
 
BUDAPEST UNIVERSITY OF TECHNOLOGY AND ECONOMICS 

FACULTY OF CHEMICAL ENGINEERING AND BIOENGINEERING 

OLÁH GYÖRGY DOCTORAL SCHOOL 

 

 

Functional biopolymers for medical applications 
 

 

Thesis book 
 

 

Author: Muriel Józó 

Supervisor: Béla Pukánszky 
 

 
Laboratory of Plastics and Rubber Technology 

Department of Physical Chemistry and Materials Science 

Faculty of Chemical Technology and Biotechnology 

Budapest University of Technology and Economics 

 
Polymer Chemistry and Physics Research Group  

Institute of Materials and Environmental Chemistry  

Research Centre for Natural Sciences 

Eötvös Loránd Research Network 

 

 

 

 

 

 

 
 

 
 

2022 
 



PhD. Thesis 

 
 

2 

1. Introduction  

Since the beginning of mankind, healthcare has been a major 

profession in humanity, and even ancient Greek or Egyptian cultures 

long searched for ways to prolong life. Modern medicine has reached 

a point, where they could extend the life expectancy up to 73 years as 

an average worldwide1. In the next 30 years, the medical sector will 

address infertility especially in older women, it will develop solutions 

to expand our active years, and develop prosthetics as well as new, 

functional, advanced materials in the field of organ transplant and tis-

sue regeneration2,3. 

These goals cannot be achieved without polymers. Their ad-

vantages of being sterile, easy-to-handle and easy-to-produce, and in 

most cases naturally antimicrobial, made them the perfect candidates 

to use them as prosthetics, tubes, catheters, implants, gloves, packag-

ing materials, etc. However, with expanding medical knowledge, new 

application areas have emerged such as drug delivery systems, scaf-

folds for tissue engineering, wound dressings, temporary implants and 

so on. Specific polymer materials are needed to fulfill the require-

ments of these areas, and with the pressing societal and environmental 

requirements, we also need to rethink our ‘traditional’ solutions. Bi-

obased and/or biodegradable polymers along with natural polymers 

offer great solutions to these problems.  

The Laboratory of Plastics and Rubber Technology of the De-

partment of Physical Chemistry and Materials Science at the Budapest 

University of Technology and Economics together with the Polymer 

Chemistry and Physics Research Group of the Institute of Materials 

and Environmental Chemistry at the Research Centre for Natural Sci-

ence,Eötvös Loránd Research Network have valuable experience both 

                                                 
1 Life expectancy at birth (years) WHO GHO Indicators (2022) 

https://www.who.int/data/gho/data/indicators/indicator-details/GHO/life-ex-

pectancy-at-birth-(years) 
2 Bánlaki, D. S. Tíz dolog a család jövőjéről (nahát, jelenétől) Forbes 9 (6) 

104. (2021) 
3 Topolay, G. Disznóvágásból medtech startup Forbes 9 124. (2021) 
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in the field of biopolymers, modification of polymers and medical ap-

plications. In this thesis we built on our previous results and developed 

materials addressing several fields in the medical sector. 

2. Background 

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

to promote the regeneration of lost tissue4. This interdisciplinary field 

brings together the expertise of biochemistry, cell technology and ma-

terials science5. The primary role of scaffolds would be “to maintain 

balance between temporary mechanical functions and mass transport 

to assist in biological delivery and tissue regeneration”6. The scaffold 

is only a temporary matrix which assists cell proliferation. There is a 

large number of criteria for scaffolds7. They should be composed of 

biocompatible materials and they should express some surface rough-

ness 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 poros-

ity 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. 

                                                 
4 Beeson, W., Woods, E., Agha, R. Tissue engineering, regenerative medicine, 

and rejuvenation in 2010: the role of adipose-derived stem cells Facial Plast 

Surg 27 378. (2011) 
5 Abdal-hay, A., Sheikh, F.A., Gómez-Cerezo, N., Alneairi, A., Luqman, M., 

Pant, H.R., Ivanovski, S. A review of protein adsorption and bioactivity char-

acteristics of poly-ε-caprolactone scaffolds in regenerative medicine Eur 

Polym J 162 110892. (2022) 
6 Alonzo, M., Primo, F.A., Kumar, S.A., Mudloff, J.A., Dominguez, E., Fregoso, 

