetylated corn starch. The organocatalytic esterification process we 

used [7] leads to high degrees of acetylation (DAc) without drastically changing the mor-

phology of the granules. Thus, for the first time, we were able to largely eliminate other 

factors and investigate solely the effect of acetylation on the mechanical performance of 

the composites, both as a function of DAc and filler content. As the modification was an-

ticipated to reduce interfacial adhesion, maleic anhydride-grafted PLA (MAPLA) was 

added as a compatibilizer to half of the compositions to counteract this effect. Moreover, 

we performed a detailed analysis of moisture uptake over time, as well as its significant 

impact on the mechanical performance of the composites. 

  

                                                 
2 Józó, M., Bak, J., Várdai, R., Móczó, J., Vilaplana, F., Imre, B., Pukánszky, B. – under review  
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3.2. Experimental 

3.2.1. Materials 

Commercial native starch (CG 03401) with an amylose content of 25 wt% was 

provided by Cargill Deutschland GmbH (Malchin, Germany). The tartaric acid (99.5 %) 

used to catalyze the esterification reaction was supplied by VWR International, LLC 

(Leuven, Belgium). Acetic anhydride (99 %) was purchased from Alfa Aesar (Ward Hill, 

MA, USA). The PLA used as matrix was the Ingeo 4032D grade recommended for ex-

trusion, obtained from NatureWorks, LLC (Minnetonka, MN, USA). The polymer (< 2 % 

D isomer, data provided by producer) has a number average molar mass of 88 500 g/mol, 

Mw/Mn ratio of 1.8 (measured data), density of 1.24 g/cm3, and MFR of 3.9 g/10 min at 

190 °C and 2.16 kg load. The maleic anhydride-grafted poly(lactic acid) (MAPLA) cou-

pling agent was synthesized according to the procedure described in Section 3.2.3. 

3.2.2. Synthesis and characterization of starch acetates 

The desired amount of the tartaric acid catalyst (0.2 mol) was first mixed with the 

acetic anhydride reagent (2 mol) in an oven-dried 25 ml glass round-bottom flask 

equipped with a magnetic stir bar and an Allihn-type reflux condenser. The flask was then 

submersed in an oil bath (130 °C) for ca. 5 min in order to dissolve the catalyst. Subse-

quently, freeze-dried corn starch (0.2 mol in terms of repeating units) was added to the 

mixture. The addition of starch was considered as the start of the reaction presented in 

Figure 3.1a, which was then conducted for either 2 or 4 h. The solid product was washed 

with deionized water and decanted repeatedly until neutral pH to ensure the complete 

removal of the catalyst and any unreacted reagent. The dry solid product was obtained by 

freeze-drying. 

The degree of acetylation was determined by the saponification of the polymers 

and the analysis of the released carboxylic acid by high-performance liquid chromatog-

raphy (HPLC). 10 mg freeze-dried sample was treated with 0.3 mL of MilliQ water and 

1.2 mL of 0.8 M sodium hydroxide solution. The sample was heated and mixed overnight 

in a thermomixer (Eppendorf Thermomixer Comfort, Germany) at 70 °C. Thereafter, the 

sample was allowed to cool to room temperature, followed by neutralization with 37 % 

hydrochloric acid. The sample was centrifuged, and the supernatant was filtered through 

a 0.2 μm nylon filter. Quantification of the released acetic acid was performed by HPLC 

(Dionex Thermo Fisher, CA, USA) coupled with a UV detector (210 nm) using a Rezex 

ROA-Organic acid column (300 7.8 mm; Phenomenex, Torrance, CA, USA). The mobile 

phase was 2.5 mM sulfuric acid at a flow rate of 0.5 mL min-1; the oven temperature was 

set to 50 °C. Quantification was performed by calibration with carboxylic acid standards. 

Surface energy was determined by inverse gas chromatography (IGC) at 40 °C 

using a PerkinElmer IGC (PerkinElmer Inc., MA, USA) apparatus and nitrogen as a car-

rier gas. Prior to the measurement, the samples had been heated in the column at 100 °C 
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for 12-16 h. Crystalline structure was characterized by X-ray diffraction (XRD) measure-

ments performed between 5 and 60 2ϴ angles with a Malvern PANalytical X’Pert PRO 

(Malvern Panalytical B.V., The Netherlands) powder diffractometer operated at 45 mA. 

Thermogravimetric analysis (TGA) tests were performed using a Mettler-Toledo 

TGA/SDTA 851e Thermogravimetric Analyzer (Mettler-Toledo International Inc., Co-

lumbus, OH, USA). 4-5 mg samples were placed in the sample pan and heated from 25 

to 750 °C (10 °C min-1) in nitrogen atmosphere (50 mL min-1). Prior to the measurement, 

the samples were kept in a desiccator with controlled relative humidity (43 %) above 

saturated potassium carbonate solution for at least 24 h. Morphology of the starch gran-

ules was studies by digital optical microscopy (DOM; Keyence VHX5000, Keyence Cor-

poration, Osaka, Japan) accompanied by image analysis, as well as by scanning electron 

microscopy (SEM; JEOL JSM-6380 LA, JEOL Ltd., Tokyo, Japan). 

3.2.3. Synthesis of maleic anhydride-grafted poly(lactic acid) 

MAPLA was prepared by reactive extrusion based on the procedure described by 

Csikós et al. [11]. The reaction presented in Figure 3.1b was conducted in a Rheomex 

¾" single screw extruder attached to a Haake Rheocord EU 10 V driving unit operated at 

30 rpm screw speed and with a temperature profile of 160–170–180–190 °C. PLA was 

dried before extrusion in a vacuum oven at 105 °C for 4 h. Maleic anhydride (2 wt%) and 

the Luperox 101 peroxide initiator (2 wt%) were dissolved in 20 ml acetone and added to 

the dry granules. The homogenized material was placed into an oven at 80 °C for 5 min 

to evaporate acetone. The 2 mm thick extruded strands were pelletized and dried in a 

vacuum oven to remove unreacted maleic anhydride. 

3.2.4. Preparation and characterization of starch acetate/PLA composites 

Before processing, both PLA and MAPLA were dried in a vacuum oven at 105 °C 

and 150 mbar absolute pressure for 4 h, while native and acetylated starches at 105 °C 

with air circulation for 12 h. The composites were homogenized in a Brabender W 50 

EHT internal mixer attached to a Haake Rheocord EU 10 V driving unit at 190 °C and 

50 rpm for 12 min. The melt was transferred to a Fontijne SRA 100 compression molding 

machine to produce 1 mm thick sheets (190 °C, 5 min) from which standard specimens 

were cut according to ISO 527. The specimens were kept in a desiccator at 0 % RH for 

one week prior to testing. The starch content of the composites, both with and without 

coupling agent, was changed between 0 and 40 vol% in 10 vol% steps. The concentration 

of MAPLA in the compatibilized samples was 10 vol% of starch. 

Water uptake was determined at 25 °C by placing 40×12×1 mm compression 

molded specimens in a desiccator with 55 % RH provided by a saturated solution of 

Mg(NO3)2. The mass of the samples was monitored as a function of time. The morphol-

ogy of the composites was studied by SEM (JEOL JSM-6380 LA, JEOL Ltd., Japan); 

micrographs were taken from cryo-fractured surfaces. Mechanical properties were deter-

mined by tensile testing on standard ISO 527 1 mm-thick specimens using an Instron 
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5566 apparatus with 115 mm gauge length. Stiffness (E), tensile strength (σ), and elon-

gation-at-break (εb) were calculated from the force vs. strain traces recorded at 5 mm 

min-1 crosshead speed. Local deformation processes were followed by acoustic emission 

(AE) measurements. Acoustic signals during tensile tests were recorded using a Senso-

phone AED 40/4 apparatus with a resonance frequency of 150 kHz and the noise thresh-

old set to 20 dB. Dynamic mechanical analysis (DMA) was performed using a Perkin 

Elmer Diamond DMA (PerkinElmer Inc., Waltham, MA, USA) apparatus on 50 by 5 mm 

rectangular specimens cut from the 1 mm-thick compressed sheets. Measurements were 

done in tensile mode with constant frequency (1 Hz) from room temperature to 200 °C 

with a heating rate of 2 °C min-1. 

3.3. Results and discussion 

3.3.1. The effect of acetylation on the properties of corn starch 

Organocatalytic acetylation alters the properties of corn starch (CS) in various 

ways, as discussed in an earlier publication [7], and presented in Figure 3.1. The theoret-

ical value of the DAc, i.e., the average number of hydroxyls replaced by acetate substitu-

ents per repeating unit, ranges from 0 to 3, a DAc of 3 meaning that all three hydroxyl 

groups are substituted. As Figure 3.2 demonstrates, the degree of acetylation of native 

corn starch (CSAc0) increases gradually as a function of reaction time, reaching 0.7 and 

1.6 after 2 (CSAc2) and 4 (CSAc4) hours of acetylation, respectively. Consequently, the 

surface of the granules becomes less polar, indicated by their decreasing surface energy 

(γs). This, in turn, has a major impact on the strength of interactions between the dispersed 

granules and the poly(lactic acid) matrix in CSAc/PLA composites, as discussed in detail 

in Section 3.3.2. The increasingly nonpolar nature of acetylated starch is also reflected in 

its equilibrium water content (CH2O) being reduced from ca. 8 wt% for CSAc0 to under 

1 wt% for CSAc4. 

 

Figure 3.1.  The reactive compatibilization of PLA and starch acetate: a) organocata-

lytic acetylation of corn starch; b) synthesis of MAPLA; c) coupling of 

MAPLA and starch acetate through the formation of ester bonds. 
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One of the aims of esterification is to improve the processability of starch by shift-

ing its thermal degradation to more elevated temperatures. Therefore, acetylation is an-

ticipated to have a substantial effect on the thermal stability of the polysaccharide. As one 

can observe in the TGA and derivative TGA curves collected in Figure 3.3, unmodified 

corn starch predominantly degrades in one step at ca. 320 °C (Td,1). Due to acetylation, a 

second weight loss step (Td,2) assigned to the degradation of substituted anhydroglucose 

units appears at a higher temperature (ca. 370 °C) after 2 h reaction time and becomes 

dominant after 4 h. As demonstrated earlier [7], the ratio of the two degradation peaks in 

anhydride-esterified starch is determined primarily by the degree of esterification, regard-

less of other factors such as reaction conditions. These latter, on the other hand, have a 

more pronounced effect on the temperature at which the degradation of unmodified re-

peating units occurs. Unlike the second degradation step, Td,1 tends to shift to lower tem-

peratures due to harsher reaction conditions and longer reaction times. 

Acetylation also alters the crystalline structure of native corn starch, which has a 

degree of crystallinity (Xc in Figure 3.2) of ca. 30 %, as determined by calculating the 

areas under the XRD curve assigned to the crystalline and amorphous phases, respectively 

(Figure 3.4). As esterification disrupts the regularity of amylopectin chains and hinders 

intra-, as well as intermolecular H-bonding, crystallinity becomes considerably reduced 

in the acetylated samples, with an Xc of 15 and 5 % in CSAc2 and CSAc4, respectively. 

This decrease might be further enhanced by the potential plasticizing effect of the reac-

tion’s side-product, acetic acid.  

The granular morphology of starch is only mildly affected by the modification, 

with a slight increase of average size (Figure 3.5), possibly caused by the expansion of 

the granules due to reduced crystallinity and thus smaller density. The diameter of the 

granules varies between 4 and 20 μm. As the SEM micrographs collected in Figure 3.6 

illustrate, the smooth surface of unmodified CS changes to some degree when treated 

with acetic anhydride. Increased surface roughness is commonly observed in esterified 

starches [6,9,12]. Although some claim [10] that the resulting larger specific surface area 

might improve interfacial adhesion in composites, its effect is by all likelihood negligible. 
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Figure 3.2.  The degree of acetylation (DAc), surface energy (γs), equilibrium water con-

tent (cH2O), and crystallinity (Xc) of corn starch as a function of reaction 

time. 
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Figure 3.3. The effect of acetylation on the thermal stability of corn starch. 

 

Figure 3.4.  Areas under the curve assigned to the amorphous and crystalline phases, 

respectively, in the XRD spectrum of unmodified corn starch. 
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Figure 3.5.  The effect of acetylation on the particle size distributions of corn starch 

determined by DOM and image analysis. 

 

a) 
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b) 

 

c) 

Figure 3.6. SEM micrographs of unmodified and acetylated corn starches obtained at 

3000x magnification a) CSAc0 b) CSAc2 c) CSAc4. 

3.3.2. The effect of acetylation on interactions, structure, and mechanical performance 

Unmodified and acetylated starches were dispersed in the poly(lactic acid) matrix 

by internal mixing. The off-white color of PLA shifts to light brown with increasing starch 

content (Figure 3.7). Esterified starches tend to have a beige to light brown color due to 

oxidation that turns gradually darker as the reaction proceeds. Accordingly, composites 

that contain acetylated starch have markedly darker tones than their unmodified counter-

parts. 

 



Chapter 3 

 

 

66 

 

Figure 3.7. The color of the specimens after processing. 

The mechanical performance of the composites, analyzed by tensile testing, is in-

fluenced by numerous factors. The tensile modulus (E) of dry samples (Figure 3.8) gen-

erally increases as a function of starch content. Its increase, on the other hand, is consid-

erably limited by acetylation. The main reason for this may be that weaker interfacial 

interactions result in debonding, i.e., a separation of the phases at the interface, even at 

the small deformations (under 0.5 %) at which modulus is determined. The small relative 

surface area of the granules, due to their fairly large size (ca. 5-20 μm), also supports this 

explanation. Although aggregation might lead to such a trend too, acetylation is more 

likely to prevent aggregation than cause it, through reducing particle-particle interactions. 

In addition, although esterification breaks down the crystalline structure of the dispersed 

starch granules (see Figure 3.1a), this is not anticipated to have a substantial impact on 

their modulus. 

Without exception, the composites break at small deformations without neck-for-

mation in the first, rising section of the stress-strain curve (see Figure 3.8). Therefore, 

elongation-at-break (εb) and tensile strength (σ) strongly correlate and change in a similar 

fashion. While strength increases slightly when unmodified starch is added in a small 

amount (ca. 5 vol%), beyond this point, both characteristics shift gradually towards lower 

values with increasing starch content, explained mainly by debonding, while the inherent 

characteristics of starch might also play a role in this trend. 



Compatibilized starch acetate/poly(lactic acid) composites 

 

 

67 

 

Figure 3.8.  The tensile modulus (E), strength (σ), and elongation-at-break (εb) of dry 

composites as a function of starch content. Symbols: (,) CSAc0/PLA, 

(◇,◆) CSAc2/PLA, (▽,▼) CSAc4/PLA; empty symbols without MAPLA, 

full symbols with MAPLA. 

  



Chapter 3 

 

 

68 

The effect of acetylation on the tensile failure of the composites is more complex. 

