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 Chapter 1 
 

Introduction 

 
Plastic production and use continues to increase with a considerable rate; more 

than 370 million tons of plastics was produced in 2021. The large scale of plastics pro-
duction and use results in serious environmental problems, marine and land pollution in-
creases continuously. Moreover, the majority of plastic products are produced on fossil 
fuel basis thus their carbon footprint is extremely disadvantageous [1]. Although com-
modity plastics can be collected and then reprocessed into high value products, collection 
itself is quite difficult and a large amount of plastics find their way into the environment 
causing serious pollution [2, 3]. The interest in the use of biopolymers has increased con-
siderably in recent years [4-7]. The targeted areas are the packaging industry, agriculture 
and medical devices; the latter have been extensively studied especially in the field of 
drug delivery. Probably poly(lactic acid) (PLA) is the polymer used in the largest quantity 
in such applications, because of its availability, reasonable price and competitive overall 
properties. PLA is produced from renewable raw materials, it is biodegradable, but it also 
has large stiffness and strength. The polymer can be modified by plasticization, blending 
or by reactive processing [8-11]. Unfortunately, besides its advantages, PLA has several 
drawbacks as well. It is sensitive to water, especially during melt processing, it crystal-
lizes very slowly, thus PLA products are amorphous or their crystallinity is small, its glass 
transition temperature is low and its properties change with time relatively fast [12]. Prod-
ucts prepared from PLA become quite brittle after some time because of the factors listed 
above including physical ageing that happens spontaneously and leads to the change of 
properties. 

As mentioned above, PLA is often modified in different ways including plastici-
zation, impact modification and reinforcement in order to improve certain properties, [13-
15]. However, the modification of PLA by various reinforcements leads to decreased im-
pact resistance, thus it is reasonable to use nano-reinforcements instead of wood or natural 
fibers [16]. The particle size of these latter is usually large; their diameter is often several 
hundred micrometers, which leads to easy debonding and/or to the fracture of the fiber 
[17]. Nanofillers, on the other hand, have the advantage of small size hindering debonding 
and at least as important, resulting in reinforcement at small filler content. Nanocellulose 
is a very good candidate for the reinforcement of PLA leading to fully biodegradable 
composites. Many attempts have been made to combine PLA with nanocellulose with 
varying success [18]. A major problem encountered during the preparation of such nano-
composites is homogeneity. Nanofillers tend to aggregate which deteriorates the proper-
ties of the composites prepared. A successful way to improve dispersion and achieve the 
required homogeneity is the use of the Pickering emulsion technique. PLA/cellulose 
nanocrystal, PLA/cellulose nanofiber and PLA/regenerated nanocellulose (RC) compo-
sites were prepared successfully by the approach and excellent properties were reported 
for the composites obtained [18-20]. 

Although biopolymers might not solve the problem of environmental pollution 
completely, they may offer a viable alternative in certain areas. Some of these polymers 
degrade biologically either in the environment or in a compost thus decreasing the amount 
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of plastic waste causing pollution. Although serious debate is going on occasionally ques-
tioning the use of biopolymers, the amounts used increase nevertheless that will force 
legislation to cope with the problem sooner or later. One of the reasons for the debate is 
that the biodegradation of bioplastics is a complicated process. Biodegradable polymers 
are either natural polymers or aliphatic polyesters. In these latter, biodegradation occurs 
through the cleavage of the ester bonds which is rather slow under normal conditions 
(room temperature, neutral pH), but can be accelerated by various means [21]. Degrada-
tion accelerates considerably in strong acidic or alkaline media [22], but such conditions 
do not exist and are impractical or even impossible to create for the degradation of bi-
opolymers in practice. On the other hand the degradation of aliphatic polyesters can be 
catalyzed by enzymes, which degrade the polymer under much more benign conditions. 

In view of the considerations mentioned above it is obvious that several practical 
issues must be studied and resolved during the use of PLA. This work embraces two 
collaborations with other academic institutes dedicated to cope with current issues related 
to the practical use of PLA. The first is the joint research initiated by the Faculty of Phar-
macy at the University of Szeged and the Laboratory of Plastics and Rubber Technology 
at the Budapest University of Technology and Economics. PLA-based medical scaffolds 
were prepared successfully by electrospinning which contained active drugs for the treat-
ment of the periodontitis in this research [23]. The possible use of PLA in practical appli-
cations and especially as structural materials called the attention to the importance of 
structural changes during their use and especially to the effect of physical ageing on prop-
erties. Because of the importance of the phenomenon, we studied and modelled the pro-
cess in detail. 5HFHQWO\��;LDRIHQJ�6XL¶V�JURXS�IURP�WKH�.H\�/DE�RI�6FLHQFH�DQG�7HFKQRO�
ogy of Eco-Textile at the Donghua University reported the use of the Pickering emulsion 
approach for the production of PLA/cellulose nanocomposites with better dispersion and 
reinforcement than before. We contributed to the work by the analysis of correlations 
between structure and properties first and then turned our attention to the treatment of the 
waste of PLA and its composites. This thesis focuses on issues related to the integrated 
life cycle of PLA in practice including its potential medical use, physical ageing during 
application, correlations between structure and properties, and its enzymatic degradation 
at the end of its life. 

 
1.1. Biopolymers  
 

Numerous attempts have been made to build up an environment-friendly ecosys-
tem in our eventful commercial society. In response to solving the challenge of compre-
hensive environmental issues, philosophies of sustainability, production ideologies and 
ecosystem efficacy, biopolymers are considered as a preferable option for the develop-
ment of a new generation of products and materials [24-26]. The demand for biopolymers 
in the global market is consistently increasing due to rising marine concerns, rapid urban-
ization in emerging economies and the implementation of stringent regulations on the use 
of petroleum-based polymers. 
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1.1.1. Definition, trends 
 
Biopolymers are defined by two criteria, 1) sourced from biomass; 2) biodegrada-

ble polymer [27]. The former is produced from natural raw materials such as polysaccha-
rides, proteins and plant/microbial polyesters [28]; or synthesized from renewable re-
sources such as polyesters produced from bio-derived monomers (polylactic acid from 
starch) [29, 30]. The latter is produced from fossil fuels, such as synthetic aliphatic poly-
esters made from crude oil or natural gas, and are certified biodegradable and composta-
ble [31]. 

Currently, many favorable government policies are introduced toward biopoly-
mers available on the market. Biopolymers are largely comparable with conventional pol-
ymers in terms of processing and use properties, and are increasingly competitive in pack-
aging, catering products, consumer electronics, automotive, agriculture/horticulture, as 
well as toys, textiles and several other segments. Besides, the growing capacities of func-
tional biopolymers with high performance gain importance in academy and practice. 

According to the latest market data compiled by European Bioplastics in cooper-
ation with the Nova-Institute (Figure 1.1) [32], global bioplastics production capacities 
are set to increase from around 2.42 million tons in 2021 to approximately 7.59 million 
tons in 2026. Bio-based and non-biodegradable plastics altogether make up about 36 per-
cent of the global bioplastics production capacities, it is predicted to decrease to slightly 
over 30 percent in 2026. However, the production capacities of biopolymers are still go-
ing to increase over the next five years to more than 2.3 million tons.  