G., Ortiz, N., Weiss, W.M., Joddar, B. Bone tissue engineering techniques, 

advances and scaffolds for treatment of bone defects Curr Opin Biomed Eng 

17 100248. (2021) 
7 Dorozhkin, S.V. Calcium Orthophosphate (CaPO4) scaffolds for bone tissue 

engineering applications J Biotechnol Biomed Sci 1 25. (2018) 
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With the evolution of medical tools and methods, biopolymers 

emerged as good candidates due their biocompatibility. Natural poly-

mers are the frontrunners when it comes to lack of toxicity and great 

biocompability, however their lack of mechanical strength overshad-

ows their advantageous biological features. This complexity in prop-

erties led to the testing of numerous materials, and medical devices 

from countless materials are still currently being developed in order 

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

eral factors should be considered for a material before choosing it as 

raw material for scaffold development. Besides the requirements de-

manded from scaffolds, the materials should be, e.g. easy to process 

and the processing technology should be easy to scale-up if commer-

cialization is an end goal7. The application area is also a crucial deter-

mining factor. The load on the hip joint during a step can be several 

times someone’s body weight8, while the compression load on a knee 

joint is up to 4-8 times of body weight during regular activities9,10. 

As of now, our best option for regenerative medicinal applica-

tion is to use biopolymers and natural polymers combined with several 

therapeutic agents. However, it is easier said than done. Besides their 

positive properties, biopolymers and natural polymers have major 

shortcomings that hinder their stand-alone application. The combina-

tion 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 ther-

mal stability hinders their large-scale production. Therefore, as soon 

                                                 
8 Bachtar, F., Chen, X., Hisada, T. Finite element contact analysis of the hip joint 

Med Biol Eng Comput 44 643. (2006) 
9 Jilani, A., Bendjaballah, M.Z. Biomechanics of human tibio-femoral joint in 

axial rotation Knee 4 203. (1997) 
10 Kutzner, I., Heinlein, B., Graichen, F., Bender, A., Rohlmann, A., Halder, A., 

Beier, A., Bergmann, G. Loading of the knee joint during activities of daily 

living measured in vivo in five subjects J Biomech 43 164. (2010) 
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as a material system works on laboratory scale, the effect of processa-

bility should be tested in order to ensure that the material is truly a 

candidate for practical applications. The creation of the material sys-

tem of a scaffold is only the first step. The incorporation of therapeutic 

agents is needed for actual applications and while every component 

interacts with each other, the mechanism of the whole system during 

application needs to be described and this feedback should be taken 

into consideration during material de-velopment in order to avoid 

problems later.  

The field is complicated and complex where not just several 

factors but several disciplines are strongly connected. The main mo-

tive of this thesis is to aid the development of functional biopolymers 

for medical applications throughout the entire development process. 

During this thesis we take a glimpse into each and every issue from a 

material science perspective. Since the topic is wide, each and every 

chapter can only gives a slight insight into specific areas, and can offer 

a possible solution only to the unique problem addressed at those spe-

cific areas. We believe that this approach does not decrease the value 

of the work presented, but highlights the interconnection and com-

plexity of the field addressed. 

 

3. Materials and methods 

Various polymer materials have been used during the execution 

of the study. Poly(lactic acid) (PLA) was used for the preparation of 

blends and composites, with starch, bagasse and thermoplastic starch 

(TPS) as reinforcing agents. PLA functionalized with maleic anhy-

dride (MAPLA) was added as a compatibilizer when needed. Poly-ε-

caprolactone (PCL) was used as the matrix material for the nanocom-

posite, while halloysite was the reinforcing agent. Three polymers 

were used as matrixes for drug delivery systems, poly(vinyl alcohol) 

(PVA), poly(vinyl pyrrolidone) PVP, and hydroxypropyl-methyl-cel-

lulose (HPMC), which are also commercially used polymers in drug 

formulations. Valsartan was loaded into the polymers as active com-

ponent. 
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The composition and processing of each material system was 

different. For the composites, blends and nanocomposites the samples 

were prepared either by internal mixing, compression molding or in-

jection molding, depending on the material and the issues in focus. 

For formulating the drug, electrospinning was used as a novel method 

to improve its solubility in the polymers.  

The mechanical properties of the samples were characterized by 

tensile and impact testing as well as dynamical mechanical testing 

(DMA). Local deformation processes were followed by acoustic 

emission measurements. The structure of the samples was investi-

gated either by scanning electron microscopy (SEM) or digital optical 

microscopy (DOM) depending on the magnification needed. Thermal 

properties were determined by differential scanning calorimetry 

(DSC) and thermogravimetric analysis (TGA) if needed. The dissolu-

tion of the drug was followed by UV-Vis spectrophotometry in differ-

ent buffers. The chemical structure and composition of the materials 

was investigated by Fourier-transfrom infrared spectroscopy (FTIR) 

and in the case of PLA/TPS composites with Raman-spectroscopy as 

well.  