As expected, the weaker adhesion caused by acetylation results in reduced εb and σ due 

to the easier separation of the phases at the interface. This is in clear contrast with earlier 

claims [9,13] according to which the hydrophobic modification improves compatibility. 

Samples containing starch with a higher DAc (CSAc4/PLA, DAc = 1.6), however, consist-

ently perform better in terms of strength and deformability than the ones prepared with 

CSAc2 (DAc = 0.7). One possible explanation for this trend is that weak interactions in 

the case of CSAc4 enable the debonding of smaller granules at lower stresses and thus 

slightly increase deformation. Due to the stiff matrix, this elevated elongation-at-break 

might lead to improved strength, simply because the composites break in the increasing 

section of the stress-strain curve (see the ones presented in Figure 3.9). Another phenom-

enon possibly facilitating the better mechanical performance of CSAc4/PLA composites 

may be that the debonding of a large number of granules result in a more homogeneous 

stress field. Contrarily, high local stresses develop only around larger granules in 

CSAc0/PLA and CSAc2/PLA, initiating crack-formation and fracture at lower external 

load. 

 

Figure 3.9.  The development of tensile stress and the cumulative number of acoustic 

signals during deformation. Symbols: blue: CSAc0/PLA, green: 

CSAc2/PLA, orange: CSAc4/PLA; dotted line without MAPLA, full line 

with MAPLA 
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3.3.3. Local deformations and acoustic activity 

The acoustic emission (AE) profile of the composites, based on the analysis of 

elastic waves emitted during the elongation of the specimen, offers further insight into 

mechanical behavior and its relationship with local processes. Most local deformations, 

such as debonding or fracture, emit sound that can be detected and identified. The rela-

tively small amplitude of AE signals emitted by the CSAc/PLA composites is a charac-

teristic feature of debonding. As one can observe in Figure 3.10, some of the cumulative 

number of signals traces start to increase above ca. 1 % deformation, which lasts until the 

break of the specimen. While debonding is anticipated to produce an S-shaped curve, 

saturation is often not reached in stiffer materials such as PLA composites before the 

failure of the specimen [14,15]. 

 

Figure 3.10. The number of acoustic signals as a function of starch content. Symbols: 

(,) CSAc0/PLA, (◇,◆) CSAc2/PLA, (▽,▼) CSAc4/PLA; empty sym-

bols without MAPLA, full symbols with MAPLA. 

Notably, only composites that contain the moderately acetylated starch 

(CSAc2/PLA, DAc = 0.7) seem to produce a significant number of acoustic signals during 

their deformation (Figures 3.9 and 3.10). The small number of signals overall is not un-

expected in such materials and can be explained by a number of factors. On the one hand, 

the modulus of starch is relatively low, compared to inorganic fillers that typically pro-

duce a much larger number of detectable acoustic events, and comparable to that of the 

matrix. The low stiffness of the granules may have a dampening effect on acoustic signals. 

Furthermore, the debonding of the smaller granules impacts smaller volumes of material, 
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resulting in weak signals or the signals being attenuated during propagation, preventing 

their detection [14]. 

Nevertheless, none of the above explains the differences in acoustic activity ob-

served between composites that contain starch grades with different degrees of acetyla-

tion. While the size and number of dispersed granules greatly influence the number of 

acoustic signals produced and detected during deformation, these factors remain largely 

unchanged during the acetylation of the polysaccharide. Surface energy, and thus interfa-

cial interactions, on the other hand, which have an even stronger effect on the number of 

signals emitted by the measurement [14] are altered to a great extent. Relatively strong 

adhesion in CSAc0/PLA may prevent debonding, and thus the occurrence of acoustic 

events, until the fracture of the specimens. Much weaker interactions in CSAc4/PLA, on 

the other hand, likely result in the easy separation of the phases at the interface, producing 

AE signals at such small amplitudes that are difficult to detect and distinguish from back-

ground noise. The moderate DAc of starch in the CSAc2/PLA composites seem to result 

in the initiation of debonding at higher stresses and the occurrence of a significant number 

of detectable acoustic events over a longer deformation range (ca. 1.0 to 1.4 %) preceding 

macroscopic failure. 

3.3.4. Compatibilization with maleic anhydride-grafted PLA 

The effect of compatibilization can be observed in Figures 3.8, 3.9, and 3.10, with 

full symbols and continuous lines indicating the presence of the coupling agent (MAPLA, 

10 vol% with respect to starch), while empty symbols and dashed lines the lack thereof. 

All in all, the results seem to suggest that MAPLA has a rather limited impact on the 

mechanical performance of the composites, apart from a few notable exceptions. 

A considerable difference can be observed, for instance, between the moduli of 

the CSAc4/MAPLA/PLA and CSAc4/PLA series, prepared with and without compatibil-

ization, respectively. As discussed above, weak interactions likely lead to considerable 

debonding even at small deformations in the non-compatibilized composites. To some 

extent, this seem to be hindered by coupling the phases, resulting in improved stiffness. 

Compatibilization also increases the number of signals in the one series that demonstrate 

detectable acoustic activity, CSAc2/PLA (Figures 3.9 and 3.10). This suggests that the 

addition of MAPLA indeed improves interfacial adhesion and the debonding of more 

granules at higher stresses, producing acoustic signals above the threshold level. Notably, 

though, this does not translate into any consistent improvement in tensile strength. 

The lack of success in terms of compatibilization by adding a coupling agent to 

the compositions deserves some further scrutiny and explanation. In samples that contain 

unmodified starch, interfacial adhesion is anticipated to be fairly strong due to H-bonding, 

similarly to lignocellulosic fiber/PLA composites [16]. Strong adhesion alone, however, 

does not ensure an improvement in macroscopic properties. In general, the stiffness and 

strength of inorganic fillers greatly exceed those of most polymers. On the other hand, 

the mechanical performance of composites based on natural fillers and fibers is often 

limited by the inherent characteristics of the dispersed particles. The tensile strength of 

starch, although difficult to determine by itself, is likely comparable to that of the PLA 
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matrix. Therefore, the fracture of the dispersed particles may occur in the case of strong 

adhesion, imposing a limit on macroscopic performance. 

Acetylation leads to weaker interaction between starch and the matrix in 

CSAc2/PLA and CSAc4/PLA, as indicated by the significant drop in tensile strength 

(Figure 3.8). Contrary to our expectations, this effect cannot be counteracted by the ad-

dition of MAPLA, despite maleic anhydride-grafted polymers having been applied with 

success in numerous polymer blends [17] and composites [18,19]. The lack of improve-

ment in mechanical properties, therefore, suggests that the coupling reaction does not take 

place to any significant extent. The most plausible reason for this, of course, lies in the 

acetylation of starch. On the one hand, the introduction of acetyl groups presents some 

steric hindrance to the coupling reaction. More importantly, though, the modification also 

reduces the number of hydroxyl groups of the polysaccharide that could bond with 

MAPLA. This may occur to an even greater extent than the average DAc of the modified 

starches would suggest, for two reasons. First, the most reactive hydroxyls at the C6 po-

sition of the anhydroglucose ring are typically substituted in the largest proportion. Sec-

ond, the heterogeneous nature of the reaction [7] leads to considerably higher degrees of 

acetylation on the surface of the starch granules than in their inner core. 

3.3.5. The effect of moisture on mechanical behavior 

The tensile modulus (E) of dry samples (Figure 3.8) generally increases as a func-

tion of starch content. This trend, however, becomes much more subdued as the compo-

sites absorb moisture (Figure 3.11). The difference between the stiffness of dry and wet 

samples is the largest in composites that contain unmodified starch (CSAc0/PLA). As the 

polysaccharide becomes more hydrophobic due to esterification, its modulus, and me-

chanical performance in general, become less affected by humidity. The difference be-

comes smaller after 2 h, and is practically eliminated after 4 h acetylation, due to the 

lower equilibrium water content of esterified starches (Figure 3.1a) and their composites 

(Figures 3.12, 3.13, and 3.14). 

The negative impact of water on tensile strength is less pronounced. The largest 

differences can be observed at higher starch contents and without acetylation, while even 

a slight improvement of strength takes place in a few cases, due to moisture resulting in 

increased deformability (elongation-at-break). As to acoustic activity, the number of sig-

nals detected during deformation is much smaller in the wet samples than in the dry ones 

(Figure 3.10). This difference highlights the significant dampening effect presented by 

the small stiffness of the starch granules, in this case lowered further by moisture uptake. 
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Figure 3.13.  The tensile modulus (E), strength (σ), and elongation-at-break (εb) of wet 

composites as a function of starch content. Symbols: (,) CSAc0/PLA, 

(◇,◆) CSAc2/PLA, (▽,▼) CSAc4/PLA; empty symbols without MAPLA, 

full symbols with MAPLA. 
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3.3.6 Water uptake 

The diffusion of water in polymers plays an important role in numerous applica-

tions. Permeability is a crucial attribute of packaging materials, while moisture may also 

greatly alter the mechanical performance of plastics, as the previous section well demon-

strates. In general, the diffusion process can be described mathematically by using Fick’s 

second law. For a simple case, i.e., the one-dimensional diffusion of water into (or from) 

a plane sheet of material, the equation can be given in the following form [20]: 

𝜕𝐶

𝜕𝑡
= 𝐷𝐻2𝑂

𝜕2𝐶

𝜕𝑥2
 (3.1) 

where C is the concentration of water, DH2O is the diffusion coefficient of water in the 

polymer, while t and x are time and space coordinates, respectively. Assuming that the 

sample is homogeneous, C is 0 at the beginning of the experiment, DH2O is constant during 

the process, and swelling or shrinkage is negligible, the numerical solution of the above 

equation provides the following formula [20-22]: 

𝐶(𝑡)

𝐶𝑠
= 1 − ∑

8

(2𝑛 + 1)2𝜋2
𝑒𝑥𝑝 [

−𝐷𝑎(2𝑛 + 1)2𝜋2𝑡

4𝑙2
]

∞

𝑛=0

 (3.2) 

In Equation 3.2, C(t) is the concentration of water at time t, Cs is the saturation 

concentration, Da is the apparent diffusion coefficient, l is the half thickness of the sample 

(as sorption occurs from both sides of the sheet), and n is an integer. By fitting the equa-

tion to the experimental data, Cs and Da can be determined. The true one-dimensional 

diffusion coefficient, DH2O, can be calculated from the apparent diffusion coefficient by 

using the correction introduced by Shen and Springer [23] to account for edge effects: 

𝐷𝐻2𝑂 = 𝐸 𝐷𝑎 = (1 +
2𝑙

𝑎
+

2𝑙

𝑏
)

−2

𝐷𝑎 (3.3) 

In the above equation, E is the correction factor, while a and b stand for the length and 

width of the specimens, respectively. The correction is necessary due to the relatively 

large thickness (1 mm) of the samples used in our experiments, which leads to a signifi-

cant degree of diffusion through the edges. 
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Figure 3.12 presents the water uptake of the composites over time, as well as some 

of the fitted curves according to Equation 3.2, for n= 8, at different starch contents. De-

spite the non-Fickian nature of diffusion in glassy polymers such as PLA [21], the fitted 

curves were found to describe adequately the kinetics of the process, with the coefficient 

of determination (R2) above 0.97 for almost all compositions, with the exception of pure 

PLA (0.91). Anomalous, or ‘non-Fickian’ diffusion occurs when the rate of diffusion and 

polymer relaxation are comparable. While diffusion is generally Fickian in polymers in 

their rubbery state, glassy polymers tend to exhibit non-Fickian behavior due to their 

slower response to changes in their condition and their properties thus being time-depend-

ent [20]. In addition, the non-equilibrium state of glassy polymers during diffusion may 

result in the development of internal stresses and cracking. 

 

Figure 3.12. Water uptake over time at different starch contents. Symbols: (,) 

CSAc0/PLA, (◇,◆) CSAc2/PLA, (▽,▼) CSAc4/PLA; empty symbols 

without MAPLA, full symbols with MAPLA. 
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As one would anticipate, the incorporation of starch significantly increases the 

amount of water absorbed by the composites, since the equilibrium water content of starch 

far exceeds that of PLA. This is well reflected in the positive correlation between filler 

content and the Cs values determined from the fitted curves (Figure 3.13). Acetylation 

curbs this trend considerably: by consuming the hydroxyl groups of the polysaccharide, 

it lessens the number of strong – H-bonding and dipole-dipole – interactions able to form 

between starch and water, limiting moisture uptake overall. 

 

Figure 3.13. Equilibrium water content (Cs) as a function of starch content. Symbols: 

(,) CSAc0/PLA, (◇,◆) CSAc2/PLA, (▽,▼) CSAc4/PLA; empty sym-

bols without MAPLA, full symbols with MAPLA. 

The rate of absorption, characterized by the diffusion coefficient (Figure 3.14), 

shows a rather different picture. The DH2O value determined for PLA is in accordance 

with earlier studies [24], while that of the composites decreases sharply as a function of 

starch content. This is due to stronger interactions with the polysaccharide component 

slowing the penetration of water into the material, even though diffusion in the matrix is 

assumed to occur at the same rate regardless the presence of a filler. Accordingly, substi-

tuting the hydroxyl groups of starch with less polar moieties results in a more rapid uptake 

of water, although the diffusion coefficients of the composites remain below that of the 

PLA matrix in all the compositions investigated. 
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Figure 3.14.  The diffusion coefficient of water vapor (DH2O) as a function of starch con-

tent. Symbols: (,) CSAc0/PLA, (◇,◆) CSAc2/PLA, (▽,▼) 

CSAc4/PLA; empty symbols without MAPLA, full symbols with MAPLA. 

As coupling does not change the chemical composition and characteristics of the 

composites, apart from the introduction of a small number of grafted maleic anhydride 

groups and their maleate reaction products, its impact on equilibrium water uptake is neg-

ligible (Figure 3.13). On the other hand, the addition of MAPLA clearly facilitates the 

diffusion of water, indicated by the upward shift of DH2O values (Figure 3.14, right v. left 

hand side). The reasons behind this remarkable difference are not obvious. The lower 

molar mass of the coupling agent compared to that of the matrix is not anticipated to 

influence the rate of diffusion, as molecular mobility above a critical threshold should be 

independent of chain length. Nevertheless, the MAPLA used in our experiments may 

contain a significant fraction of oligomers with a low enough degree of polymerization to 

facilitate diffusion in the matrix. 