 

 
 

Figure 1.1 Global production capacities by material type in 2021 
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The biopolymer applied in the largest amount in practice and thus studied the most 
extensively is PLA. PLA is an aliphatic polyester, derived from renewable resource such 
as corn, potato, and sugarcane. It was first commercialized by Cargill Dow LLC, recently 
NatureWorksTM under the tradename IngeoTM [10]. However, at the beginning it was used 
in limited amounts due to the limited molecular weight, low accessibility and high cost 
of the polymer compared to the other commercial plastics. It was used mainly in the med-
ical field because of its good compatibility with the human body. With the development 
of the markets and modern techniques, PLA can be produced at much lower cost [33-36], 
and thus it is used in a wide range of applications now. 

 
1.1.2. Biopolymer composites 
 

Biopolymer composites, incorporating reinforcements within the micro or nano 
regime [37-39] greatly improve the poor mechanical properties of the original biopoly-
mers. In particular, using nanoparticles and nanofibers [40], the obtained nanostructures 
can exhibit larger specific surface areas, surface energy, and density, compared to con-
ventional micro fillers, and can lead to materials with new and improved properties which 
are better than those arising from the simple rule of mixtures [41]. Some noticeable ben-
efits of biopolymer composite applications are sustainability, cost effectiveness, light 
weight, appreciable specific strength, biodegradability, environmental friendliness of re-
newable materials and health and safety for the manufacturer and the consumers [42]. 
The properties of biopolymer composites are affected by the characteristics of the filler, 
composition, interfacial interactions, structure and additives like plasticizers, compatibil-
izers, nanofiller and binding agents [43, 44]. The performance of biopolymer composites 
can also be improved by chemical modification depending on the processing technology 
[43, 45]. However, biocompatibility and the durability of biopolymer composites are of 
major concern as there is no proper solution adapted till now to completely control these 
two factors. 

In view of existing challenges and promising applications, the Pickering emulsion 
technique has become a designer platform and an emerging research topic in recent years 
[46-48]. Pickering emulsions are stabilized by solid particles in place of surfactants [49-
51]. The emulsions are relatively stable due to the adsorption of particles at the interface 
between the dispersed and the continuous phases [52, 53]. The use of bio-solid stabilizers 
makes Pickering emulsions especially attractive in food and biomaterials [54-56]. Addi-
tionally, functional particles can impart Pickering emulsions functionality and expand 
their application [57]. 

 
1.1.3. Applications 
 

The application of biopolymers and their composites are likely to increase consid-
erably in markets, particularly in the automotive, medical, agricultural and packaging 
fields [45]. Incorporated cotton and coconut fibers in biopolymer composites are used to 
make insulation materials in automotive parts. Owing to their prominent biocompatibility 
and biodegradability, biopolymers are intensively studied in medical applications that in-
volve surgical implants or scaffolds and tissue engineering especially as surgical sutures 
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that facilitate integral impaired tissue coalescence. Bone fixation implants from biopoly-
mer sources promote undisturbed dynamic bone healing and require no additional surgery 
for their removal after bone restoration since the whole implanted fixture dissolves en-
tirely. Biopolymer nanoparticles are being potentially graded as significant materials for 
drug delivery systems owing to their enhanced biocompatibility, pharmacokinetics and 
immunogenicity over their synthetic counterparts, facilitating the process of discharge 
and the absorption of drugs [58]. Biopolymers are very interesting in agriculture in the 
development of mulches and plant containers because of their natural degradation. 
Mulches promote plant growth since the polymer films preserve moisture, hinder the for-
mation of weeds, maintain optimum soil temperature and most notably, undergo degra-
dation thus eliminating the need of its removal and costs incurred [59]. Packaging ac-
counts for the largest share in the biopolymer market in terms of value, followed by tex-
tiles and consumer goods. For food and condiments packaging, biopolymers retain the 
quality and edibility of the packed item from its time of production to its consumption 
[60-63]. 

In industrial applications, commercial products prepared from PLA are commonly 
divided into durable goods and non-durable goods, the former with a lifetime more than 
3 years including appliances, automotive, textile and medical products, while the latter 
having a lifetime up to 3 years such as packaging, short-term medical items, and service 
ware. PLA is suitable for fiber production to prepare disposable products [64]. PLA com-
posites prepared from natural fibers like kenaf and jute with good mechanical strength 
show excellent performance as interior automotive parts. The composites are also used as 
medical scaffolds with improved mechanical properties for the stabilization of fracture, 
fixation of tendons and ligaments [65-67]. In addition, the use of PLA plays a crucial role 
in the development of green packaging which helps to meet the new demands of legisla-
tion globally. 

 
1.2. Physical ageing 

 
With the increasing needs of the global market, the long-term service life and sta-

ble quality of the polymer gain more attention in various research fields. Physical ageing 
is a prominent issue, because it causes changes in properties during usage, mostly deteri-
orates them. Therefore, knowledge of its kinetics, factors and consequences is urgently 
required. 

 
1.2.1. Principles 

 
Physical ageing is the identified change in a property of the polymer as a function 

of storage time, at a constant temperature, and with no influence from any other external 
effect. Specific volume, thermodynamics, mechanical and dielectric response, as well as 
microstructural or molecular scale properties may change with time [68]. These phenom-
ena are attributed to molecular motions due to the non-equilibrium state of the polymer 
below its glass transition temperature (Tg). High processing rates and fast cooling during 
the production of plastic parts with the usual melt processing techniques result in non-
equilibrium molecular structure, the conformation of the molecules is far from their ran-
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dom coil arrangement. Consequently, in an attempt to achieve equilibrium, the confor-
mation of molecules changes slowly during use. Therefore, the structural recovery and 
physical ageing response of polymers are important to determine the long-term perfor-
mance of the material in practice. Physical ageing is also a reversible process, associated 
with the rejuvenation of polymers.  

During cooling in the rubbery state, relaxation time is short and the molecules can 
change their conformation rapidly to achieve equilibrium shape and volume. At the glass 
transition temperature, molecular motion freezes and free volume does not change any-
more. The conformation of molecules is far from equilibrium. However, in spite of the 
long relaxation times, segmental movement is not zero, the molecules approach equilib-
rium, i.e. physical ageing takes place. The rate of ageing depends on the chemical struc-
ture of the polymer, thermal history, the distance from Tg, and other factors.  

Molecular chains with larger tacticity need higher activation energy to approach 
the equilibrium state. The major effect of the increase of a minor isomer is to lower the 
Tg of the polymer, thereby accelerating the kinetics of enthalpic relaxation [69]. Free vol-
ume influences the process prominently, decreased free volume impedes the mobility of 
molecules. High free volume polymers are relatively inflexible and cannot change con-
formation in order to fill space efficiently. We commonly consider structural relaxation 
taking place in the amorphous fraction of polymers, while some research proposes a co-
operative motion between the rigid part and amorphous part, which leads to local motions 
resulting in structural changes. In terms of thermal history, ageing rate is quicker initially 
and becomes slower with aging time until an equilibrium state is achieved. Ageing tem-
perature also plays a vital role since relaxation time depends on it, and the molecules 
approach their equilibrium volume at different rates, slower at lower temperatures, and 
faster at higher ageing temperatures. Quenching/cooling rate decides the distance from 
equilibrium, molecules have more time to relax before reaching the ageing temperature 
at a lower cooling rate.  