4. Results  

Since my research work has a broad spectrum and every Chap-

ter covers a different aspect of the medical field, I would present my 

results according to the specific chapters in this thesisbook. 

Comparison of starch and bagasse natural reinforcing agents 

Biocomposites were prepared from PLA and two natural rein-

forcements, a native starch and sugarcane bagasse fibers. The compo-

nents were homogenized in a twin-screw compounder and injection 

molded into standard tensile specimens. Mechanical properties were 

characterized by tensile and impact testing, while structure by scan-
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ning electron microscopy. The strength of interfacial adhesion was es-

timated by model calculations and local deformation processes were 

followed by acoustic emission testing.  

The results showed that the two additives influence properties 

differently. The strength of interfacial adhesion and thus the extent of 

reinforcement were similar because of the similar chemical structure 

of the reinforcements. Relatively strong interfacial adhesion develops 

between the components which renders coupling inefficient. Dissimi-

lar particle characteristics influence local deformation processes con-

siderably. The smaller particle size of starch results in larger debond-

ing stress and thus larger composite strength. The fracture of the ba-

gasse fibers leads to larger energy consumption and to increased im-

pact resistance. Although the environmental 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 (Figure 1). 

 

Figure 1  Correlation between the stiffness and impact strength of PLA com-

posites reinforced with starch and sugarcane bagasse fibers. Op-

posing effects as a result of different local processes. Symbols: (○,●) 

sugarcane bagasse fibers, (□,■) starch; empty symbols without 

MAPLA, full symbols with MAPLA. 
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Compatibilized starch acetate/polylactide composites 

The effect of organocatalytic acetylation on the mechanical be-

havior of PLA/starch composites based on modified, unplasticized 

corn starch and polylactide was investigated in another project.  

The incorporation of the polysaccharide results in improved 

stiffness at the expense of strength. Acetylation does not improve 

compatibility, as it facilitates debonding, 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 mechan-

ical properties can be achieved under different humidity conditions, 

as the hydrophobic modification greatly reduces the equilibrium water 

content of the composites (Figure 2). 

 

Figure 2  Equilibrium water content (Cs) as a function of starch content. Sym-

bols: (○,●) Native starch/PLA, (◇,◆) Starch after 2 hours of acety-

lation/PLA, (▽,▼) Starch after 4 hours of acetylation/PLA; empty 

symbols without MAPLA, full symbols with MAPLA 

Segregation in PLA/TPS blends 

PLA and TPS blends with two different glycerol contents were 

prepared by injection molding. Mechanical properties were character-

ized by tensile and impact testing, structure by SEM, FTIR as well as 



Ph.D. Thesis 

 
 

9 

Raman spectroscopy, and water absorption was determined as a func-

tion of time. Compression molded specimens were used as reference.  

The properties of the blends cover a wide range, stiffness 

change from 3.3 to around 1.0 GPa, while strength from 54 to 22 MPa 

as TPS content increases from 0 to 50 wt%. Heterogeneous structure 

forms in the blends because of the weak interaction of the compo-

nents. Processing conditions do not change bulk properties. Weak in-

teractions and the large difference 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 (Figure 3). 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 ad-

vantageous in some applications because it slows down water absorp-

tion considerably. 

 

Figure 3  The composition of PLA/47 wt% glycerol containing TPS blends as 

a function of position measured from the surface of the specimen. 

Composition was determined by Raman spectroscopy. 
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PCL/halloysite nanocomposites 

PCL/halloysite composites were prepared to compare the effect 

of homogenization technology on the structure and properties of the 

composites. 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 ag-

gregates increase with increasing halloysite content (Figure 4). Melt 

mixing results in more homogeneous composites than the simple com-

pression of the component powders or homogenization in solution and 

film casting.  

Homogeneity and the extent of aggregation determines all prop-

erties, including functionality. The mechanical properties of the poly-

mer deteriorate with increasing aggregation; even stiffness depends 

on homogeneity. Strength and deformability decreases drastically as 

the number and size of aggregates increase. Not only dispersed struc-

ture, but also the physical state and crystalline structure of the polymer 

influence homogeneity and properties. The presence of the filler af-

fects the preparation of electrospun fiber scaffolds as well. A part of 

the filler is excluded from the fibers while another part forms aggre-

gates that complicates fiber spinning and deteriorates 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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Figure 4 Size distribution of aggregates in PCL/halloysite composites at 5 vol% 

filler content. Effect of homogenization technology. 