3.4. Conclusions 

The organocatalytic esterification technique used in our study yields corn starch 

with high degrees of acetylation without drastically changing most other characteristics 

of the polysaccharide granules. Nonetheless, the composites prepared by combining the 

acetylated starch with PLA are complex systems, the property profiles of which are in-

fluenced by multiple factors. The incorporation of unplasticized corn starch into PLA 

results in improved stiffness at the expense of strength and deformability. While adhesion 

is reasonably strong between unmodified starch and PLA, acetylation reduces interactions 

and facilitates debonding, i.e., the separation of the phases at the interface, thereby having 
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a negative impact on strength. In other words, and contrary to earlier claims, the esterifi-

cation of starch does not improve compatibility with a less polar matrix polymer. This 

effect cannot be overcome by the addition of maleic anhydride-grafted PLA as a coupling 

agent, due to the lack of reactive functional groups on the surface of the polysaccharide 

granules. Therefore, other means of compatibilization need to be considered to improve 

performance. At the same time, esterification also leads to more stable mechanical prop-

erties under different humidity conditions, as the hydrophobic modification greatly re-

duces the equilibrium water content of the composites. The rate of diffusion, on the other 

hand, is enhanced as a result of the substitution of hydroxyl groups with less polar ones 

hindering interactions between water and starch. This change makes this material a good 

candidate for scaffold application, especially in the case of bone scaffolds, after tailoring 

its properties to fulfill other requirements presented by the application area as well.  
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Chapter 4 

Processing induced segregation in PLA/TPS Blends: fac-

tors and consequences3 

4.1. Introduction 

Both PLA and starch are relatively cheap and they are available in large quantities. 

However, the direct combination of starch powder and PLA results in an inhomogeneous 

material with rather poor properties [1,2]. TPS is blended more often with PLA to obtain 

a more homogeneous material [3,4]. However, the two components are immiscible and a 

dispersed structure forms upon blending [5]. Opinions about the compatibility or interac-

tion of the components are considerably divided, some authors claim good compatibility 

[6,7], while others complete immiscibility [8]. In a previous study, we prepared two series 

of PLA/TPS blends and determined their structure and properties [9]. We showed that the 

glycerol used for the plasticization of starch stays in that phase even after blending, and 

by using thermodynamic considerations, we proved that the interaction between the two 

components is rather weak. Because of weak interfacial adhesion, the properties of the 

blends are moderate.  

The blends were prepared by compression molding in the study mentioned above 

[9]. We do not know anything about the behavior of the blends under practical processing 

conditions like extrusion or injection molding. In heterogeneous materials, various 

changes may occur in structure under such conditions like the exfoliation of clays [10], 

the attrition of fibers [11] or the segregation of the components [12]. Segregation was 

observed in polymers filled with glass beads [13-15], containing an elastomer impact 

modifier [16], block copolymers [17,18] or small molecular weight additives [19,20]. 

Since PLA and TPS form heterogeneous blends with weak interactions between the com-

ponents, structural phenomena, first of all segregation, may occur also in them [21,22]. 

Taking into account all these considerations, the goal of our work was to prepare 

specimens from PLA/TPS blends and determine their structure and properties. Two series 

of blends were prepared using TPS with different plasticizer contents. The effect of the 

conditions of an industrial processing technology, injection molding, on the morphology 

and properties of the blends was studied in detail. The possible development of special 

structures during processing was also checked and their effect on blend properties was 

determined. Specimens prepared by compression molding earlier [9] were used as refer-

ence in the study, and the consequences of the results for practice are also mentioned in 

the last section of the Chapter. 

  

                                                 
3Józó, M., Cui, L., Botz, K., Pukánszky, B. Express Polym Lett 14 768. (2020) 
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4.2. Experimental 

4.2.1. Materials 

The PLA used was the Ingeo 4032D grade (Mn = 88500 g/mol and Mw/Mn = 1.8, 

measured data) produced by NatureWorks (Minnetonka, MN, US), which is recom-

mended for extrusion by the producer. The polymer (<2 % D isomer, data provided by 

producer) has a density of 1.24 g cm-3, while its melt flow rate (MFR) is 3.9 g/10 min at 

190 °C and 2.16 kg load. The corn starch used for the preparation of TPS was supplied 

by Hungrana Ltd., Szabadegyháza, Hungary and its water content was 12 wt%. Glycerol 

with 0.5 wt% water content was obtained from Molar Chemicals Ltd., Halásztelek, Hun-

gary and it was used for the plasticization of starch without further purification or drying. 

Thermoplastic starch samples containing 36 and 47 wt% glycerol (TPS36 and TPS47, 

respectively) were prepared and used in the experiments. The TPS content of the injection 

molded PLA/TPS blends was 0, 5, 10, 15, 20, 30, 40 and 50 wt%, while the composition 

of the compression molded samples changed from 0 to 100 wt% in 10 wt% steps. 

4.2.2. Sample preparation, processing 

Corn starch was dried in an oven before composite preparation (105 °C, 24 hours). 

Thermoplastic starch powder was prepared by dry-blending in a Henschel FM/A10 (Zep-

pelin Systems GmbH., Friedrichshafen, Germany) high speed mixer at 2000 rpm. TPS 

was produced by processing the dry-blend on a Rheomex 3/4" single screw extruder 

(Haake Technik GmbH, Vreden, Germany) attached to a Haake Rheocord EU 10 V 

(Haake Technik GmbH, Vreden, Germany) driving unit at with the temperature profile 

of 140-150-160-170 °C and at 60 rpm screw speed. 

For the preparation of the compression molded plates, PLA and the second com-

ponent were homogenized in an internal mixer (Brabender W 50 EHT, Brabender GmbH 

& Co. KG, Duisburg, Germany) at 190 °C and 50 rpm for 12 min. Before homogenization 

poly(lactic acid) was dried in a vacuum oven (110 °C, 4 hours). Subsequently the melt 

was transferred to a Fontijne SRA 100 compression molding machine (Fontijne Presses, 

Delft, Netherland) (190 °C, 5 min) to produce 1 mm thick plates for further testing. 

TPS and PLA was were homogenized in a Brabender DSK 42/7 twin-screw com-

pounder (Brabender GmbH & Co. KG, Duisburg, Germany) before injection molding. 

Set temperatures were 170-175-180-180 °C and the speed of the screws was 30 rpm dur-

ing extrusion. Standard 4 mm thick ISO 179 type tensile specimens were injection molded 

using a Demag IntElect 50/330-10 type all electric injection molding machine (Sumitomo 

Demag, Tokyo, Japan) with the temperature profile of 180-180-185-190 °C, at 20 °C 

mold temperature, 1500 bar injection and 650 bar holding pressure (decreasing to 0 bar 

in 12 s) and 50 s cooling time. 
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4.2.3. Characterization, measurements 

Mechanical properties were characterized by tensile testing using an Instron 5566 

universal testing machine (Illinois Tool Works Inc, Norwood, MA, US). The gauge length 

was 115 mm; tensile modulus was determined at 0.5 mm/min, while properties measured 

at larger deformations at 5 mm/min cross-head speed. Five parallel measurements were 

carried out at each blend composition. Impact resistance was determined on notched 

Charpy type specimens (ISO 179) at 2 mm notch depth using a Ceast Resil 5.5 equipment 

(Illinois Tool Works Inc, Norwood, MA, USA) both in normal as well as in instrumented 

impact testing. The viscosity of the components was determined by oscillatory rheometry 

using an Anton Paar Physica MCR 301 rheometer (Anton Paar GmbH, Graz, Austria) in 

the plate-plate geometry from 0.1 to 600 s-1 frequency. The gap was 1 mm, and the tem-

perature was maintained at 190 °C.  

Composition was analyzed by Fourier transform infrared spectroscopy (FTIR). 

Spectra were recorded using a Bruker Tensor 27A (Bruker BioSpin Corporation, Biller-

ica, Massachusetts, US) apparatus with a Bruker Platinum ATR probe (Bruker BioSpin 

Corporation, Billerica, MA, US). Spectra were recorded from 4000 to 400 cm-1 at 2 cm-1 

resolution with 32 scans. Raman spectra were collected using a Horiba Jobin-Yvon 

LabRAM system coupled with an external 785 nm diode laser source and an Olympus 

BX-40 optical microscope (Horiba Jovin Yvon GmbH, Unterhaching, Germany). The 

spectrograph was set to provide a spectral range of 350-1550 cm−1 with 2 cm−1 resolution. 

First, reference spectra were collected from the neat PLA and TPS materials with an ob-

jective providing a magnification of 50 using the acquisition time of 40 s and averaging 

3 measured spectra at each point. Subsequently, Raman spectra were collected along the 

cross-section of the blends to create line maps and to determine the thickness of the PLA 

skin layer of the samples. All spectra were baseline corrected and normalized before mul-

tivariate evaluation in order to eliminate the intensity deviation among the measured 

points. The spectral concentration of the components was determined point by point by 

classical least squares (CLS) modelling using the reference spectra collected from neat 

PLA and TPS; i.e. each Raman spectrum of the blends taken from any location was as-

sumed a linear combination of the two reference spectra.  

The structure of the blends was studied by scanning electron microscopy (SEM) 

using a Jeol JSM 6380 LA apparatus (Jeol USA Inc., Peabody, MA, US). Samples were 

broken at liquid nitrogen temperature and then a smooth surface was created by cutting 

the sample with a microtome. Surfaces were etched with 1 mol HCl to remove TPS par-

ticles. Water absorption was determined at 23 °C and 52 % relative humidity by the meas-

urement of the weight increase of the specimens. The desired relative humidity was 

achieved with a saturated solution of Mg(NO3)2. 
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4.3. Results and discussion 

The results are presented in several sections. The bulk properties of the blends and 

the evolution of their structure as a function of composition are discussed in the first two 

followed by the presentation of the segregation of the components and the considerations 

about the reasons for this phenomenon in the subsequent two. Consequences for proper-

ties and practice are discussed in the last section of the paper. 

4.3.1. Bulk properties 

The composition dependence of the properties of PLA/TPS blends are determined 

by two main factors, the large difference in the macroscopic properties of the components 

and their weak interaction [9]. The stiffness of the blends is plotted against their TPS 

content in Figure 4.1. The effect of the first factor is clearly seen in the figure, stiffness 

decreases steeply and monotonously with increasing TPS content. The effect of the sec-

ond factor does not appear, since stiffness is influenced only slightly by interfacial adhe-

sion [23]. Plasticization, on the other hand, influences the inherent properties of TPS, thus 

the Young's modulus of the blends decreases with increasing plasticizer content. 

 

Figure 4.1.  Young's modulus of PLA/TPS blends plotted as a function of starch (TPS) 

content. Effect of the degree of plasticization. Symbols: () TPS36, () 

TPS47. 
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Properties measured at larger deformations, i.e. tensile strength and elongation-at-

break in this case, show a somewhat different picture (Figure 4.2). Tensile strength de-

creases continuously with increasing TPS content, similarly to modulus, and only slight 

differences can be observed in the strength of the blends prepared with the two types of 

TPS materials, TPS36 and TPS47. The reason for this small difference is the heterogene-

ous structure of the blends and the weak interaction of the components. Rather surpris-

ingly, the composition dependence of deformability is different for the two series of 

blends; elongation-at-break decreases continuously for the PLA/TPS36 blends, but ex-

hibits a maximum for the other series. Obviously, the softer particles of TPS47 and its 

partial solubility in the PLA matrix [9] results in the increase of deformability at interme-

diate TPS contents. 

 

Figure 4.2.  Effect of TPS content and the extent of plasticization on the ultimate tensile 

properties of PLA/TPS blends. Symbols: (,) TPS36, (,) TPS47, 

empty symbols: tensile strength, full symbols: elongation-at-break. 

The dissimilar deformability of the two series of blends results in different impact 

resistance as well. As Figure 4.3 shows, the impact strength of the PLA/TPS36 blends 

decreases continuously with increasing TPS content, while that of the PLA/TPS47 blends 

increases slightly above a certain TPS content, above 20 vol%. This increase is caused by 

the same factors mentioned above and it could be regarded beneficial, apart from the fact 

that the absolute values of impact resistance are rather small; they do not exceed 3 kJ/m2 

that is not sufficient for a number of practical applications. We can conclude from these 

results that the bulk properties of the studied blends are governed by component proper-

ties, structure and the weak interaction of the components. 
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Figure 4.3.  Dependence of the notched Charpy impact strength of PLA/TPS blends on 

composition. Symbols: () TPS36, () TPS47. 

4.3.2. Structure 

The heterogeneous structure of the blends has been mentioned several times in the 

previous section, but no evidence was supplied to support the statements. However, pre-

vious research showed the incompatibility of the components and the development of 

weak interactions, thus the assumption of the formation of a heterogeneous structure 

seemed to be obvious. The SEM micrographs presented in Figure 4.4 confirm this as-

sumption quite strongly. Voids left by dispersed TPS particles after etching are visible on 

the SEM micrographs shown in Figure 4.4a recorded on the cut surface of a specimen 

containing 10 wt% of the TPS47 starch. The size of the particles is rather large, in the 

range of 5-10 µm, which justifies the strong decrease of tensile strength with increasing 

TPS content (see Figure 4.2). The size of the particles increases somewhat with increas-

ing TPS content as expected (Figure 4.4b), and some of them touch each other forming 

larger aggregates. The coalescence of the particles depends on their interaction with the 

matrix polymer and on their viscosity. The first factor facilitate, while the second hinders 

coalescence and the viscosity of TPS is rather large. 
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a) 

 

b) 

 

c) 

Figure 4.4.  SEM micrographs recorded on PLA/TPS47 blends. Effect of starch content. 

Compression molded specimens. TPS content: a) 10 wt%, b) 30 wt%, c) 

50 wt%. 
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Structure develops further with increasing TPS content. The size of the particles 

increases even more and they start to form an interpenetrating network (IPN) like struc-

ture (Figure 4.4c). The formation of such a structure cannot be confirmed based on the 

presented and similar micrographs, but must occur at some composition, since TPS be-

comes the continuous phase at large TPS content [9]. However, the composition range of 

the IPN structure is very narrow because of the weak interaction and poor compatibility 

of the components. We must also conclude that the maximum in deformability in Fig-

ure 4.2 is not the result of the formation of an IPN structure or phase inversion, since this 

later occurs at larger concentration. 

4.3.3. Segregation, skin formation 

The micrographs presented in Figure 4.4 taken from compression molded plates 

offered a rather uniform picture about the structure of the blends. Apart from the associ-

ation of dispersed TPS particles and a hint about the formation of an IPN structure, no 

other structural phenomenon can be observed on them. Micrographs recorded on injection 

molded specimens offer a somewhat different picture as shown by Figure 4.5. First of 

all, dispersed TPS particles are elongated, they are oriented parallel to the wall of the 

mold. The micrographs include also the surface of the specimen and indicate the for-

mation of a layer with different composition from that of the core. The two micrographs 

presented in Figure 4.5 were recorded at different magnifications and both show con-

vincingly the development of a skin layer. Moreover, Figure 4.5a indicates that the skin 

surrounds the entire specimen. The micrographs taken from the compression molded parts 

(Figure 4.4) indicate homogeneous distribution of TPS within the specimen, and the de-

velopment of a skin layer cannot be suspected at all, at least based on those micrographs. 

However, a closer scrutiny and investigation showed that a skin layer forms also around 

the compression molded plates, only its thickness is somewhat smaller than in the case of 

injection molded specimens. The thickness of the skin formed is around 18 µm in injec-

tion and approximately 4.5 µm in compression molding. 