There are a few methods monitoring the physical ageing process. Differential 
scanning calorimetry (DSC) has been widely used to follow the thermodynamics of the 
physical ageing process [70]. In macroscopic scale, the change of mechanical properties, 
including tensile strength, elongation, creep compliance and yield, are determined by the 
corresponding testing machines after conditioning. Positron annihilation lifetime spec-
troscopy has been used to explore the void structure in molecular systems and free volume 
in amorphous materials. For polar polymers, the recording of dielectric relaxation spectra 
allows the characterization of the effect of changes in the local environment on the motion 
of the dipole [71]. With the employment of Fourier transform infrared spectroscopy and 
nuclear magnetic resonance spectroscopy, the conformational rearrangement of mole-
cules could be demonstrated in many studies [72]. 

 
1.2.2. Theory, contradictions 
 

Plenty of studies explored the kinetics of ageing in the last few decades, the most 
accepted and identified theory is the free volume. Free volume could be distributed ran-
domly within the amorphous phase and it does not present in the crystalline phase of the 
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polymer [73]. In the process of ageing, the frozen molecules tend to regain their equilib-
rium state, free volume decreases with ageing time, the molecular motion will be impeded 
EHFDXVH�RI�WKH�FRQGHQVHG�IUHH�³URRP´��These changes explain the occurrence of lower Tg 
at the beginning and significantly increased Tg accompanied by increasing enthalpy re-
laxation in a number of studies [74-77].  

Some of the researchers [78-80] found excess energy caused by the formation of 
cohesional entanglement during ageing; the cohesional entanglement was introduced to 
interpret the high endothermic area. Renyuan Qian [81, 82] first proposed the cohesional 
entanglement theory. During physical ageing, the cohesional entanglements will form by 
the parallel packing of the local neighboring segments of the polymer chains by interchain 
cohesion (Figure 1.2) [83]. Below Tg, the average cohesional entanglement spacing along 
the chain is much smaller than that of the topological entanglements, with small cohesion 
energy [82], but the cohesional entanglements must be disengaged before the transition 
from the glassy to the rubbery state on heating. At a given ageing temperature, the density 
of the cohesional entanglements increases, so the parallel packing of the local neighboring 
segments, tends to perfect and become stronger. Therefore, enthalpy relaxation and Tg 
increase during disentanglement. The variation in the cohesional entanglement spacing is 
regarded as the origin of the thermal history effects, which have been described elsewhere 
[84-86].  

 

 
 

Figure 1.2 Comparison of topological and cohesional entanglements. 

 
Besides, large internal stress can develop upon quenching as well, stress relaxation 

and free volume relaxation occur simultaneously during ageing. The development of 
stress causes a significant change in the mechanical properties of polymers. When moni-
toring ageing by DSC measurements, decreasing Tg with time is attributed to stress relax-
ation, which facilitates molecular motion. It is observed in many polymers [87-91] that 
the development of internal stress plays a crucial role in the change of properties. Not 
surprisingly, the competition between free volume and internal stresses leads to opposite 
effects on the movement of molecules thus contradictions in Tg.  
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Figure 1.3 PLA blended with methyl-a-d-glucopyranoside and 6-cyclodextrin core 
sPLLAs (star-structured PLA creates free volume and facilities the close 
packing of chains [92]). 

 
The above theories propose some general explanations of the physical ageing pro-

cess. Nevertheless, they are not adequate to offer a universal explanation or to indicate 
any solution in practice. Contradictions are observed frequently in the same polymer. 
Several other factors cannot be neglected, which influence the ageing process simultane-
ously; for example, the pristine structure of polymers, including their isomer content, 
crystallinity and molecular weight, or even fillers (Figure 1.3) added to composites. Pro-
cessing technology and thermal history do make a dramatic difference. The cool-
ing/quenching rate, ageing temperature and the reheating rate, all impact the ageing pro-
cess. In order to interpret the results and contradictions, a comprehensive study is required 
to understand each case separately. 

 
1.2.3. Consequences for practice 
 

In the service life of polymer products, the changes in mechanical properties are 
observed with increasing storage time. However, it is very important to maintain strength 
to some extent in use. To predict service time and to minimize the deterioration of prod-
ucts, physical ageing should be considered among the possible processes in the period of 
storage. Structural changes during ageing result in the embrittlement of samples, they 
change from ductile to brittle (Figure 1.4). Commonly, yield strength and modulus in-
crease as a function of ageing time and strain decreases dramatically to zero. The relaxa-
tion of free volume and stress drives the conformational rearrangement of molecules dur-
ing ageing, unstable conformers transform to stable structure with time. And the ageing 
rate may depend on the few factors mentioned above. By manipulating thermal history 
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and storage temperature, both weakening the ageing effect and slowing down the ageing 
rate must be possible to achieve improved lifetime and quality of polymers during their 
application. 

The permeability of polymers is another important characteristic for many indus-
tries, such as packaging, medical applications and agriculture. The transportation or dif-
fusivity of water, gas and water vapor, and also additives are strongly coupled to the free 
volume of polymers [93-95]. The inherent free volume size can be estimated by modeling 
or measurements. In the process of ageing, the reduction of free volume is observed with 
time. Decreased permeability is hard to avoid during use, so the appropriate selection of 
a polymer with a larger free volume would be beneficial. A rejuvenation process could 
assist the recovery of permeability for recycled polymers. 

Slower molecular mobility reduces the possibility of dipolar orientation upon the 
application of an electric field, and therefore the material can be polarized to a lower 
degree at the same conditions of polarization due to physical ageing [96]. Apart from 
PHFKDQLFV��DJHLQJ�DOVR�LQIOXHQFHV�³VHFRQGDU\´�SURSHUWLHV�LQFOXGLQJ�WUDQVSDUHQF\��OLJKW�
scattering or stress whitening, even if indirectly like ultraviolet (UV) and J-radiation, sol-
vent effects and environmental stress-cracking resistance [97]. Many of the consequences 
may be catastrophic for practical applications, thus specifying the process of physical 
ageing in advance with adequate support of research would favor the use of polymers in 
practice. 

 

 
 

Figure 1.4 Scanning electron micrographs of the molded surface of a polypropylene in-
jection molded bar after 4 weeks photo-ageing followed by tensile testing. 
(a) General view near to a corner showing multiple fissures in the brittle 
surface layer. (b) Magnified image showing that the ductile material beneath 
the brittle degraded layer has been drawn [98]. 
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1.3. Enzymatic degradation of poly(lactic acid) 
 

Despite the promising advantages of PLA, its high cost and short-shelf life result 
in the mismanagement of its end-of-life products, which cause plastic pollution. Post-
processing, including recycling and the degradation of PLA products, becomes critical 
with increasing attention to environmental issues. In the process of mechanical recycling, 
PLA is collected, washed, and then reprocessed for the next generation use of the mate-
rial. The molecular weight of PLA is often reduced, resulting in downgrading to less de-
manding use in further processes, as well as in limited recycling times [99-101]. While 
mechanical recycling aims to extend lifetime, efficient chemical recycling process leads 
to consistent material properties from consecutive recycling [102].  