Improved drug release by electrospinning 

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. Fiber spinning technology was optimized for 

each polymer separately. The polymers contained 20 wt% of the ac-

tive component. The drug was homogenously distributed within the 

fibers in the amorphous form. The presence of the drug interfered with 

the spinning process only slightly, the diameter of the fibers was 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 depends very much on pH and this sensitivity remained 

the same in the HPMC and PVP fibers; the release of the drug is dom-

inated 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.  

0 200 400 600 800
0

20

40

60

80

F
re

q
u

en
cy

 (
%

)

Area of aggregates (mm2)

compression

film

melt mixing



PhD. Thesis 

 
 

12 

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 poly-

mers (Figure 5). 

 

Figure 5 Comparison of the drug release kinetics of valsartan and the electro-

spun fibers produced from various water soluble polymers at pH 1.2. 

Symbols: () valsartan, () HPMC, () PVA, () PVP. 
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5. Thesis 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 identi-cal interactions with the matrix, they influ-

ence composite properties different-ly. The smaller particle size of 

starch results in larger strength, while the frac-ture of the bagasse 

fibers to larger impact resistance. The overall properties of the 

composites are determined by the local processes taking place dur-

ing de-formation and they depend on particle characteristics and 

the inherent proper-ties of the reinforcement (Chapter 2). 

2. Contrary to claims in the literature we unambiguously proved with 

systemic experiments that the acetylation of starch does not im-

proves its compatibility with poly(lactic acid). The modification 

decreases surface energy and the strength of interactions thus lead-

ing to debonding and decreased composite strength. Furthermore, 

acetylation 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 ma-terials by technologies extensively used in 

industrial practice may lead to the development of special struc-

tures. We clearly proved that because of poor in-teractions and dif-

ferent component properties, the components of the blend segre-

gate and a skin/core structure forms with larger amount of poly(lac-

tic ac-id) 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 (Ref. 1).  
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4. Through a detailed study of the effect of homogenization tech-

nology on the structure and properties of poly-ε-caprolac-

tone/halloysite composites we proved that technology plays a 

crucial role in homogeneity and properties, so sample preparation 

techniques needs to be reconsidered for preparing nano-compo-

sites for electrospinning. Aggregates deteriorate composite prop-

erties and influence even the electrospinning of fibers by decreas-

ing 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 

(Ref. 2). 

5. Through the preparation of electrospun fibers containing an ac-

tive component, valsartan, we clearly proved that the incorpora-

tion of the drug into the fibers is beneficial leading to faster and 

increased release compared to the neat drug. Improved release 

characteristics result from the amorphous nature of the drug, its 

better dispersion and the larger specific surface area of the fibers 

compared to the particles of the neat drug (Ref. 3). 

6. The comparison of the release characteristics of electrospun fi-

bers prepared from three water soluble polymers unambiguously 

showed that the characteris-tics of the polymers as well as inter-

actions play an important role in the deter-mination of release ki-

netics as well as the amount of drug released. The rela-tive disso-

lution rate of the polymer and the drug in the dissolution medium 

de-termines efficiency and pH dependence; because of its slower 

dissolution, poly(vinyl-alcohol) proved to be a better carrier pol-

ymer than poly(vinyl-pirrolidone) or hydroxypropyl-methyl-cel-

lulose (Ref. 3). 

7. Possible applications 

The results of this thesis can be utilized by multiple sectors. 

First of all, in general, the results presented here can further aid to 

enhance the strength of interactions between PLA and starch, two of 



Ph.D. Thesis 

 
 

15 

the most common biopolymers in commercial use, to create products 

with more advantageous properties. Second of all, we proved that the 

effect of processing technology is not negligible for the final proper-

ties, which can aid the scale up and commercialization of biobased 

products in the future either in the medical sector, but also in the pack-

aging, manufacturing, etc. sectors. 

Focusing on the medical sector, our findings on the electro-

spinning of nanocomposites can open new ways in the preparation of 

these materials with enhanced properties. Our formulation containing 

valsartan and the investigation on the dissolution and release of the 

drug can aid to develop novel formulation techniques while consider-

ing the interactions of the matrix and the drug as well as their effect 

on the release mechanism. 
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