 

a) 
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b) 

Figure 4.5. Structure of injection molded PLA/TPS47 specimens. Orientation of TPS 

droplets and the development of a skin layer. TPS content is 50 wt%. Mag-

nification: a) 400x, b) 1600x. 

FTIR spectra were recorded on the skin and the core in order to identify the main 

components and to determine their composition. The spectra are presented in Figure 4.6 

together with that of the neat PLA and TPS as reference. The comparison of the spectra 

clearly shows that the core does not contain PLA practically at all, while the skin contains 

mainly PLA with a small amount of dispersed TPS. The presence of TPS is proved by the 

peak appearing at 1020 cm-1 and the broad peak around 3300 cm-1 both assigned to the –

OH groups of starch and glycerol. The almost complete lack or very small amount of PLA 

in the core is quite surprising, since the micrographs in Figure 4.5 clearly show the con-

tinuous PLA phase, which contains dispersed TPS particles. The extinction coefficient of 

the ester group appearing at 1745 cm-1 is rather large, thus even small amounts can be 

detected with infrared spectroscopy. However, the band of the ester group is extremely 

small showing the absence or very small concentration of PLA in the core. The only ex-

planation we can find is that the technique used, i.e. attenuated total reflection spectros-

copy, scans only a smaller area [24] in which the TPS component dominates. 
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Figure 4.6.  FTIR spectra recorded on the skin and core of injection molded 

PLA/TPS47 specimens containing 50 wt% starch. The spectra of neat PLA 

and TPS are included as reference. The spectra were recorded in the ATR 

mode. 

Raman spectroscopy was also used in order to further explore the phenomenon of 

skin formation and characterize the composition of the layer. The spectra were taken 

along a line from the surface towards the core. The composition of the core and the skin 

is presented in Figure 4.7 as a function of position measured from the surface. The results 

confirm previous observations and indicates that the skin consists mainly of PLA, while 

the amount of TPS is larger in the core. The exact concentration of the two structural 

formations is difficult to determine because of the limitations of the measurement tech-

niques used, as mentioned above. The explanation for the segregation of the components 

and the formation of the skin and core structure needs further considerations. 
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Figure 4.7.  The composition of PLA/TPS47 blends as a function of position measured 

from the surface of the specimen. Composition was determined by Raman 

spectroscopy. 

4.3.4. Considerations, discussion 

Segregation in polymeric materials containing more than one component has been 

observed many times. Typical phenomenon is the plate out of additives during processing 

or the separation of two polymers during the cleaning of an injection molding machine. 

Segregation has been observed in two directions, towards the center of the flow or towards 

the edge of the part. Segregation towards the center was observed, for example, by 

Szalanczi and Kubat [25] who injection molded polymers containing large glass beads to 

study the composition along the flow path and across it. They observed the accumulation 

of the beads toward the end of the part. Similarly, Karger-Kocsis and Csikai [26] observed 

increased elastomer content in the center of injection molded specimens and concluded 

that large difference in the viscosity of the components results in larger extent of segre-

gation. The migration of larger molecular weight components towards the center was ex-

plained with an entropic driving force, with the larger orientation of longer molecules 

close to the wall of the mold [27,28]. 

Migration towards the edge also occurs quite frequently. The segregation of small 

molecular weight components [29], additives [30,31], block copolymers [26] and immis-

cible polymers [32] was also observed many times. Kolahchi et al. [33] used the phenom-

enon to modify the surface characteristics of poly(ethylene terephthalate), to improve its 

wettability and printability. Numerous factors determine the migration of one component 
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during flow including surface tension [34,35], interfacial tension towards the surface of 

the mold [26], the interaction of the components [36], molecular weight [37], mobility 

that is related to viscosity [38,39] and determines the rate of migration. 

The migration of a component during flow has been studied extensively mostly in 

dilute polymer solutions. Dill and Zimm [39] developed the following equation (Equa-

tion 4.1) for the description of the rate of migration 

𝑣 =  
𝜂𝑚 �̇�2

𝑟 𝑘𝐵 𝑇
 𝑅5 (4.1) 

where v is the migration velocity in the radial direction, r is the radial position, R is the 

chain end distance of the polymer chain in equilibrium depending on molecular weight, 

ηm is the viscosity of the matrix polymer, T is the temperature, kB is Boltzman's constant 

and �̇� is the shear rate. The equation considers the effect of molecular weight, the viscosity 

of the matrix and shear conditions, but does not take into account interactions and the 

relative viscosity of the components although these seem to be important factors in seg-

regation [39,40]. Khan and his coworkers [41] assumed that the inhomogeneous stress 

field is the driving force, which results in migration towards smaller stresses. They as-

sumed strong interaction among polymer molecules and thus developed Equation 4.2 for 

the rate of migration 

𝑣 =  
0.0085 𝜇 𝐿5

𝑘 𝑇 𝛾 2̇ 𝑟
 (4.2) 

where ν is the characteristic migration velocity, μ is the viscosity of the fluid, L is the half 

length of the particle, r is the radial coordinate, and �̇� is the shear rate [41]. Although the 

authors assumed strong interactions, it does not appear in Equation 4.2 and they do not 

consider the possible effect of the viscosity ratio of the two components. 

In our case, several factors must play a role in the segregation of the components. 

The interaction between the two components is weak, their miscibility is very limited [9]. 

The solubility parameter of the three components, PLA, starch and glycerol is 24.1, 26.7 

and 28.9 J1/2/cm3/2, which indicates considerably larger polarity for TPS than for PLA. In 

accordance with the different polarity of the components, surface tensions are also differ-

ent, 48.7 and 60.3 mJ/m2 for PLA and TPS47 respectively favoring the migration of PLA 

towards the surface. The molecular weight of starch is much larger than that of PLA and 

also their viscosity differs considerably as shown by Figure 4.8, at least at small shear 

rates. Because of smaller molecular weight and viscosity, the mobility of PLA molecules 

is larger and incompatibility as well as smaller surface tension all drives the matrix poly-

mer towards the surface thus forming the skin layer. Processing conditions including dif-

ferent shear rates and cooling conditions must also contribute and result in the dissimilar 

thickness of the skin formed in the two processing technologies, i.e. compression and 

injection molding. The formation of a skin layer and its main reasons are established, the 

only remaining question is the effect of this structure on blend properties. 
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Figure 4.8.  Frequency dependence of the complex viscosity of PLA and TPS47 deter-

mined by oscillatory rheometry in the plate-plate geometry. 

4.3.5. Consequences 

In order to assess the effect of the formation of the skin layer in PLA/TPS blends, 

first the properties of compression and injection molded specimens are compared to each 

other. Although compression molded parts also develop a skin layer, its thickness is much 

smaller than for injection molded specimens. The tensile strength and deformability of 

the two kinds of samples are compared to each other in Figure 4.9. Processing technol-

ogy, thickness (compression molded: 1 mm, injection molded: 4 mm) and skin layer do 

not have any effect on strength. Deformability, on the other hand is larger for the injection 

molded specimen than for the compression molded one. The difference evidently does 

not result from the thickness of the skin, but from the orientation of the components re-

sulting from the mold filling process (see Figure 4.5). We can conclude from these, and 

from other results not shown, that bulk properties are not influenced much by segregation 

and skin formation. 
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Figure 4.9.  Comparison of the bulk properties of blend specimens prepared by com-

pression and injection molding, respectively, from PLA/TPS47 blends. 

Symbols: (,) tensile strength, (,) elongation-at-break, empty sym-

bols: compression molded, full symbols: injection molded. 

Starch, and TPS even more, is very sensitive to water. They absorb considerable 

amount of water, which modifies, usually deteriorates their properties. One of the main 

benefits of blending is the decrease of water uptake. The relative weight increase, i.e. 

water uptake, of compression and injection molded blend samples is compared in Fig-

ure 4.10. The figure clearly indicates and calculations proved that equilibrium water up-

take is the same for the two types of blends, but the rate of absorption differs considerably. 

Equilibrium water uptake is determined by the composition of the blends, by the amount 

of TPS, while the rate of absorption is considerably influenced by the presence of the 

skin. Water uptake was modeled to express these relationships quantitatively. The fol-

lowing form of Fick's law was fitted to the experimental points to determine the overall 

rate of absorption: 

𝑀𝑡 = 𝑀∞  {1 −
8

𝜋2
[𝑒𝑥𝑝(−𝑎𝑡) +

1

9
𝑒𝑥𝑝(−9𝑎𝑡) +

1

25
𝑒𝑥𝑝(−25𝑎𝑡)]} (4.3) 

where Mt and M∞ are the amount of absorbed water at time t and at infinite time, respec-

tively, and a is the overall rate of absorption.  
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The determined rates are plotted against TPS content in Figure 4.11. The rate of 

water uptake is much smaller for the injection molded parts than for their compression 

molded counterparts. The result has considerable practical consequences. Slower water 

uptake changes the properties of the product and modifies its lifetime. In the case of prod-

ucts with a determined or limited lifetime, this difference can be of practical relevance. 

 

Figure 4.10.  Water absorption isotherms of PLA/TPS47 blends of various compositions. 

Effect of starch (TPS) content. Symbols: (,) 10 wt%, (,) 30 wt%, 

(,) 50 wt% TPS content; open symbols: compression molded, full sym-

bols: injection molded. 
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Figure 4.11.  Effect of TPS content and processing technology on the rate of water ab-

sorption in PLA/TPS47 blends. Symbols: () compression molded, () in-

jection molded. 

4.4. Conclusions 

The study of PLA/TPS blend samples prepared by injection molding showed that 

their properties cover a wide range depending on composition. The stiffness of the blends 

changed from 3.3 to around 1.0 GPa and their strength from 54 to 22 MPa as TPS content 

increased from 0 to 50 wt%. The blends have heterogeneous structure because of the weak 

interaction of the components. Phase inversion cannot be observed in the studied compo-

sition range. Processing technologies do not change bulk properties, the mechanical prop-

erties of compression and injection molded parts were very similar. Weak interactions 

and the large difference in the viscosity of the components leads to segregation, to the 

formation of a skin layer on the surface of the specimens. The skin consists of mainly 

PLA, while the core contains a larger amount of TPS. The thickness of the skin depends 

on processing technology and conditions; it is about 18 µm for the injection molded, while 

4.5 µm for the compression molded parts at 50 wt% TPS content. The development of 

the skin layer can be advantageous in some applications, including medical because it 

slows down water absorption considerably. Bulk properties must be improved for practi-

cal applications by the modification of interactions, by coupling, for example. 
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Chapter 5 

Poly-ε-Caprolactone/Halloysite Nanotube Composites for 

Resorbable Scaffolds: Effect of Processing Technology on 

Homogeneity and Electrospinning4 

5.1. Introduction 

PCL is applied in considerable amounts in biomedicine [1,2]. Its hydrolytic deg-

radation is very slow at neutral pH, proceeding at a proper rate only under strongly acidic 

or alkali conditions. However, such conditions do not occur in the application in question. 

A much more promising way to control the degradation of polyesters is the use of enzy-

matic catalysis, which may take place under physiological conditions. Lipases and ester-

ases catalyze the degradation of PCL in both solvents and water [3,4]. However, scaffolds 

are implanted into the body of the patient and the appropriate enzyme cannot access the 

polymer to catalyze degradation. Consequently, it must be incorporated into the polymer 

to achieve controlled degradation and the resorption of the scaffold. 

In a previous study, a lipase enzyme was successfully adsorbed on the surface of 

halloysite nanotubes to prepare a device, which was then incorporated into poly-ε-capro-

lactone [5]. The enzyme supported by halloysite was mixed with the polymer, and com-

pression molded films were prepared at 70 °C. The supported enzyme degraded PCL ef-

ficiently, and the rate of degradation depended on the amount of enzyme adsorbed. This 

was the first time when the enzyme catalyzing degradation was not dissolved in the deg-

radation medium, but in the polymer, thus allowing the preparation of a resorbable scaf-

fold with a controlled lifetime. However, the technology used for the production of the 

composite containing the supported enzyme was inadequate, the material was inhomoge-

neous and thus degradation proceeded in an inhomogeneous way as well.  

Using the experience obtained in our previous study [5], the goal of this project 

was to investigate the effect of processing technology on the homogeneity of 

PCL/halloysite nanotube composites. Three technologies were selected for the prepara-

tion of the composites. The first was the one used before. The support was homogenized 

with the polymer in an internal mixer in the second technique. Scaffolds are often pro-

duced by electrospinning from solution; thus, the third method was the homogenization 

of the tubes with the polymer in solution and the casting of films for comparative pur-

poses. Finally, electrospun fibers have been also prepared in order to study the effect of 

nanotubes on the spinning process and the quality of the fibers. The incorporation of the 

filler into the polymer, homogeneity, and the structure and property of the composites 

were studied by various methods. 

                                                 
4Józó, M., Várdai, R., Hegyesi, N., Móczó, J., Pukánszky, B. Polymers 13 3772. (2021) 



Chapter 5 

 

 

 

98 

 

5.2. Experimental 

5.2.1. Materials 

The poly-ε-caprolactone used in the experiments was the Capa 6800 grade pro-

duced by Perstorp Holding AB, Malmö, Sweden. According to the producer, its molec-

ular mass is 80 kDa, MFR 2–4 g/min (160 °C, 5 kg), and its melting temperature is 58–

60 °C. The halloysite used as support was the New Zealand CC Ultrafine H filler ob-

tained from Imerys Ceramics, Paris, France. The specific surface area of the filler was 

determined by BET nitrogen adsorption as 27 m2/g (Quantachrome Nova 2000, Anton 

Paar GmbH, Graz, Austria). The length of the tubes is between 0.4 and 2.5 µm, and their 

outer and inner diameter are 100 and 20–50 nm (TEM, Tecnai G2 Spirit, FEI, Thermo 

Fisher, Waltham, MA, USA), respectively. Particle size and its distribution was deter-

mined by laser light scattering (Horiba LA 950 A2, Loos, France). The solvent used for 

the casting of films was dichloromethane (DCM) obtained from Molar Chemical Kft., 

Halásztelek, Hungary. DCM is stabilized with ethanol; its density is 1.33 g/cm3. 

5.2.2. Sample preparation 

Before homogenization the filler was dried in a vacuum oven (Memmert VO400, 

Memmert GmbH, Büchenbach, Germany) at 25 °C for 24 h. According to the first tech-

nique, the halloysite nanotubes and the polymer were homogenized in an internal mixer 

(Haake Rhecord EV 10V, Haake Technik GmbH, Vreden, Germany). The components 

were homogenized at 70 °C and 30 rpm for 10 min. Subsequently, the homogenized ma-

terial was compression molded (Fontijne SRA 100, Fontijne Presses, Delft, The Nether-

lands) into 1 mm thick plates at 70 °C and 150 kN force. 

Compression molded samples were prepared the same way as in the previous study 

[5]. PCL granules were cooled with liquid nitrogen and then ground to powder. The hal-

loysite and the polymer powder were homogenized by mixing with a spatula and vigorous 

shaking. The powder mixture was compression molded into films of 200 µm thickness at 

70 °C and 150 kN force in about 5 min using a Fontijne SRA 100 (Fontijne Presses, Delft, 

The Netherlands) apparatus. 