PLA degradation is influenced by a variety of factors, including the structure and 
morphology of the material, processing technology, environmental conditions, and mi-
croorganism types in the case of microbial degradation. With respect to the mechanism 
of degradation, it is generally classified into mechanical, chemical, photo-, thermal and 
biodegradation [22]. Biodegradation is preferred because of environmental considera-
tions. In nature, PLA can decompose to water, carbon dioxide, and a minor quantity of 
nontoxic surplus material under suitable environmental conditions. Some of the degrada-
tion products even can be assimilated by microorganisms leading to the mineralisation of 
organic compounds and the generation of new biomass. However, the biodegradability of 
PLA is discussed controversially leading to the misunderstanding that PLA degrades 
readily in the ambient environment [103].  

The enzymatic degradation of PLA is shown to be relatively fast when catalyzed 
by bacteria or fungi, but a wide range of variables and conditions need to be considered 
during the process. For instance, in soil or domestic composters, degradation can take up 
to a year at 20 °C, and accelerated to 12 weeks above 25 °C [104, 105]. In the human 
body, which generally lacks suitable enzymes, PLA degradation can be extremely slow, 
around 6±12 months depending on initial crystallinity and molecular weight [106]. 
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1.3.1. Enzymes, conditions 
 

Enzymes are crucial in the biodegradation of polymers; they are produced by mi-
croorganisms and the same organisms facilitate the degradation of biopolymers in the 
compost. During the last two decades, a wide variety of enzymes was used to accelerate 
the degradation of PLA including kutinases, lipases, proteases and esterases (see Table 
1). The various enzymes catalyze the degradation of PLA to different extents depending 
on the conditions of degradation. Williams [107] first reported the degradation of PLA 
by Proteinase K, from the strain Tritirachium album (Figure 1.5). Thereafter, Proteinase 
K has been widely studied in PLA degradation and proved as the most efficient enzyme 
from all species used. Tokiwa et al. [108] evaluated the enzymatic hydrolysis of PLA and 
found that Proteinase K and the lipase from R. arrhizus were not able to degrade homo-
polymers. 

 

 
 

Figure 1.5 The structure of Proteinase K [109]. 
 

For specific enzymes, environmental conditions affect their activity thus the rate 
of polymer degradation. Temperature, pH and degradation medium, the concentration of 
enzymes and extra additives, all can significantly influence the degradation rate of poly-
mers. Proteinase K, a serine protease by inactivation with diisopropyl phosphofluoridate 
and phenylmethylsulfonyl fluoride [110], shows good activity over a wide pH range (6.5±
12) with 0.1-0.2 mg/mL as the optimal concentration in PLA degradation [111-113]. The 
PRVW�DFFHSWHG�WHPSHUDWXUH�LV����Û&�UHVXOWLQJ�LQ�PD[LPXP�HQ]\PH�DFWLYLW\��DQG�WKH�WHP�
perature range of 20-60 °C results in more than 80% of the maximum activity [114]. Some 
additives, such as Ca2+, maltose and spermine, were observed to have a regulatory func-
tion for the substrate-binding site of Proteinase K, but they also can protect against autol-
ysis and increase the thermal stability and activity of the enzyme [115-117]. 
 

 

 

 



Chapter 1 
 

 

 

18 

 

Table 1.1 Two decades of research on the enzymatic degradation of PLA 

Microorganism Enzyme  Detection 
method  Material Ref. 

Cryptococcus sp. Strain 
S-2  Lipase  Weight loss L-PLA [118] 

Tritirachium album; 
Bacillus licheniformis, 
Bacillus subtilis; Can-
dida rugosa EC 3.1.1.3  

Proteinase 
K; prote-
ase; ester-
ase; lipase 

Mass loss  PLA/flax  [119] 

Candida rugosa; Triti-
rachium album 

Lipase; 
Proteinase 

K 

Weight loss; 
degraded lactic 

acid 

PLA/cellulose 
nanocrystal [120] 

- Proteinase 
K Weight loss Poly(butylene 

succinate)/PLA [121] 

Amycolatopsis orien-
talis ssp. orientalis Protease Molar mass 

loss PLLA [122] 

Actinomycete; Actino-
madura Protease Turbidity 

method PLLA [123] 

Amycolatopsis sp. 
Strain 41 Protease 

Molecular 
weight loss; to-
tal organic car-
bon of buffer 

PLLA [124] 

Amycolatopsis sp. 
Strain K104-1 Protease Degraded lactic 

acid  PLLA [125] 

Lentzea waywayanden-
sis (formerly Saccharo-
thrix waywayandensis) 

Protease 
Weight loss; 

degraded lactic 
acid 

PLLA [126] 

Kibdelosporangium 
aridum  Protease 

Weight loss; 
degraded lactic 

acid 
PLLA [127] 

Tritirachium album 
ATCC 22563  Protease 

Weight loss; 
degraded lactic 

acid 
PLLA [128] 

Bacillus stearother-
mophilus*  Protease 

Molecular 
weight loss; 

viscosity 
PDLA [129] 

Geobacillus thermoca-
tenulatus*  Protease 

Molecular 
weight loss; 

viscosity 
PLLA [130] 

Bacillus sinithii Strain 
PL 21*  

Lipase 
 

Molecular 
weight loss PLLA [131] 

Paenibacillus amyloly-
ticus Strain TB-13  Lipase Turbidity 

method PDLLA [132] 
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1.3.2. Mechanisms 
 

The principle of enzymatic degradation is the hydrolysis of PLA catalyzed by the 
enzymes mentioned above. There are two approaches commonly used to demonstrate the 
kinetics of degradation. The most frequently used was proposed by Michaelis and Menten 
[133], for the description of degradation of polymers carried out in a homogeneous me-
dium for a short time in the linear section of the reaction. While practically, either in 
composting or in medical applications, degradation takes place in a heterogeneous me-
dium thus the original model must be modified accordingly [134]. The heterogeneous 
reaction with a long-term degradation period usually is a three-step process. The first step 
is the adsorption of the enzyme on the surface of the polymer, and adsorption usually 
might determine the overall rate of the reaction, followed by degradation and ends up 
with the denaturation of the enzyme. The latter results in the slowing down of the reaction. 

The heterogeneous degradation of PLA is often faster inside than at the surface, 
because of the internal autocatalytic effect of carboxyl end groups [135, 136]. The mo-
lecular weight of PLA, crystal size, and polymer blending are the factors influencing de-
gradability. Proteinase K strikes predominantly the amorphous region of PLA (see Figure 
1.6) and hardly the folding chains in the crystalline phase, thus degradation rate decreases 
with the increasing crystallinity of PLA. Some authors proposed that Proteinase K pref-
erentially hydrolyzes poly(L-lactide) (PLLA) rather than poly(D-lactide) (PDLA), and 
the rate of enzymatic hydrolysis of PLA depends on its stereochemical composition [46-
48], but contradictory results were reported on this question [49, 50]. Yamashita et al. 
[137] speculated that the content of absorbed water during the degradation process, 
namely, different hydrophilicity of PLA, leads to the discrepancies observed in the effect 
of stereochemistry in enzymatic degradation. Therefore, many factors should be consid-
ered during the elucidation of the mechanism of the enzymatic degradation of various 
PLA polymers in further studies. 