A DCM solution containing 5 wt% PCL was prepared for film casting. Halloysite 

was added after the complete dissolution of the polymer, the solution was sonicated for 5 

min, and then it was shaken for 5 min at 200 rpm. Sonication and shaking were repeated 

twice and then the solution was poured into Teflon crystallization cups in several steps 

until the 200 µm thickness was achieved. The composite samples pre-pared with all three 

technologies contained 0, 1, 3, 5, 7, and 10 vol% halloysite nano-tubes. 

PCL fibers containing various amounts of halloysite nanotubes were prepared by 

electrospinning (Spincube, SpinSplit Kft., Budapest, Hungary) at ambient temperature, 

15 kV voltage, 15 cm collector distance, and a feeding rate of 2 µL/s. The solvent used 

was DCM, and the solution contained 10 wt% PCL, as well as various amounts of hal-

loysite. 
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5.2.3. Characterization 

The actual halloysite content of the samples was determined by thermogravimet-

ric analysis (TGA) using a Perkin Elmer TGA 6 (Perkin Elmer Inc., Waltham, MA, USA) 

apparatus. A quantity of 10–15 mg of each sample was heated from 30 to 700 °C and then 

held at this temperature for 10 more min in O2 atmosphere. The measurements were done 

in triplicate. 

The homogeneity and the structure of the samples were studied by scanning elec-

tron microscopy (SEM) (Jeol JSM 6380 LA, Jeol, Tokyo, Japan). Micrographs were rec-

orded on fracture surfaces created at liquid nitrogen temperature. SEM was used to study 

the morphology of electrospun fibers as well. These latter were investigated also by dig-

ital optical microscopy using a Keyence VHX 5000 apparatus (Keyence Corpora-tion, 

Osaka, Japan). 

Crystalline structure as well as the thermal characteristics of the composites were 

studied by differential scanning calorimetry (DSC) and dynamic mechanical thermal 

analysis (DMA). DSC measurements were carried out using a Perkin Elmer Diamond 

DSC apparatus (Perkin Elmer Inc., Waltham, MA, USA) on 3–5 mg samples in two heat-

ing runs and a cooling run. First, the samples were cooled to −100 °C, kept there for 

3 min, then they were heated up to 100 °C at 10 °C/min rate, kept at this tempera-ture for 

3 min, cooled down to −100 °C at the same rate, and after 3 min holding time heated up 

again as before. DMTA was carried out using a Perkin Elmer Diamond DMA (Perkin 

Elmer Inc., Waltham, MA, USA) equipment. Samples of 50 mm long and 5 mm wide 

with the thickness of the plate (1 mm) or the film (200 µm) were cut for the tests. The 

measurements were done in the temperature range of −100 and 55 °C at 1 Hz frequency 

and 2 °C/min heating rate. 

Specimens corresponding to the ISO 527 standard (type 5A) were cut from the 

plates or films and tensile properties were determined using a Zwick/Roell 1445 tensile 

testing machine (Zwick, Roell Group, Ulm, Germany). Gauge length was 45 mm and 

cross-head speed 10 mm/min. Young’s modulus, yield stress and yield strain, as well as 

tensile strength and elongation-at-break were calculated from measured force vs. elonga-

tion traces. The mechanical properties of electrospun fiber mats were also characterized 

by tensile testing using an Instron 34SC-05 instrument (Illinois Tool Works Inc., Nor-

wood, MA, USA). Mats with approximately 300 mg weight were compressed slightly 

into specimens of 10 × 50 mm dimensions and then tested at 20 mm gauge length and 

5 mm/min crosshead speed. 
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5.3. Results and discussion 

The results are presented in several sections. The actual halloysite content of the 

composites prepared and the homogeneity of the filler in the polymer are discussed in the 

first two. Thermal analysis and crystalline structure are presented subsequently, followed 

by the discussion of mechanical properties and the effect of homogeneity on it. The struc-

ture of electrospun fibers and the mechanical properties of fiber mats prepared from them 

are shown in the last section together with a brief note on the practical relevance of the 

results. 

5.3.1. Halloysite content 

One would expect that filler content corresponds to the nominal value and does 

not change during the homogenization process. However, this rarely happens because of 

the technical difficulties encountered practically in all technologies. The different size 

and density of the components usually lead to segregation already at the preliminary stage 

of mixing and further loss may occur during the homogenization process itself as well as 

in the final phase of sample preparation. Accordingly, the actual filler content of the com-

posites was checked by thermal gravimetric (TGA) measurements. The results of the se-

ries of measurements done on the materials prepared by melt mixing in the internal mixer 

is presented in Figure 5.1 as an example. The results apparently correspond to the expec-

tations. The halloysite nanotubes have only a slight influence on the decomposition of the 

polymer, the onset temperature of decomposition changes between 264 and 272 °C with-

out any tendency in the case of the samples homogenized in the internal mixer, and the 

amount of residual material increases with nominal filler content. One would expect a 

good agreement between the nominal and the actual filler content as a result. 

The two quantities, i.e., the amount of filler added to the polymer at the beginning 

of the homogenization process (halloysite content) and the actually measured one de-

termined by TGA analysis (residual material), are plotted against each other in Fig-

ure 5.2. Equal amounts of the two quantities is indicated by the straight line in the figure. 

We must call the attention here to the fact that the correlation drawn in this and in all 

other figures is not fitted by a model, but it is a line to guide the eye. The discrepancy is 

clear, a systematic difference can be observed between the nominal and the actual filler 

content. The scatter of the points is considerable, indicating the difficulties encountered 

during composite preparation. The difference as well as the scatter varies with the tech-

nology of sample preparation and it is quite large for film casting and especially for the 

compressed samples. The most consistent results were obtained for the samples homog-

enized in the internal mixer. The differences between the nominal and actual values de-

crease slightly with increasing filler content in this latter case indicating that absolute 

amounts also play a role, the homogenization of a small amount of filler with the polymer 

is difficult, relative losses are larger. Obviously, losses during homogenization must be 

minimized, but definitely considered during the preparation of the composites or any de-

vice containing such nanofillers. 
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Figure 5.1.  Determination of the halloysite content of PCL/halloysite composites by 

TGA measurements. Halloysite content increases from bottom to top. 

 

Figure 5.2.  Correlation between the nominal and the measured halloysite content of 

the composites. Symbols: () film, () compressed, () melt mixed. 
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5.3.2. Homogeneity, distribution 

Homogeneity is even more important than the actual filler content especially in 

the application in question, i.e., when the filler is used as support for an enzyme to prepare 

a device for the controlled degradation of the polymer. However, as noted before, fillers 

with high surface energy and small size tend to aggregate, so their homogenization is 

difficult. The homogeneity of the composites prepared in this study was checked directly 

by microscopy, but also by indirect methods through the determination of the composition 

dependence of properties. SEM micrographs recorded on the surface of crio-fractured 

samples are shown in Figure 5.3. The first three micrographs were recorded on films at 

different magnifications (Figures 5.3a–c). A relatively large aggregate with the size of 

10–20 µm is clearly seen in the bottom left corner of the micrographs. The micrographs 

show that the aggregate consists of a large number of smaller particles. The second series 

of micrographs (Figures 5.3d–f) demonstrates the effect of technology on homogeneity, 

or more exactly on inhomogeneity, aggregation. The number of aggregates is quite large 

in the cast film (Figure 5.3d), a large aggregate can be observed in the compressed plate 

(Figure 5.3e), whereas the structure of the melt mixed sample seems to be more homo-

geneous than that of the other two (Figure 5.3f). The effect of composition on structure 

is shown in Figures 5.3g–i for the samples homogenized by melt mixing. The number 

and size of aggregates seem to increase with increasing filler content. However, one must 

be extremely cautious drawing conclusions about the overall structure of any material 

from SEM micrographs, as the technique shows only a very small area within the mate-

rial. Further analysis is needed to estimate the overall homogeneity of the materials pre-

pared. 

 

a) 
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b) 

 

c) 

 

d) 

Figure 5.3a-d  Detection and characterization of aggregation in PCL/halloysite com-

posites by scanning electron microscopy. Halloysite content, technol-

ogy, and magnification: a) 5 vol%, film, 1000×; b) 5 vol%, film, 2000×; 

c) 5 vol%, film, 5000×; d) 5 vol%, film. 
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e) 

 

f) 

 

g) 

Figure 5.3e-g  Detection and characterization of aggregation in PCL/halloysite com-

posites by scanning electron microscopy. Halloysite content, technol-

ogy, and magnification: e) 5 vol%, compressed, 2000×; f) 5 vol%, melt 

mixed, 2000×; g) 1 vol% melt mixed, 1000×. 



PCL/halloysite nanocomposites 

 

 

 

105 

 

h) 

 

i) 

Figure 5.3h-g  Detection and characterization of aggregation in PCL/halloysite compo-

sites by scanning electron microscopy. Halloysite content, technology, 

and magnification: h) 5 vol%, melt mixed, 1000×; i) 10 vol%, melt mixed, 

1000×. 

Accordingly, the number and size distribution of the aggregates were also deter-

mined by the image analysis of a large number of SEM micrographs. The size distribution 

of the aggregates is presented in Figure 5.4 at 5 vol% halloysite content. Size was char-

acterized by the area occupied by the aggregates and it changes in a wide range. Homo-

geneity is much better in the melt mixed material than in the other two. The average size 

of the aggregates is smaller and more uniform than in the other two cases. Aggregates 

with size as large as 6000–8000 µm2 can be found in samples prepared by compression 

or film casting. Homogenization and sample preparation technology obviously has a huge 

effect on the homogeneity of the composites and, as a consequence, also on their proper-

ties. 
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Figure 5.4.  Size distribution of aggregates in PCL/halloysite composites at 5 vol% 

filler content. Effect of homogenization technology. 

The extent of aggregation depends also on filler content [6-8]. The effect is demon-

strated in Table 5.1. Average and most frequent aggregate size is listed in the table for 

the three technologies at two halloysite contents, at 5 and 10 vol%, respectively. The 

dimensions of about 100–150 aggregates were determined for each composition and tech-

nology. The larger efficiency of melt mixing in homogenization is also verified by the 

data in the table, which also confirm that the extent of aggregation increases with increas-

ing filler content. Probably not very surprisingly, the most inhomogeneous materials are 

prepared by the grinding of the polymer, mixing it with the filler and compressing the 

mixture into films. Better homogeneity can be achieved by film casting, in which shear 

forces are quite small. Although melt mixing is quite advantageous, it cannot be used for 

all applications and polymers; for example, enzymes are quite sensitive to heat and might 

denature during processing. Nevertheless, the results strongly emphasize the need for the 

optimization of the processing technology used for the preparation of composites con-

taining nanosized particles. 
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Table 5.1.  Effect of halloysite content and sample preparation technology on aggre-

gation in PCL/halloysite nanocomposites 

Technology Halloysite 

(vol%) 
Aggregate area (m) 

Average Most frequent 

Film casting 

5 

499.9  652.3 88.5 

Compression 391.8  687.1 98.1 

Melt mixing 83.2  117.8 9.6 

Film casting 

10 

547.9  874.1 162.4 

Compression 1078.1  2348.4 443.3 

Melt mixing 322.2  398.4 137.3 

5.3.3. Thermal analysis, crystalline structure 

Besides homogeneity, the structure of the polymer also has a large impact on the 

performance of the material in any functional application. Crystallization modifies the 

distribution of the filler, as this latter is located in the amorphous phase. Crystallization 

and the exclusion of the filler from the crystalline phase can be especially important in 

electrospinning, in which the evaporation of the solvent and the simultaneous crystalliza-

tion of the polymer determine the final structure of the composite. The glass transition 

temperature (Tg) of PCL is low, it is below room temperature, which influences the re-

lease of any active component or the diffusion of reactants or metabolites during the deg-

radation of the scaffold. Thermal analysis offers information on all these aspects of the 

polymer acting as the matrix of the composites. 

The DSC curves of a composite containing 5 vol% halloysite and prepared by film 

casting is presented in Figure 5.5. The very fast crystallization and the melting of the 

polymer dominates the traces. Glass transition can be detected below −50 °C, but its in-

tensity is relatively small, because of the domination of the first order transitions in the 

figure. Nevertheless, glass transition can be detected and determined unambiguously. 

However, Tg was also determined by DMA measurements, which are more accurate and 

convenient for the purpose. The Tg of the polymer is plotted against composition in Fig-

ure 5.6 for the three sets of materials prepared. Glass transition temperature is practically 

constant for the processed samples, i.e., melt mixed or compressed, but it changes some-

what with composition for the films. A slight minimum appears in the composition de-

pendence of Tg, which is quite difficult to understand. One would expect an increase in 

glass transition temperature with increasing filler content due to the adsorption of the 

polymer on the surface of the filler and a consequent decrease in molecular mobility. This 

latter effect accounts for the slight increase in Tg for the processed samples. However, a 

decrease in Tg was observed before [9], for example for PLA, and the same factors might 
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result in the slight minimum here, also. Nevertheless, the Tg of the polymer is much below 

room temperature at all compositions, thus we might expect that diffusion and drug re-

lease will not be influenced much by the presence of the filler. 

 

Figure 5.5.  DSC melting and crystallization curves recorded on a PCL/halloysite com-

posite prepared by film casting at 5 vol% halloysite content. 

The melting characteristics, the temperature (Tm) and the heat of fusion (ΔHm) of 

the polymer are plotted against halloysite content in Figure 5.7. The characteristics were 

determined in the second heating run. Melting temperature barely changes with compo-

sition, and homogenization technology does not influence it either. The heat of fusion, on 

the other hand, differs for the samples prepared by melt technologies and film casting. 

The ΔHm of the polymer in the films is larger, indicating larger crystallinity. Apparently, 

the presence of the solvent and its evaporation during film casting changes crystallization 

and crystalline structure, but also the mobility of the polymer molecules in the amorphous 

phase (see the composition dependence of Tg, Figure 5.6). According to the results of 

thermal analysis, the structure and behavior of the polymer in samples prepared by solvent 

casting is different from those produced by melt processing, and we may expect the same 

for fibers prepared by electrospinning. 
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Figure 5.6.  Glass transition temperature of PCL in PCL/halloysite composites deter-

mined by DMTA measurements from the maximum of loss tangent. Sym-

bols: () film, () compressed, () melt mixed. 

 

Figure 5.7.  Melting characteristics of PCL halloysite composites plotted against hal-

loysite content. Symbols: (,) film, (,) compressed, (,) melt 

mixed. Full symbols: heat of fusion; empty symbols: melting temperature. 
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5.3.4. Tensile properties 

The mechanical properties are important for composites used in structural appli-

cations, but often also when they are applied as functional materials. Moreover, mechan-

ical properties may offer information about the structure of the material indirectly. The 

stiffness of the composites prepared is plotted against halloysite content in Figure 5.8. 

Interestingly, films and compressed samples have smaller Young’s modulus at the same 

filler content than melt mixed samples. Modulus mainly depends on composition, on the 

volume fraction of the filler in the polymer. However, with nanofillers, contact surface 

and interactions, as well as the structure of the polymer, also influence stiffness. Polymer 

structure cannot be the determining factor here, since films had larger crystallinity than 

samples prepared by the other two technologies. The differences in the extent of aggre-

gation (see Table 5.1), however, may result in the dissimilar stiffness of the composites. 

The role of aggregation is confirmed by the composition dependence of stiffness as well. 

In the case of well-dispersed fillers, modulus should increase exponentially with increas-

ing filler content [10,11]. The tendency towards saturation indicates increasing extent of 

aggregation with increasing halloysite content, in agreement with the results of Table 5.1; 

in addition, the change in slope is slower for melt mixed samples, indicating better ho-

mogeneity. 

 

Figure 5.8.  Effect of halloysite content on the stiffness of PCL/halloysite composites. 

Symbols: () film, () compressed, () melt mixed. 
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Yield characteristics (yield stress and strain) as well as tensile strength and elon-

gation-at-break convey the same message about the effect of homogenization technology 

and homogeneity as stiffness. Consequently, we refrain from presenting the composition 

dependence of all properties and show only that of elongation-at-break, as it responds to 

heterogeneity more sensitively than the rest of the tensile properties (Figure 5.9). The 

deformability of the samples prepared by the three technologies differ considerably from 

each another; the elongation-at-break of the melt mixed samples is twice as large as that 

of the compressed ones. Films are located in between the samples prepared by the other 

two technologies, thus offering a clear order in homogeneity agreeing well with the results 

of structural analysis (Table 5.1). The analysis of the composition dependence of tensile 

properties corroborates results obtained by other techniques and proves the superiority of 

melt mixing, and shows the largest extent of aggregation for the samples prepared by the 

direct compression of the mixture of the polymer and the halloysite powder. What re-

mains is the checking of the influence of halloysite on electrospinning, as well as on the 

structure of the fibers and the mats produced by this technique. 

 

Figure 5.9.  Dependence of the deformability of PCL/halloysite composites on filler 

content. Symbols: () film, () compressed, () melt mixed. 
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5.3.5. Fiber spinning 

A solution was prepared from the polymer, and halloysite tubes were added to it 

to prepare a suspension. Fibers could be spun from the mixture with a more or less regular 

morphology. As photos of electrospun fibers have been published in large numbers in the 

literature before, we focus more on homogeneity, the distribution of the filler in the fibers, 

and on aggregation. SEM micrographs recorded on the fractured surface of fiber mats at 

various magnifications and halloysite contents are presented in Figure 5.10. The mats 

were slightly compressed, cooled down to liquid nitrogen temperature, and fractured in 

order to see the cross-section of the fibers and the dispersion of the filler in them. The 

fibers seen in Figure 5.10a have irregular surfaces containing a large number of dips or 

holes that are the consequence of the evaporation of the solvent and the crystallization of 

the polymer. Smaller fiber-like structural entities are located among the larger fibers, 

which can be excluded filler particles or thinner polymer fibers, but their identification 

needs further study. The cross section of a broken fiber is shown in Figure 5.10b. The 

surface is smooth and seems to be void of filler particles, supporting the assumption that 

a part of the filler is not located inside, but among the fibers. Figure 5.10c presents an-

other broken fiber containing aggregated filler particles showing that homogenization is 

an issue even in the solution preparation and fiber spinning of PCL/halloysite composites. 

The presence of such aggregates might considerably influence the properties and perfor-

mance of the composites. Fiber diameter and its distribution were also determined in order 

to characterize the spun fibers even further. The composition dependence of average fiber 

diameter is presented in Figure 5.11. Halloysite content does not change the diameter of 

the fibers practically at all, thus the main factors determining fiber properties are structure 

and aggregation. 

 

a) 
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b) 

 

c) 

Figure 5.10.  Effect of electrospinning on the distribution of halloysite and the structure 

of the fibers prepared from PCL/halloysite composite materials. Halloysite 

content and magnification: a) 3 vol%, 2000, b) 3 vol% 5000, c) 5 vol%, 

5000. 
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Figure 5.11.  The composition dependence of fiber diameter of electrospun fibers. 

An attempt was made to estimate this effect quantitatively. Fiber mats with ap-

proximately the same weight were compressed into rectangular samples and their me-

chanical characteristics were determined by tensile testing. The strength and the elonga-

tion of the samples are presented in Figure 5.12 as a function of halloysite content. Only 

one line is drawn in the figure to guide the eye and to avoid confusion, but the correlation 

is very similar for the two properties. Fibers could not be spun from dispersions contain-

ing more than 7 vol% filler. All numbers, especially strength, are only indicative values, 

since neither the exact number nor the orientation of the fibers in the mats are known. 

Strength is small and decreases considerably with increasing halloysite content. The de-

crease might be the result of the formation of aggregates (see Figure 5.10c), but the filler 

may also influence the fiber spinning process, the location of the filler, evaporation, and 

the crystallization of the polymer. As with strength, elongation-at-break, which is very 

sensitive to homogeneity, also decreases drastically with increasing filler content. The 

larger values of strength and deformability measured at the largest halloysite content 

might be the net effect of the competing factors noted above. Halloysite content and spin-

ning conditions must be carefully optimized if such composites are to be used for the 

preparation of resorbable scaffolds, and homogeneity is a crucial question in accordance 

with the results presented above. 
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Figure 5.12.  Effect of filler content on the mechanical properties of fiber mats prepared 

from electrospun PCL/halloysite fibers. Symbols: () tensile strength, () 

elongation-at-break. 

5.4. Conclusions 

The study of the structure of PCL/halloysite nanotubes composites prepared by a 

number of homogenization technologies showed that various number of aggregates form 

in them depending on the technology and on halloysite content. The size and number of 

aggregates increase with increasing halloysite content. Melt mixing results in more ho-

mogeneous composites than the simple compression of the component powders or ho-

mogenization in solution and film casting. Homogeneity and the extent of aggregation 

determines all properties, including functionality. The mechanical properties of the poly-

mer deteriorate with increasing extent of aggregation; even stiffness depends on homo-

geneity, whereas strength and deformability decrease drastically as the number and the 

size of the aggregates increase. Aggregation decreases the contact surface between the 

polymer and the filler, and large aggregates act as defects and initiate failure during load-

ing. Not only dispersed structure, but also the physical state and crystalline structure of 

the polymer also influence homogeneity and properties. The presence of the filler affects 

the preparation of electrospun fibers for scaffolds. A part of the filler is excluded from 

the fibers while another part forms aggregates that complicates fiber spinning and deteri-

orates properties. The results indicate that spinning is easier and the quality of the fibers 

is better if a material homogenized previously by melt mixing is used for the production 

of the fibers. 
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Chapter 6 

Improved Release of a Drug with Poor Water Solubility by 

Using Electrospun Water-Soluble Polymers as Carriers5 

6.1. Introduction 

Valsartan blocks selectively the angiotensin receptor thus hindering the coupling 

of angiotensin II to its receptor, which regulates blood pressure. The bioavailability of 

valsartan is poor, two hours after the administration of a 80 mg dose, the concentration of 

the plasma is 1.64 mg/L [1]. Its solubility is small in aqueous media thus various measures 

must be taken to increase it and improve bioavailability. The importance of valsartan is 

shown by the numerous attempts to improve its solubility [2-6]. After the recognition of 

the importance of solubility in drug delivery, various physical and chemical approaches 

have been developed to improve it. Chemical methods, i.e., the modification of the chem-

ical structure of the drug [7,8], are usually complicated and expensive, thus physical 

methods are preferred, if their use is possible.  

According to the best of our knowledge, just several attempts have been made to 

use electrospinning for the improvement of the solubility of valsartan yet [9,10], although 

the method is used more and more frequently in medicine, because it has numerous ad-

vantages [11]. The spinning technology offers large flexibility in the production of the 

fibers and in formulation, and frequently offers the possibility to control release kinetics. 

The drug may be distributed in the polymer in amorphous form as small particles or even 

as dissolved molecules, and the small diameter of the fibers results in large contact surface 

accelerating release even further. Although many parameters influence drug release, they 

also offer a possibility to regulate solubility and dissolution rate at the same time. 

Taking into account all the considerations described above, the goal of our study 

was to improve the solubility of valsartan by incorporating it into electrospun water-sol-

uble polymers. The polymers selected were HPMC, PVP, and PVA, all approved and 

used in pharmaceutics. The water solubility of the polymers allows rapid dissolution thus 

increasing release rate and bioavailability. Electrospinning conditions were optimized 

during the study and then drug release was determined as a function of the pH of the 

dissolution medium. Release rate was modeled using the Noyes-Whiney equation and the 

results were interpreted from the point of view of practical application. 

  

                                                 
2Józó, M., Simon, N., Lan, Y., Móczó J., Pukánszky, B. Pharmaceutics 14 34. (2022) 
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6.2. Experimental 

6.2.1. Materials 

The valsartan used in the experiments was supplied by Egis Pharmaceutical PLC 

(Budapest, Hungary). Three water-soluble polymers were selected for the study. Hy-

droxypropyl-methyl-cellulose (Methocel E5, HPMC) was purchased from Colorcon Lim-

ited (Harleysville, PA, USA), polyvinyl-pirrolidon (PVP) was obtained from Alfa Aesar, 

(Tewksbury, MA, USA), and polyvinyl-alcohol (Mowiflex LP, PVA) from Kuraray(To-

kyo, Japan). The chemicals used for the preparation of solutions and buffers, i.e., diso-

dium hydrogenphosphate-2-hydrate, ethanol, methylene chloride, sodium hydroxide, and 

hydrochloric acid (37%) were purchased from Molar Chemicals (Budapest, Hungary), 

acetic acid from Merck (Darmstadt, Germany) and sodium acetate-3-hydrate from Reanal 

(Budapest, Hungary). All materials and chemicals were used as received. 

6.2.2. Solutions 

HPMC was dissolved in the 1:2 mass ratio mixture of ethanol and methylene chlo-

ride. A 15 wt% solution was prepared from 2 g polymer, which was diluted to 5, 7.5, and 

10 wt% solution for electrospinning. Ethanol was used as solvent for the preparation of 

PVP solutions. The concentration of the polymer changed between 20 and 45 wt% during 

the optimization of the electrospinning technology. PVA was dissolved in distilled water 

to prepare solutions containing the polymer at 9, 11, 13, and 15 wt%. In order to improve 

the quality of the fibers and find optimum conditions, water was replaced with 10, 20, 30, 

and 40 vol% ethanol. HPMC and PVP solutions were prepared by continuous stirring 

overnight. PVA could be dissolved at 70–90 °C in 20–30 min by intensive stirring. The 

active component, valsartan, was dissolved in all three solution at 20 wt% related to the 

amount of the polymer. 

Release experiments were carried out in four media, in buffers with three different 

pH values and in distilled water. The solutions were prepared in a calibrated measuring 

vessel of 1000 mL capacity. The composition of the buffer solution of 4.0 and 6.8 was 

taken from the literature [12]. The solution with pH 1.2 was prepared with 5.26 mL con-

centrated (37%) hydrochloric acid. The acetate buffer (pH 4.0) contained 4.7 mL concen-

trated (100%) acetic acid, 2.45 g C2H3O2Na·3H2O, and 2 mL 1 M NaOH solution. The 

phosphate buffer with pH 6.8 was produced from 6.12 g NaH2PO4, 8.72 g 

Na2HPO4·2H2O, and 2 mL 1 M NaOH solution. The pH of the solutions was checked 

with the help of a Metrohm 827 pH apparatus (Metrohm Ltd., Herisau, Switzerland) and 

was adjusted by adding the necessary amount of 1 M NaOH solution. 
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6.2.3. Electrospinning 

Fibers were fabricated using the Spinsplit (Spinsplit LLC, Budapest, Hungary) 

electrospinning machine. Optimal concentration, voltage, pump rate, and the distance to 

the collector plate all depend on the characteristics of the solutions, i.e., on the combina-

tion of the polymer and solvent. The optimized parameters were different for the three 

polymers used. The time of fiber spinning changed between 5 and 30 min depending on 

the amount of fiber needed. 

6.2.4. Release experiments 

Release experiments were carried out on 6 mg fiber containing 1.2 mg valsartan. 

All measurements were done in triplicates. The fibers were placed into 50 mL solution 

and 2 mL samples were taken intermittently after 2, 5, 10, 15, 30, 60, and 90 min. The 

concentration of valsartan in the samples was determined by UV-Vis spectroscopy after 

calibration. Separate calibration curves were constructed for each of the four release me-

dium. After the determination of UV absorbance, the samples were replaced into the 

beaker containing the fibers. The experiments were carried out at room temperature with-

out stirring. 

6.2.5. Characterization 

The encapsulation of the drug into the fibers was checked by Fourier transform 

infrared spectroscopy (FTIR). Spectra were recorded using a Bruker Tensor 27A (Bruker 

Corp., Billerica, MA, USA) apparatus in the wavelength range of 4000–400 cm−1 at 2 

cm−1 resolution with 64 scans. Valsartan and cut fibers (2 mg) were mixed with KBR to 

prepare pastilles for the recording of the spectra. The spectra were evalu-ated using the 

Opus 2015 software. The amount of dissolved valsartan was determined by UV-Vis spec-

troscopy using a Unicam UV 500 type spectrophotometer (Unicam Ltd., Cambridge, UK) 

after calibration. The measurement was done in the wavelength range of 200–300 nm 

with 1 nm resolution and a scan rate of 120 mm/min. 

The crystalline structure of the components was studied by differential scanning 

calorimetry (DSC) and X-ray diffraction measurements (XRD). DSC measurements were 

done on 3–5 mg fibers or on powder samples of the drug using a Perkin Elmer DSC IC 

apparatus (Perkin Elmer Inc., Waltham, MA, USA); samples were heated from 30–

200 °C at the heating rate of 10 °C/min under N2 purge, cooled down at the same rate and 

then heated again. XRD patterns were recorded using a Philips PW 1830 diffractometer 

(Philips N.V., Amsterdam, The Netherlands). Measurements were carried out in the range 

of 2θ angles of 5–40°, with 0.04° increments and 1 s/step rate at the accelerating voltage 

of 40 kV and exciting current of 35 mA. 
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The morphology of the fibers was studied by digital optical (DOM) and scanning 

electron (SEM) microscopy. DOM micrographs were recorded using a Keyence VHX 

5000 microscope (Keyence Corporation, Osaka, Japan) and they were used for the op-

timization of the electrospinning process. SEM micrographs were taken by using a JEOL 

JSM 6380LA (Jeol, Tokyo, Japan) scanning electron microscope (SEM) at the ac-celer-

ating voltage of 15 and 25 kV. The micrographs were evaluated by the Image Pro Plus 7 

(Media Cybernetics Inc., Rockville, MD, USA) image analysis software to deter-mine 

the diameter of the fibers. The diameter of at least 100 fibers were measured for each 

composition. 