 

 
 

Figure 1.6 The mechanism of PLA degradation by Proteinase K [138]. 
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1.4. Poly(lactic acid) electrospun fibers for medical applications 
 

The electrospinning process has been studied in biomedical applications over the 
last three decades as a means to fabricate nano and/or micro-structured fibers, which are 
manufactured by industries for a broad range of uses, and still on the increase. The elec-
trospinning process is becoming an optimal choice used so far due to its superior benefits 
and distinguishing features compared to traditional techniques. Among the various ma-
trices used, PLA is approved by the Food and Drug Administration (FDA) in direct con-
tact with biological fluids and for implants in the human body since it does not produce 
toxic components or carcinogenic effects in local tissues during its degradation in the 
body [113]. In recent years, PLA electrospun fiber created great interest in the production 
of drug delivery systems, besides the adjustable and varied processing technique, the good 
compatibility, small water uptake rate, and its slow crystallization characteristics all favor 
controlled local drug release. 

 
1.4.1. Processing technology 
              

The principle of electrospinning is the application of an electric field to stretch a 
charged jet of a polymer solution/emulsion/melt to form nano/micro sized fibers. When 
the voltage exceeds a critical value, the electric field overcomes the surface tension of the 
precursor, and one or more jets will be ejected from the Taylor cone to the targeted col-
lector, while the solvent evaporates and the polymer fibers form a fabric-like material on 
the collector (Figure 1.7) [139, 140]. 

 

 
 

Figure 1.7 Schematic illustration of the electrospinning process. 
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PLA as the matrix is usually dissolved in dichloromethane (DCM) or chloroform. 
The considerable volatility of the two solvents improves the effectiveness of the whole 
process, the length of a drying step to remove solvent residues after spinning can be de-
creased if needed at all. Despite the benefits of a single solvent, even with at the optimal 
concentration, stiff fibers and low yield limit the processing of PLA fibers. Therefore, 
solvent mixtures are often applied in practice. 

Several factors control the electrospinning process, including the type of the sy-
ringe, polymer solution and experimental conditions. As shown in Figure 1.8, the elec-
trospinning process is categorized by the type of the nozzle. Composition, solvent mix-
ture, surfactants (emulsifiers) and the solubility of the components [141] all may affect 
the spinning process thus the structure of final fibers. Other solutions, e.g. multi-nozzles, 
like the side-by-side electrospinning or co-electrospinning enable the creation of special 
structures like hollow or core-shell fibers. They can result in a composite fiber that has 
properties of both polymeric components [142]. With the evolution of electrospinning 
and distinct demands from various applications, processing techniques keep developing 
fast. 

 

 
 

Figure 1.8 Different techniques employed to fabricate nanofiber-based drug delivery 
systems [143]. 
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1.4.2. Structure, properties 
 

The simplicity and efficiency of the electrospinning process allow the adjustment 
of the structure of the fibers, to obtain required properties for specific applications. Nozzle 
type and the characteristics of the polymer influence fiber structure significantly. Elec-
trospinning conditions including voltage, collector distance or pump rate are more related 
to the preconditions of spinnability and they have relatively slight influence on fiber for-
mation. The facile control of the internal structure of nanofibers is a distinct advantage of 
coaxial electrospinning; hollow [144-150], fiber-in-tube, tube-in-tube [151, 152] and 
multi-channeled [153, 154] fibers can be produced with the technique. These diverse 
nanostructures are used in various nanoscience applications [155]. In medical application, 
to meet the delicate and specific targets with a more unique design, structure-property 
correlations must be explored very thoroughly. 

In the use of a single-nozzle syringe, the properties of monofibers or blend/com-
posite fibers depend on the composition of the solution, as well as the interaction of the 
components. The composition, viscosity and surface tension of solutions, as well as the 
volatility and conductivity of the solvent, all impact spinnability and the structure of the 
fibers. Conventional electrospinning usually refers to a single polymer dissolved in a sol-
vent; conductivity can be modified by adding a small amount of a second solvent, if 
needed. For example, in drug-loaded PLA electrospun fibers, the hydrophilic drugs are 
added mostly in an aqueous form. In such cases, emulsions are used for spinning and the 
major problem is the effective emulsification, i.e. the preparation of a stable emulsion. 
The surface tension of distilled water is around 71 mN/m at ambient temperature [156], 
which is difficult to overcome by controlling voltage during the electrospinning process. 
Usually a solvent mixture is used or emulsifiers are added to solve the problem. The 
evaporation of solvents can form a porous structure when de-emulsification happens in 
emulsion spinning, while smooth, solid fibers are obtained in solution spinning (see Fig-
ure 1.9). Apart from the morphology, the hydrophilic-hydrophobic interaction between 
the polymer and the drug also influences the crystallization of drugs on the fiber surface 
[157]. PLA crystallization can be induced by the residual organic solvent in the fibers as 
well that is accompanied by the swelling of PLA under some circumstances and thus 
results in the increase of crystallinity during drying [158-160]. In other words, the crys-
talline structure of PLA electrospun fibers can be controlled by changing the organic sol-
vents and composition. The active component is located in the amorphous phase of PLA 
thus drug release can be tailored to some extent by the proper design of the crystalline 
structure of PLA.  
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Figure 1.9 Micrographs of electrospun PLA fibers: a) PLA electrospun fibers prepared 
by conventional solution spinning; b) fractured surface of PLA fibers pro-
duced by conventional solution spinning; c) emulsion of PLA/hyaluronate/ 
water/DCM/propylene glycol mixture for emulsion spinning, and d) 
PLA/hyaluronate fibers produced by emulsion spinning. (PLA fibers pre-
pared by conventional solution spinning are smooth and uniform, while the 
emulsion spun fibers are porous and uneven, rough surface). 

 

In the field of medical applications, in order to design an ideal biomedical electro-
spun fiber based device, one must consider its characteristics comprehensively such as 
mechanical properties, gas/water permeability and diffusivity, the microbiology of fibers, 
etc. Among these, the mechanical properties of electrospun fibers are particularly crucial 
in biomedical applications [161]. Good mechanical properties can provide structural in-
tegrity to withstand environmental stress during wound healing [162]. Although increas-
ing pore size and porosity can result in good gas permeability, the mechanical properties 
tend to decrease. There are two general ways to evaluate the applicability of fibers con-
taining active components for in vivo treatments. The first is the detection of antibacterial 
inhibition. The second is cytocompatibility testing, where human (or similarly structured) 
cells are exposed to the fibers and their viability is examined.  

 
 
 
 
 
 
 
 
 

a) 

d) 

b) 

c) 
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1.4.3. Drug release 
 

The spinning of blends and coaxial spinning are the two main methods to fabricate 
nanofibers with a high surface to volume ratio and interconnected pores that allow fast 
solvent evaporation thus improved dispersion of the amorphous drug [163, 164]. The drug 
loading capacity, structure, and drug release of fibers can be freely adjusted to desired 
values by the tuning of the spinning solutions and processing conditions [140]. Drugs are 
usually dissolved or dispersed in a polymer solution, and sometimes immobilized on the 
surface of the fiber by physical or chemical methods. The release protocol of the drug is 
determined by the composition of the fiber and by interaction with the other components. 
Drug-loaded fibers have four different drug release profiles: immediate, prolonged, bi-
phasic and stimulated release (Figure 1.10). 