6.3. Results and discussion 

The results are reported in several sections. The outcome of the optimization of 

the fiber spinning technology and the final spinning parameters are shown in the first 

section and then fiber characteristics as well as drug morphology and location are pre-

sented in the next two. The effect of polymer type and pH on drug release is analyzed in 

the next section, while release rate and the possible mechanism of drug release are dis-

cussed in the final section with possible consequences for practice. 

6.3.1. Fiber spinning, parameters 

The quality of electrospun fibers depends on many factors. The formation of the 

Taylor cone and successful spinning are determined by the characteristics of the solution 

(viscosity, polarity, surface tension), voltage, feeding rate, and on the evaporation of the 

solvent, which depends on the distance of the collector and environmental conditions like 

temperature and humidity. The viscosity of the solution is determined by the molecular 

weight of the polymer used and concentration. During the optimization of spinning tech-

nology we varied the polymer concentration, voltage, feeding rate, and collector distance. 

Under certain conditions fibers did not form at all. The optimization process is 

demonstrated on the example of PVP in Figure 6.1. The series of micrographs shows the 

product of the spinning of PVP solutions at various concentrations. As Figure 6.1a shows 

fibers do not form at all at a concentration of 25 wt%, the solvent is deposited on the 

collector in the form of droplets. Besides droplets, also some fibers appear at the con-

centration of 30 wt%, but the quality of the product is still not sufficient at this polymer 

content (Figure 6.1b). Almost flawless, perfect fibers could be obtained at 40 wt% PVP 

concentration (Figure 6.1c) and at the same setting of the other parameters of the tech-

nology as before. 
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a) 

 

b) 

 

c) 

Figure 6.1.  Effect of the concentration of PVP spinning solutions on the quality of the 

product; (a) 25, (b) 30,(c) 40 wt%. 
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All the parameters mentioned in the first paragraph have been optimized in a sim-

ilar way. Solution concentration proved to be the most sensitive parameter in the process, 

which influenced the quality of the fibers and the spinning process very strongly. The 

final parameters under which the fibers used in the further part of the study were produced 

are collected in Table 6.1. All three sets of parameters resulted in the production of fibers 

with proper quality which suited the purpose and could be used in the release study. 

Table 6.1.  Optimized technological parameters used for the electrospinning of fibers 

prepared from the polymers used in this study. 

Polymer Concentration 

(wt%) 

Voltage 

(kV) 

Feeding rate 

(ml/h) 

Collector distance 

(mm) 

HPMC 10 20 5 100 

PVP 40 20 7 125 

PVAa 15 15 0.8 140 

a) water was replaced by 30 vol% ethanol in the solution in order to improve the effi-

ciency of spinning and fiber quality 

6.3.2. Fiber characteristics 

The technological parameters used for fiber spinning determine the shape, surface 

quality, and diameter of the fibers. The thickness of the fibers is especially important in 

the application in question, because it determines specific surface area and thus influences 

release rate. The morphology of the fibers spun under the conditions listed in Table 6.1 

is presented in Figure 6.2.. According to the SEM micrographs shown, fibers were ob-

tained in all three cases indeed, but their shape and thickness were different for the three 

polymers. Thinner and thicker fibers were obtained from HPMC, the distribution of fiber 

diameter is relatively wide (Figure 6.2a). Fibers with more uniform thickness and 

smoother surface could be obtained from PVP (Figure 6.2b); the thickness of the fibers 

is in the same range as that of the HPMC fibers (see scale). The fibers produced from 

PVA are much thinner than in the other two cases and they seem to be more entangled, 

occasionally maybe even fused together (Figure 6.2c). Both the smaller thickness of the 

fibers and fusion indicate slower evaporation in spite of the larger distance to the col-

lector (see Table 6.1), which might be the result of stronger interactions in the PVP solu-

tion. 
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a) 

 

b) 

 

c) 

Figure 6.2.  SEM micrographs recorded on electrospun fibers containing 20 wt% 

valsartan in various matrix polymers; a) HPMC, b) PVP, c) PVA. 
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As mentioned above, the thickness of the fibers have large practical importance in 

drug release. The diameter of the fibers was determined by image analysis for both the 

neat fibers and for those containing the drug. The presence of the drug influenced fiber 

diameter only slightly in the HPMC and PVA matrices, but thickness increased consider-

ably in the PVP matrix as a result of the incorporation of the drug. The distribution of 

fiber diameter is presented in Figure 6.3. for the PVP fibers with and without drug. The 

large difference in fiber diameters is clearly shown by the figure; thickness is almost twice 

as large in the presence of the drug than without it. Fiber diameters and the width of the 

distributions are collected in Table 6.2. The similarity of diameters with and without the 

drug for the HPMC and PVP matrices is clearly shown by the results, as well as the effect 

of the drug in the PVP matrix. PVA fibers are much thinner than the other two, as men-

tioned above, and the width of diameter distribution is also much smaller, the fibers are 

more uniform. Uniform fiber diameter is quite advantageous for drug release, it facilitates 

the control and the prediction of release. 

 

Figure 6.3.  Distribution of the diameter of electrospun fibers prepared from PVP with 

and without the drug. 
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Table 6.2.  Diameter of the fibers spun from the polymers used in the study and the 

effect of the incorporation of the drug into them. 

Polymer 
Average diameter (mm) 

no drug with drug 

HPMC 2.0  1.0 1.5  0.7 

PVP 2.3  0.7 4.4  1.1 

PVA 0.5  0.1 0.7  0.2 

6.3.3. Drug morphology, location 

The location of the drug within the fibers is not trivial in the case when electro-

spun fibers are used as carrier matrix. Depending on the mutual solubility of the com-

ponents, including the polymer, the solvents used, and the drug; this latter can be located 

within or among the fibers [13,14]. Moreover, the drug within the fiber can be crystalline 

or amorphous, precipitated as a separate phase or distributed as dissolved molecules. The 

location and the morphology of the drug in the device produced by fiber spinning influ-

ence drug release considerably. 

The incorporation of the drug into the fibers was checked by FTIR spectroscopy. 

The spectra recorded on the drug, on HPMC, and the polymer containing of the drug are 

presented in Figure 6.4 as an example. The spectra considerably overlap with each other, 

but characteristic peaks can be determined for valsartan, mainly the intensive carbonyl 

group at 1731 cm−1 and the C–H bending and C–C bending vibrations at 778 and 

761 cm−1. These characteristic peaks of the drug can be detected unambiguously in the 

spectra of the fiber containing the drug. Since drug particles could not be detected among 

the fibers in any of the SEM micrographs (see Figure 6.2), we must conclude that the 

drug is located within the fibers. Similar conclusions could be drawn from the FTIR study 

of the fibers prepared from the other two polymers. Spectroscopy unambiguously proved 

that valsartan was successfully incorporated into the fiber mats prepared from all three 

polymers and SEM indicated additionally that the drug is located within and not among 

the fibers. 
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Figure 6.4.  FTIR spectra recorded on valsartan, HPMC and electrospun HPMC fibers 

containing the drug at 20 wt%. 

Valsartan is a crystalline substance. However, its melting point was shown to vary 

between 50 and 110 °C indicating the existence of various crystal forms and/or varying 

crystallinity. Tran et al. [15] found, for example, that the type and crystallinity of valsartan 

depended also on the solvent used for crystallization that influenced drug release consid-

erably. The DSC traces recorded on the drug used in our experiments are shown in Fig-

ure 6.5a. The curve recorded in the first heating exhibits a sharp melting peak at around 

105 °C indicating large crystallinity and crystals with considerable regularity. Crystalline 

structure is also confirmed by the SEM micrograph recorded on the drug (Figure 6.5b). 

On the other hand, the exothermic peak of crystallization could not be detected during the 

cooling run, and both melting temperature and crystallinity were much smaller in the sec-

ond heating run. These results clearly indicate that the crystal form and crystallinity of 

valsartan are strongly influenced by the conditions of crystallization indeed, and thus the 

process and technology of fiber spinning must also change the structure of the drug con-

siderably. 
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a) 

 

b) 

Figure 6.5.  Morphology and thermal behavior of neat valsartan; a) DSC traces rec-

orded on the drug, b) SEM micrograph of the neat drug powder. 

X-ray diffraction was used to check the form of the drug within the fibers and the 

possible crystallinity of the polymers. The patterns recorded on valsartan, the neat HPMC 

fibers, and on fibers containing the drug are presented in Figure 6.6. The pattern of valsar-

tan shows its crystallinity, but also that it is not completely crystalline and the crystals are 

not very regular, which partly contradicts the conclusion drawn from the DSC analysis. 
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HPMC and the fibers containing the drug are completely amorphous, no trace of the crys-

talline reflection of valsartan can be detected on the pattern. Based on these results we 

can conclude that valsartan is dispersed within the polymer fibers in amorphous form that 

is expected to facilitate drug release. 

 

Figure 6.6.  XRD patterns recorded on valsartan, HPMC and HPMC fibers containing 

the drug at 20 wt%. 

6.3.4. Drug release 

Valsartan is a BSC II type drug with limited solubility in water-based media. 

Moreover, it is slightly acidic thus its solubility and dissolution depend very much on the 

pH of the solution. Accordingly, the dissolution characteristics of valsartan as well as the 

release of the drug from electrospun fibers were studied at three different pH values and 

also in distilled water. The dissolution of the neat drug in the four media is presented in 

Figure 6.7. The strong dependence of dissolution on pH is amply demonstrated by the 

figure. Dissolution is quite fast and complete at pH 6.8, but very slow and extremely 

limited at pH 1.2. It is interesting to note that dissolution in distilled water is much slower 

than at pH 6.8 and solubility is also much smaller, reaches only about 50% under the 

given experimental conditions. Since the pH of distilled water is very close to 7.0, the 

phenomenon is difficult to understand. We must assume that the ionic moieties of the 

dissolution media influence and possibly facilitate the dissolution of the drug. Since the 

pH of the digestive tract is strongly acidic, the solubility of valsartan must be improved 

considerably. 
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Figure 6.7.  Time dependence of the dissolution of valsartan in various media. Symbols: 

() pH 1.2, () pH 4.0, () pH 6.8, () water. 

The release of the drug from the electrospun fibers was studied under the same 

conditions. The results obtained on the PVP fibers are presented in Figure 6.8. Solubility 

definitely increased at all pH values and also in distilled water, i.e., the incorporation of 

the drug into this water-soluble polymer is beneficial and we can hope that bioavailability 

also increases. The pH of the solution has practically the same effect on solubility as 

before, but at a higher level. The smallest solubility is measured at pH 1.2, the final value 

is close to 40%, and solubility reaches values of around 90% at pH 4.0 and in distilled 

water. Improved solubility is obviously the result of the amorphous nature, and better 

distribution of the drug as well as the larger specific surface area offered by the fibers, 

i.e., larger contact surface. The release of the drug from the HPMC fibers is very similar 

to that observed in PVP, but naturally the values are somewhat different; the improvement 

in solubility at pH 4.0 and in water is smaller and pH sensitivity is weaker than in the 

PVP fibers. 
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Figure 6.8.  Dissolution kinetics of valsartan from PVP electrospun fibers. Symbols: 

() pH 1.2, () pH 4.0, () pH 6.8, () water. 

The behavior of the drug incorporated into the PVA matrix is very interesting. The 

time dependence of release from these fibers is shown in Figure 6.9. The largest extent 

of release is achieved in water that is quite surprising. Moreover, the pH dependence of 

release is practically absent in this case, the rate of release is similar at all three pH values 

and the same extent of solubility, around 80–85%, is reached in all cases. Although the 

release of the drug from PVA is not complete, the improvement is large, and the inde-

pendence of release of pH compensates for the slight decrease of equilibrium solubility. 

The improvement of the solubility of the drug as a result of its incorporation into 

polymer matrices is demonstrated well by Figure 6.10. The dissolution of the drug and 

its release from the three polymers is compared at pH 1.2, because of the importance of 

acidic conditions due to the high acidity of the stomach. Solubility improves in the same 

degree when the HPMC and PVP matrices are used, as mentioned above, but very large 

solubility is achieved in PVA. The rate of release also increases considerably in this latter 

matrix. The results presented in Figure 6.10 indicate the effect of several factors. The 

form of the drug, its distribution, the surface area are factors acting in all matrices. How-

ever, some other factor must also play a role in the PVA matrix which increases the rate 

of release and improves solubility. Further study and considerations are needed to reveal 

this factor and to fully utilize its potentials. 
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Figure 6.9.  The kinetics of drug release from electrospun fibers prepared from PVA. 

Symbols: () pH 1.2, () pH 4.0, () pH 6.8, () water. 

 

Figure 6.10.  Comparison of the drug release kinetics of valsartan and the electrospun 

fibers produced from various water soluble polymers at pH 1.2. Symbols: 

() valsartan, () HPMC, () PVA, () PVP. 
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6.3.5. Release rates, mechanisms 

Although the visual observation of the correlations presented in Figures 6.7–10 

offers valuable information about the release of valsartan from the electrospun polymeric 

fibers and about the factors influencing it, the quantitative evaluation of the results may 

allow a deeper insight into the process. The kinetics of dissolution can be described by 

the Noyes–Whitney equation [16]: 

d𝑐(𝑡)

d𝑡
=  

𝐴 𝐷

𝑉 ℎ
 [𝑐𝑠 − 𝑐(𝑡)] (6.1) 

where c is the concentration of the drug, t time, A surface area, D diffusion coefficient, V 

the volume of the dissolution medium, h is the thickness of the diffusion layer, and cs 

solubility. The integration of the equation and rearrangement leads to 

𝑐(𝑡) = 𝑐𝑠 (1 − 𝑒−𝑘𝑡) (6.2) 

where k contains the constants of Equation 6.1, i.e., k = AD/Vh and corresponds to the 

overall rate of dissolution. Equation 6.2 was fitted to all dissolution correlations to de-

termine solubility (cs) and the rate of dissolution. 

Equilibrium solubility is plotted against the pH of the dissolution medium in Fig-

ure 6.11. The results of the figure confirm the observations done earlier. Complete solu-

bility is reached for valsartan and for the drug released from the HPMC and PVP matrices, 

but it is very small at pH 1.2 and the dependence of solubility on pH is very strong for 

these materials. The dissolution of the drug from the PVA matrix is large and practically 

independent of pH. The dissimilar behavior indicates different mechanisms for drug re-

lease. The similarity of the behavior of neat valsartan and that of the electrospun fibers 

containing the drug indicates that in these cases release is dominated by the dissolution 

of the drug. Accordingly, the dissolution of the polymers must be faster than that of the 

drug itself, the characteristics of the drug dominate and thus solubility and its dependence 

on pH are practically the same. The differences in the values are caused by the form of 

the drug, homogeneity, and surface area. In the case of the PVA fibers, on the other hand, 

the dissolution of the polymer must be slower and thus it is the dominating factor leading 

to a larger and pH independent release of valsartan. The tentative explanation presented 

here is plausible, but needs verification in the future. Finally, we must call attention here 

to the solubility values measured in water. The points are indicated by full symbols. With 

the exception of PVA, solubility is always smaller in water than in the buffers, which 

indicates the role of ionic species in the dissolution of valsartan. 
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Figure 6.11.  pH dependence of the equilibrium dissolution of neat valsartan and that of 

valsartan released from electrospun fibers prepared from different poly-

mers. Symbols: () neat valsartan, () HPMC, () PVA, () PVP; full 

symbols indicate dissolution into distilled water. 

The rate of dissolution is plotted against pH in Figure 6.12. The correlations are 

somewhat more difficult to interpret in this case. The rates determined for the neat valsar-

tan and for the fibers prepared from HPMC and PVP are similar which confirms our con-

clusion about the determining role of valsartan dissolution. The value obtained in the PVP 

matrix at pH 4.0 is much larger (indicated by a circle), but it is a single, deviating point, 

which needs verification. The large deviation might be a real effect, but also might result 

from an error in the measurements or fitting. The different behavior of the device prepared 

from PVA is evident also in this figure. Rates are commensurable at smaller pH values to 

those obtained for the other fibers, but depend only very slightly on pH. According to the 

results of the release study and modelling, the most advantageous matrix for the prepara-

tion of devices offering larger bioavailability of valsartan is PVA. The results also indi-

cate that the drug can be administered orally, since all components are approved materials 

and the fast dissolution of the carrier polymer as well as that of the encapsulated valsartan 

would allow oral administration, and increase bioavailability considerably. 
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Figure 6.12.  Effect of the pH of the dissolution medium on the rate of dissolution of 

valsartan and that of the drug from electrospun fibers. Symbols: () neat 

valsartan, () HPMC, () PVA, () PVP; full symbols indicate dissolu-

tion into distilled water. 

6.4. Conclusions 

In an attempt to improve the solubility of valsartan, electrospun fibers containing 

the drug were prepared from three water-soluble polymers, HPMC, PVP, and PVA. The 

drug was homogenously distributed within the fibers in the amorphous form. The pres-

ence of the drug interfered with the spinning process only slightly; the diameter of the 

fibers were in the same range as without the drug for the HPMC and the PVA fibers, 

while it doubled in PVP. The incorporation of the drug into the fibers increased its solu-

bility in all cases compared to that of the neat drug. The solubility of the drug itself de-

pends very much on pH and this sensitivity remained the same in the HPMC and PVP 

fibers; the release of the drug was dominated by the dissolution behavior of valsartan 

itself. On the other hand, solubility and the rate of release were practically independent 

of pH in the PVA fibers. The different behavior is explained by the dissolution rate of the 

respective polymer, which is larger for HPMC and PVP, and smaller for PVA than the 

dissolution rate of the drug. The larger extent of release can be explained by the lack of 

crystallinity of the drug, its better dispersion, and larger surface area of the fibers. Con-

sidering all facts, the preparation of electrospun devices from valsartan and water-soluble 

polymers is beneficial, and the use of PVA is more advantageous than that of the other 

two polymers. 
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Chapter 7 

Summary 

Tissue engineering is an interdisciplinary area getting more focus as modern med-

icine progresses. The field presents several challenges at the same time, like the require-

ment of biocompatibility, controlled degradation, adequate mechanical properties, pore 

structure, and overall morphology. Although the improvement of the science clearly 

demonstrates that biopolymers are the materials of the future to address these require-

ments, it is also clear that they cannot do it on their own. Several biopolymers and natural 

polymers have been extensively investigated in terms of medical applications and the 

results just confirmed the finding above. The modification of the properties of these ma-

terials is needed whether it is by blending the components, chemically modifying com-

ponents or the addition of reinforcing agents and other functional additives. In order to 

promote the tissue regeneration and healing of the body, bioactive components, such as 

drugs, essential oils, antioxidants, growth factors, and enzymes are usually introduced 

into the polymer scaffolds. There are still a lot of shortcomings of these devices and many 

problems are unresolved in each step on the way. Therefore, with the research presented 

in this Thesis, we tried to address unique problems on a broad scale by investigating the 

interactions between components and their effect on material properties, the effect of pro-

cessing technology on the structure of the materials, and finally the effect of material 

choice and interaction on the properties during application. In this section I give a brief 

summary of each chapter highlighting the most important achievements. At the end, se-

lected new findings of our work are listed as thesis points. 

In Chapter 2 biocomposites were prepared from poly(lactic acid) and two natural 

reinforcements, a native starch and sugarcane bagasse fibers. The components were ho-

mogenized in a twin-screw compounder and injection molded into standard tensile spec-

imens. Mechanical properties were characterized by tensile and impact testing, while 

structure by scanning electron microscopy. The strength of interfacial adhesion was esti-

mated by model calculations and local deformation processes were followed by acoustic 

emission testing. The results showed that the two additives influence properties differ-

ently. The strength of interfacial adhesion and thus the extent of reinforcement were sim-

ilar because of the similar chemical structure of the reinforcements. Relatively strong 

interfacial adhesion develops between the components which renders coupling ineffi-

cient. Dissimilar particle characteristics influence local deformation processes consider-

ably. The smaller particle size of starch results in larger debonding stress and thus larger 

composite strength. The fracture of the bagasse fibers leads to larger energy absorption 

and to increased impact resistance. The overall performance of the bagasse fiber rein-

forced PLA composites is better than that offered by the PLA/starch composites. 

The property profile of polylactide can be tailored by the incorporation of natural 

fibers and fillers. Although in Chapter 2 we concluded that a natural fiber can reinforce 

PLA better than starch, the latter is preferred in terms of medical application both due to 

its properties and availability. The limited thermal stability and hygroscopic nature of 
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starch, however, present considerable challenges. Organocatalytic acetylation addresses 

both shortcomings and yields high degrees of substitution without otherwise changing the 

polysaccharide granules. The effect of the modification on the mechanical behavior of 

composites based on modified, unplasticized corn starch and polylactide was investigated 

in Chapter 3. The incorporation of the polysaccharide results in improved stiffness at the 

expense of strength. Acetylation does not improve compatibility, as it facilitates debond-

ing, having a negative impact on strength. This effect cannot be overcome by the addition 

of maleic anhydride-grafted PLA as a coupling agent, due to the lack of reactive groups 

on the polysaccharide. On the other hand, more stable mechanical properties under dif-

ferent humidity conditions can be achieved, as the hydrophobic modification greatly re-

duces the equilibrium water content of the composites. 

Following the findings of Chapter 3 but introducing the effect of processing, PLA 

and TPS blends with two different glycerol contents were prepared by injection molding 

in Chapter 4. Mechanical properties were characterized by tensile and impact testing, 

structure by SEM, FTIR as well as Raman spectroscopy, and water absorption was deter-

mined as a function of time. Compression molded specimens were used as reference. The 

properties of the blends cover a wide range, stiffness changes from 3.3 to around 1.0 GPa, 

while strength from 54 to 22 MPa as TPS content increase from 0 to 50 wt%. Heteroge-

neous structure forms in the blends because of the weak interaction of the components. 

Processing conditions do not change bulk properties. Weak interactions and the large dif-

ference in the viscosity of the components lead to the formation of a skin on the surface 

of the specimens. The skin consists mainly of PLA, while the core contains a larger 

amount of TPS. The thickness of the skin depends on processing technology and condi-

tions; it is about 18 µm for the injection molded, while 4.5 µm for the compression molded 

parts at 50 wt% TPS content. The development of the skin layer can be advantageous in 

some applications (like medical) because it slows down water absorption considerably. 

PCL/halloysite composites were prepared to compare the effect of homogeniza-

tion technology on the structure and properties of the composites in Chapter 5. Halloysite 

content changed from 0 to 10 vol% in six steps and homogeneity was characterized by 

various direct and indirect methods. The results showed that the extent of aggregation 

depends on technology and on halloysite content; the size and number of aggregates in-

crease with increasing halloysite content. Melt mixing results in more homogeneous com-

posites than the simple compression of the component powders or homogenization in 

solution and during film casting. Homogeneity and the extent of aggregation determines 

all properties, including functionality. The mechanical properties of the polymer deterio-

rate with increasing extent of aggregation; even stiffness depends on homogeneity. 

Strength and deformability decreases drastically as the number and size of aggregates 

increase. Not only dispersed structure, but also the physical state and crystalline structure 

of the polymer influence homogeneity and properties. The presence of the filler affects 

the preparation of electrospun fiber scaffolds as well. A part of the filler is excluded from 

the fibers while another part forms aggregates that complicates fiber spinning and deteri-

orates properties. The results indicate that spinning is easier and the quality of the fibers 

is better if a material homogenized previously by melt mixing is used for the production 

of the fibers. 
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Finally, I present, how the properties of the material system affects the properties 

needed for application, in an attempt to improve the solubility of valsartan, fibers con-

taining the drug were prepared from three water-soluble polymers, HPMC, PVP, and 

PVA in Chapter 6. Fiber spinning technology was optimized for each polymer sepa-

rately. The polymers contained 20 wt% of the active component. The drug was homoge-

nously distributed within the fibers in the amorphous form. The presence of the drug in-

terfered with the spinning process only slightly, the diameters of the fibers were in the 

same range as without the drug for the HPMC and the PVA fibers, while it doubled in 

PVP. The incorporation of the drug into the fibers increased its solubility in all cases 

compared to that of the neat drug. The solubility of the drug itself depends very much on 

pH and this sensitivity remained the same in the HPMC and PVP fibers; the release of the 

drug is dominated by the dissolution behavior of valsartan itself. On the other hand, sol-

ubility and the rate of release were practically independent of pH in the PVA fibers. The 

different behavior is explained by the rate of the dissolution of the respective polymer, 

which is larger for HPMC and PVP, and smaller for PVA than the dissolution rate of the 

drug. The larger extent of release compared to neat valsartan can be explained by the lack 

of crystallinity of the drug, its better dispersion, and the larger surface area of the fibers. 

Considering all facts, the preparation of electrospun devices from valsartan and water-

soluble polymers is beneficial, and the use of PVA is more advantageous than that of the 

other two polymers. 

The most important conclusions and new findings of this Thesis can be briefly summa-

rized in the following main points: 

1. In a comparative study of two natural reinforcements, sugarcane bagasse fibers and 

native starch, we established that in spite of their capacity to form identical interac-

tions with the matrix, they influence composite properties differently. The smaller 

particle size of starch results in larger strength, while the fracture of the bagasse fibers 

to larger impact resistance. The overall properties of the composites are determined 

by the local processes taking place during deformation and they depend on particle 

characteristics and the inherent properties of the reinforcement (Chapter 2). 

2. Contrary to claims in the literature we unambiguously proved with systemic experi-

ments that the acetylation of starch does not improves its compatibility with poly(lac-

tic acid). The modification decreases surface energy and the strength of interactions 

thus leading to debonding and decreased composite strength. Furthermore, acetyla-

tion decreases water uptake and the sensitivity of composite properties to humidity 

(Chapter 3). 

3. The investigation of poly(lactic acid)/thermoplastic starch blends as potential raw 

materials for medical applications showed that the processing of these materials by 

technologies extensively used in industrial practice may lead to the development of 

special structures. We clearly proved that because of poor interactions and different 

component properties, the components of the blend segregate and a skin/core struc-

ture forms with larger amount of poly(lactic acid) in the skin and more thermoplastic 

starch in the core. The structure might even be beneficial in practical application, 

since the skin slow down the rate of water absorption (Chapter 4, Ref. 1). 
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4. Through a detailed study of the effect of homogenization technology on the structure 

and properties of poly-ε-caprolactone/halloysite composites we proved that technol-

ogy plays a crucial role in homogeneity and properties, so sample preparation tech-

niques needs to be reconsidered for preparing nanocomposites for electrospinning. 

Aggregates deteriorate composite properties and influence even the electrospinning 

of fibers by decreasing fiber quality. We unambiguously proved that continuous fi-

bers with qualities required by the application area can be spun only from materials 

previously homogenized by melt mixing (Chapter 5, Ref. 2). 

5. Through the preparation of electrospun fibers containing an active component, 

valsartan, we clearly proved that the incorporation of the drug into the fibers is ben-

eficial leading to faster and increased release compared to the neat drug. Improved 

release characteristics result from the amorphous nature of the drug, its better disper-

sion and the larger specific surface area of the fibers compared to the particles of the 

neat drug (Chapter 6, Ref. 3). 

6. The comparison of the release characteristics of electrospun fibers prepared from 

three water soluble polymers unambiguously showed that the characteristics of the 

polymers as well as interactions play an important role in the determination of release 

kinetics as well as the amount of drug released. The relative dissolution rate of the 

polymer and the drug in the dissolution medium determines efficiency and pH de-

pendence; because of its slower dissolution, poly(vinyl-alcohol) proved to be a better 

carrier polymer than poly(vinyl-pirrolidone) or hydroxypropyl-methyl-cellulose 

(Chapter 6, Ref. 3).  
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List of abbreviations 

AE acoustic emission 

ATR attenuated total reflectance 

BMP  bone morphogenetic protein 

CaP  calcium-phosphate 

CLS  classical least squares 

CNC  crystalline nanocellulose 

CS  corn starch 

CSAcx  corn starch after x hour of acetylation 

DAc  degree of acetylation 

DCM  dichloromethane 

DDS  drug delivery systems 

DMA  dynamic mechanical analysis 

DOM  digital optical microscopy 

DSC  differential scanning calorimetry 

FDA  US Food and Drug Adminisration 

FTIR  Fourier-transform infrared spectroscopy 

HA  hydroxyapatite 

HPLC  high-performance liquid chromatography 

HPMC  hydroxypropyl-methyl-cellulose 

IGC  inverse gas chromatography 

IPN  interpenetrating network 

MA  maleic anhydride 

MAPLA  maleic anhydride grafted poly(lactic acid) 

MFR  melt flow rate (g/10 min) 

NMR  nuclear magnetic resonance 

PBAT  poly(butylene adipate) 

PCL  poly-ε-caprolactone 

PEG  polyethylene glycol 

PHB  poly(hydroxyl-butyrate) 

PLA  polylactic acid 

PLDA  poly-D-lactic acid 

PLGA  poly-(lactic-co-glycolic-acid) 

PLLA  poly-(L-lactic acid) 

PMMA  poly(methyl methacrylate) 

PP  polypropylene 

PVA  poly(vinyl-alcohol) 

PVP  poly(vinyl-pyrrolidone) 

RH  relative humidity 

SEM  scanning electron microscopy 

TE  tissue engineering 

TEM  transmission electron microscopy 

TGA  thermogravimetric analysis 

TPS  thermoplastic starch 

XRD  X-ray diffraction 

https://en.wikipedia.org/wiki/Diffuse_reflectance_infrared_fourier_transform
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