 

 
 

Figure 1.10 Classification of fibers according to their mode of drug release [165] 
 

When the drug has a good affinity with PLA, or good solubility in PLA, it will be 
incorporated in the amorphous phase of the fibers, possibly showing a prolonged, long-
term drug release [166], which have the advantage of reducing the frequency of admin-
istration, maintaining a stable state of drug level and reducing side effects [167]. Con-
versely, bad solubility/affinity leads to the surface deposition of the active ingredient and 
to relatively rapid release [23, 168]. In reality, biphasic release occurs the most often, 
because of the limited solubility of drugs in PLA; drugs crystallize on the surface of fibers 
with the evaporation of solvents. If the molecular size of the drug is larger than the free 
volume of PLA, drugs dissolved in PLA cannot be released to the outside. The types of 
drugs suitable for biphasic drug release include antihypertensive drugs, non-steroidal 
anti-inflammatory drugs, and antipsychotic drugs. Stimulus-responsive drug release can 
be achieved by a polymer that responds by changes in their physical or chemical proper-
ties in response to external environmental parameters (such as pH, light, or temperature) 
[165], or by special processing methods like fiber coating or fibers with core-shell struc-
ture [169].
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1.5. Scope 
 
Experience with various practical problems, the study of the literature and the dis-

cussion with leading experts of the area called our attention to the large number of ques-
tions which are unanswered in the field of the application of PLA. Moreover, new issues 
emerge continuously during the development of new materials and new findings change 
our view on the processing and application of this biopolymer. In this thesis, we focus 
our attention on some of the practical problems of PLA-based materials in/after use life 
covering their behavior, properties in view of their structure and its changes. This thesis 
forms an important part of the project on biopolymers and the core points are summarized 
in its chapters. 

Numerous reports are published on devices fabricated from PLA electrospun fi-
bers containing an active component, mostly antibiotics, but surprisingly little attention 
is paid to the physical-chemical aspects of the preparation or the drug release process. We 
focused our attention mainly on issues and effects often ignored or neglected in earlier 
studies like changing composition during the fabrication process, the location of the ac-
tive component, the role of wetting and penetration in drug delivery and the time depend-
ence of release. The results are presented in Chapter 3. All these questions are considered 
and discussed keeping in mind the use of the prepared device for local periodontal treat-
ment. 

The consequences of physical ageing on the mechanical properties of PLA prod-
ucts and generally on practice is investigated or mentioned very rarely, although a large 
number of contradictions surround the phenomenon, which have not been studied and 
explained satisfactorily yet. The goal of our study was to describe the physical ageing of 
PLA by carefully monitoring the properties of injection molded specimens as a function 
of time, i.e. by following their physical ageing. Ageing was characterized also by thermal 
analysis and the results are discussed in comparison with observations published in the 
literature (Chapter 4). An attempt was made to reveal the processes taking place during 
the physical ageing of PLA and to explain the observed phenomena.  

The main difficulty related to the quality of cellulose reinforced PLA composites 
is the dispersion of cellulose particles in the hydrophobic polymer. Previous results indi-
cated that the preparation of a Pickering emulsion stabilized with nanocellulose results in 
a better dispersion of the nanocellulose particles in the composites than achieved by other 
techniques. In Chapter 5 results are reported on PLA/RC composites prepared by the 
Pickering emulsion approach. The structure of the composites was studied from several 
aspects, and the dependence of properties on RC content was characterized by thermal 
and mechanical measurements. 

In order to apply the PLA/RC composites in industry, their processing character-
istics must be studied in detail. Accordingly, we analyzed the rheological characteristics 
of these materials in Chapter 6. Primary rheological data were processed in different 
ways and the formation of a network structure by RC particles was considered as well. 
Two accepted rheological models were fitted to the experimental data and a new model 
was also proposed and compared to those published in the literature earlier. The parame-
ters of the models are analyzed in detail, and their advantages and drawbacks are dis-
cussed together with consequences of the results for practice. 
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Enzymatic degradation is considered a viable way for disposing PLA products af-
ter the end of their service life. However the enzymatic degradation of polyesters is a 
complex process influenced by several critical factors such as the stereochemical compo-
sitions, crystallinity and molecular weight of PLA, surface area and hydrophilicity of 
samples, and environmental conditions. In Chapter 7 we report results on the enzymatic 
degradation of PLA by changing degradation conditions. The kinetics of degradation was 
evaluated quantitatively with the help of models developed earlier. Quantitative analysis 
allows comparison and also the prediction and the planning of the degradation protocol.  

In the final chapter of the thesis (Chapter 8), we briefly summarize the main re-
sults obtained during the work. This chapter is basically restricted to the listing the major 
thesis points of this work. A large number of experimental results supplied useful infor-
mation and theories led to several conclusions, which can be used during further research 
and development related to the investigation and applications of PLA materials, but also 
in other areas of biopolymers. As usual, quite a few questions and also assumptions re-
mained open in the various parts of the study, their verification and proper interpretation 
need further investigation.   
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Chapter 2 
 

Experimental 
 

The materials and experimental methods summarized in this chapter were gener-
ally used during the entire study. The same materials and methods were used for the prep-
aration as well as for the characterization of the composites discussed later. Different 
techniques, materials as well as specific details of the experiments are presented at the 
beginning of the thematic chapters.  

 
2.1. Materials 
 

The five PLA grades used in Chapter 7 were supplied by NatureWorks (USA). 
Their weight and number average molecular weight (Mw and Mn) as well as D-lactide 
content are collected in Table 1.1. The PLA used in Chapters 3&4 was the 4032D grade 
with the density of 1.24 g/cm3. The Ingeo 2003D grade was studied in Chapters 5&6. 
Distilled water was used for the preparation of aqueous solutions. The bleached softwood 
pulp used for the preparations of the composites in Chapters 3&4 was obtained from 
Xinxiang Natural Chemical Co., Ltd, the phosphoric acid (reagent grade 85 wt%) was 
supplied by Sinopharm Chemical Reagent Co. Ltd., China and aqueous solutions were 
prepared from deionized water. 

 
Table 1.1 Molecular weight and stereoregularity of the Ingeo PLA grades used in this 

study 

Ingeo grade Mn (g/mol) Mw (g/mol) Mw/Mn D-lactide (%) 
3260HP 44600 86000 1.93 0.5 
3251D 50700 89000 1.76 1.2 

3100HP 63500 125900 1.98 0.5 
2003D 64800 129000 1.99 4.3 
4032D 85700 167100 1.95 2.0 

 

2.2. Sample preparation 
 

For the preparation of PLA/RC composites studied in Chapters 5&6, the regen-
erated cellulose suspension was prepared by a procedure published in the literature [1]. 2 
g of wood pulp was wetted with 6 mL of deionized water and then it was mixed with 200 
mL of 85 % aqueous phosphoric acid. The mixture was stirred at 350 rpm for 24 h at 0 
°C. Subsequently, the cellulose solution was added to 500 mL of deionized water to obtain 
a milky dispersion, which was then centrifuged at 11,000 r (Thermo, Multifuge X1R, 
USA) until the constant pH of 7 was obtained. The precipitated RC was collected and 
then treated in a high-pressure homogenizer (Spxflow, APV2000, Germany) at 100 bar. 



Chapter 2 
 

 

34 

The dispersion of regenerated cellulose obtained was diluted with deionized water to con-
centrations of 0.025, 0.05, 0.075, 0.1, 0.15 and 0.25 w/v%. A PLA solution of 100 mg/ml 
concentration was prepared in dichloromethane. 10 ml of this solution was added to the 
RC suspension, the emulsion obtained was stirred at 12000 rpm for 3 min and then soni-
cated for another 3 min. Dichloromethane was evaporated from the system at ambient 
temperature in 24 hours. The remaining material was filtered on a vacuum filter of 500 
mesh. The obtained filtrate was dried under vacuum at 60 °C for 24 hours. Around 40 g 
powder was compression molded into 1 mm thick plate between chromium plates at 175 
�&�DQG���PLQ��6SHFLPHQV�ZHUH�FXW�IURP�WKH�SODWHV�EHORZ�����Û&�IRU�WHVWLQJ��7KH�FRPSR�
sites contained 0.5, 1.0, 1.5, 2.0, 3.0 and 5.0 wt% RC. 

 

2.3. Characterization 
 

Gel permeation chromatography (GPC) was used for the determination of the mo-
lecular weight of the polymers studied (Table 1.1). The GPC system was composed of a 
Waters 515 HPLC pump, a column system of 2 Waters Styragel HR columns (HR1 and 
HR4), a Jetstream thermostat and an Agilent Infinity 1260 Differential Refractometer de-
tector. Tetrahydrofuran was used as eluent with a flow rate of 0.3 mL/min, and the meas-
urements were carried out at 35 °C. The chromatograms were evaluated by the PSS Win 
GPC software based on calibration with narrow distribution polystyrene standards. 

The structure of the materials prepared was characterized by using a JEOL JSM 
6380LA (Tokyo, Japan) scanning electron microscope (SEM). Samples were fractured at 
liquid nitrogen temperature and then a thin gold layer was sputtered onto the fractured 
surface prior to the SEM study. The crystalline structure and crystallization behavior of 
the samples was studied by DSC and X-ray diffraction (XRD) measurements in Chapters 
3&5. DSC measurements were done on samples of 3-5 mg weight. The measurements 
were carried out using a Perkin Elmer DSC IC apparatus (USA) under N2 purge; samples 
in Chapter 3 were heated from 30 to 200 °C at the heating rate of 10 °C/min, in Chapter 
5 they were heated from 30 to 200 °C, held at 200 °C for 2 min to eliminate thermal 
history, then cooled to 30 °C and reheated to 200 °C. The heating rate was 10 °C/min, 
and the cooling rate was 5 °C/min. XRD patterns were recorded using a Philips PW 1830 
diffractometer (UK). Measurements were carried out in the range of 2T angles of 5-40° 
with 0.04° increments and 1s/step rate at the accelerating voltage of 40 kV and exciting 
current of 35 mA. 

The solubility of amoxicillin in solvents or solvent mixtures, the release of the 
drug in Chapter 3, and the light transmission of the compression molded plates of the 
polymer in Chapter 5 were determined by UV-Vis spectroscopy (UV-Vis) using a Uni-
cam UV 500 type spectrophotometer (UK). The measurements were done in the wave-
length range of 200-400 nm with a scan speed of 120 mm/min and lamp change at 320 
nm.   

The mechanical properties of specimens were characterized by tensile testing us-
ing an Instron 5566 apparatus at 115 mm gauge length. The crosshead speeds of 0.5 and 
5 mm/min were applied in the measurements of Chapter 4 and Chapter 5, respectively. 
Stiffness (E) was determined between 0.05 and 0.3 % elongation. Yield properties (yield 
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stress, Vy and yield strain, Hy), WHQVLOH�VWUHQJWK��ı���DQG�HORQJDWLRQ-at-EUHDN��İ��ZHUH�FDO�
culated from force vs. deformation traces measured on the same specimens. Five parallel 
measurements were done at each composition.  
 

2.4. References 
 
1. Jiang, Y., Zhang, Y., Ding, L., Joshua, A., Wang, B., Feng, X., Chen, Z., Mao, 

Z., Sui, X. Carbohydr. Polym. 223, 115079 (2019) 
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Chapter 3 
�     

Physical-Chemical Aspects of the Preparation and Drug 
Release of Electrospun Scaffolds1 

 
3.1. Introduction 

 
Numerous systems such as fibers, strips, films, injectable gels, micro- and nano-

particulates, vesicles, and in-situ forming implants were developed for local drug delivery 
in the last decades [1-7]. The pharmaceutical industry shows increasing interest in the 
electrospinning technique due to its extraordinary advantages, such as large processing 
flexibility, controlled drug release kinetics and topical/systemic therapies compared with 
traditional drug formulations [8-12]. However, many factors influence the efficiency of 
such devices. The physical-chemical properties of the polymer, the drugs and the solvents 
greatly influence interactions and drug release kinetics. The compatibility of the drug and 
the solvent as well as the drug and the polymer, polymer/solvent interactions both in the 
spinning solution and in the fibers, as well as the evaporation of the solvent, all impact 
the location of the drug, encapsulation and the solid-state characteristics of the formula-
tion [13,14].  

Amoxicillin (Amox) is one of the most important antibiotics, which is relatively 
cheap and it has broad antimicrobial activity, bactericidal effect and high therapeutic in-
dex. Consequently, quite a few studies focus on the preparation and drug release of elec-
trospun fibers prepared from biopolymers and Amox to use them as a drug delivery sys-
tem. These studies include the optimization of the preparation process, the modification 
of properties, the control of drug release and microbiological effects [15-25].  

As mentioned earlier, surprisingly little attention is paid to the physical-chemical 
aspects of the preparation or the drug release process. The authors usually assume that 
the composition of the fibers is the same as that of the spinning solution and the fibers are 
homogeneous. Homogeneous drug distribution is not assumed, because the particles of 
the drug are often observed on the surface of the fibers. The phase separation of the polar 
drug and the presence of the particles usually leads to a burst like delivery, which is said 
to be followed by a slow, controlled release. The papers on electrospun biopolymer de-
vices containing Amox unanimously agree on this two-step process irrespective of differ-
ences the experimental details [15,24,25]. However the interaction of the components, 
mutual miscibility, the structure of the matrix, the distribution or partitioning of the active 
component are mentioned occasionally but rarely investigated, although all must influ-
ence the time dependence, extent and efficiency of drug delivery very much. We focused 
our attention mainly on issues and effects often ignored or neglected in earlier studies like 
changing composition during the fabrication process, the location of the active compo-
nent, the role of wetting and penetration in drug delivery and the time dependence of 
release. 

 
1 Cui, L., Molnár, J.R., Budai-6]ĦFV��0���6]pFVpQ\L��0���%XULiQ��.���9iO\L��3���%HUNy��6���3XNiQV]N\��%��Phar-
maceutics 13, 1645 (2021) 
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3.2. Experimental 
 
3.2.1. Materials 

 
Amoxicillin trihydrate was obtained from Tokyo Chemical Industry (Japan) with 

>98% purity and 11-15% water content. DCM, dimethyl sulfoxide (DMSO) and sodium 
chloride were purchased from Molar Chemicals Kft. (Hungary). Physiological saline so-
lution (saline) was prepared from water containing 0.9 wt% sodium chloride. The infor-
mation of other materials used was described in Chapter 2. 

 
3.2.2. Sample preparation 

 
PLA fibers containing various amounts of Amox were prepared by electrospinning 

at ambient temperature, 15 kV voltage, 15 cm collector distance and a feeding rate of 2 
µL/s. The solvent used was the 80/20 vol% mixture of DCM and DMSO. The solution 
contained the polymer in 8.8 wt%, while the amount of the active component was 0.25, 
0.50, 0.96 and 1.23 wt% calculated for the amount of PLA. The aluminum foils support-
ing the collected fibers were put into an air circulating oven (Venti-Line VL115, VWR, 
UK) for 2 days at 40 °C to remove DMSO. Electrospun fiber mats taken directly from the 
foils and round, compressed disks were used for characterization, as well as the analysis 
of release kinetics and microbial activity. The disks were obtained by compressing ap-
proximately 50 mg fibers under 3 MPa pressure for 60 seconds in a pellet die of 13 mm 
diameter (Specac Atlas Manual Hydraulic Press 25T and Specac 13 mm Pellet Press Die, 
Specac Ltd., Orpington, Kent, UK).  

 
3.2.3. Characterization 

 
The structure of the fiber mats and disks was characterized by SEM, DSC and 

XRD. Solubility was determined by preparing over-saturated solutions of Amox in the 
corresponding solvent (DMSO, DCM, water) or solvent mixture (DCM/DMSO/PLA). 
The amount of dissolved Amox was determined by UV-Vis after calibration. The condi-
tions of the UV-Vis measurements were described in Chapter 2.  

The concentration of the drug was determined from the intensity of the absorbance 
peak characteristic for Amox. The solubility of Amox in PLA was determined by the 
preparation of solvent-cast PLA/Amox films and subsequent UV-Vis spectrophotometry. 
The characteristic absorbance of Amox increases linearly with concentration up to the 
solubility limit and then levels off as the drug forms a separate phase. The solubility pa-
rameter of the materials used in this study was determined by the group contribution ap-
proach using the values proposed by Fedors [26].  

In order to determine the amount of encapsulated Amox, disks were immersed into 
20 mL water and kept there for 5 days. After 5 days the disks were taken out and washed 
with distilled water for 3 times to remove the eluates, and then dried in an oven at 110 °C 
for 24 h. Subsequently, 4 mL DCM was added to dissolve the dried disks and then Amox 
was extracted with water by shaking the mixture thoroughly. The mixture was left stand-
ing overnight until the DCM/PLA and water/Amox phases separated. The amount of 
Amox was determined by UV-Vis spectrophotometry as described above. 
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The wetting of compressed PLA/Amox disks in contact with water was studied by 
using an Optical Contact Angle System (Ramé Hart 100-00 Goniometer, USA). The 
PHDVXUHPHQW�ZDV�GRQH�E\�SODFLQJ�D�ZDWHU�GURSOHW�RI����ȝ/�YROXPH�IURP�D�FDOLEUDWHG�
syringe onto the surface. Contact angle was measured after 0, 10, 20, 30, 40 minutes. Five 
parallel measurements were done on each sample. In order to determine the penetration 
of water as well as the ultimate water uptake of the compressed disks, approximately 100 
mg material cut from the disk was immersed into 25 mL water for 104 hours. The weight 
of the samples was recorded as a function of time and the degree of penetration was cal-
culated. 

The structure of the Amox molecule was modeled using the Chem 3D Pro 12.0 
software (PerkinElmer, USA). The three dimensions measured were based on the model 
axes and the mapped cuboid volume of the molecule was calculated from the results. 

 
3.2.4. Drug release 

 
50 mg PLA/Amox disks containing 1.23 wt% drug were immersed into 20 mL 

water or 0.9 % saline solution for the drug release test. The test was carried out for one 
week. Samples were taken intermittently and the concentration of Amox in water or the 
saline solution was determined by UV-Vis spectrophotometry under the conditions men-
tioned before. Three parallel measurements were carried out for each medium and com-
position. 

 
3.2.5. Microbiology 

 
A 1 McFarland standard concentration bacterial suspension of two bacterial strains 

(Streptococcus mutans, ATCC 25175 and Aggregatibacter actinomycetemcomitans, DSM 
11122) was made separately in saline solution (in suspension it is equivalent to approxi-
mately 3×108 colony forming units/mL). The suspension was spread onto Schaedler agar 
plates [Schaedler agar + 5% sheep blood (Biomérieux SA, France)], upon which com-
pressed disks were placed subsequently. After 24 hours of incubation in anaerobic condi-
tions, the diameter of the inhibition zones was measured. Subsequently, the disks were 
put onto a new agar plate, also inoculated with 1 McFarland standard concentration bac-
terial suspension freshly made from each of the above-mentioned bacterial strains. The 
plates were then put into an anaerobic chamber for 24 hours. The procedure of replace-
ment onto a new agar plate was repeated until no inhibition zone could be detected (Figure 
3.1). Three parallel measurements were done for each formulation. 
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Figure 3.1 Schematic graph of the microbiological study. 
 

3.3. Results and discussion 
 

The results are presented in several sections. Physical-chemical factors and pro-
cesses related to fiber spinning, structure, solubility and distribution of the drug are dis-
cussed in the first few sections. Wetting and the penetration of the dissolution medium 
connected with drug release is considered next, followed by drug release and the micro-
biological effect in the last section of the chapter. 
 
3.3.1. Electrospinning, composition 

 
The electrospinning of biopolymers containing Amox has been done from various 

solvents and solvent mixtures. Acetone is frequently used [15,17,18,24], and one rightly 
assume that the total amount of solvent evaporates during spinning in this case. However, 
often solvent mixtures are applied, polycaprolactone (PCL) fibers were spun from the 
mixture of chloroform and methanol [22], while the combination of tetrahydrofuran 
(THF) and dimethylformamide (DMF) [19] as well as dichloromethane and DMF [23] 
were also used for spinning. We used the combination of DCM and DMSO in this study. 
However, solvents like DMF and DMSO, added to the mixture to facilitate spinning and 
the dissolution of the drug, have high boiling points and low vapor pressure. Conse-
quently, they do not necessarily evaporate during the spinning process thus resulting in a 
material with a composition different from the intended one.   

In order to demonstrate the change of composition during sample preparation, the 
composition of the material in the various steps of the technology is presented in Table 
3.1 for a selected Amox content. Spinning was done from a mixture of DCM, DMSO and 
PLA containing 1.23 wt% Amox, calculated for the amount of PLA. The concentration 
of Amox in the spinning solution is relatively low, and the solution was clear and homo-
geneous. DCM evaporated during spinning and a three-component material was left be-
hind containing the PLA fibers, DMSO and Amox. Here the mutual solubility of the com-
ponents comes into play, DMSO and PLA are not completely miscible, which makes 
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possible the formation of the fibers, but leaves behind a two phase material consisting of 
a PLA/DMSO/Amox and a DMSO/Amox phase. The presence of the latter was shown 
by the exudation of the solvent during the compression of the fibers into disks if DMSO 
does not evaporated before, and by various characterization techniques like DSC and 
Fourier-transform infrared spectroscopy. Accordingly, some part of the active compo-
nent, i.e. Amox, was not located within the fibers, but among them, in the DMSO solvent. 
In the final step of fiber production, DMSO evaporated in an air-circulating oven and 
Amox precipitated among the fibers in the form of crystals. Accordingly, the form and 
location of the active component must be crucial for drug delivery and it depends on a 
number of factors including initial composition, technology, solubility, etc. 
 

Table 3.1 Composition of the material at the different stages of the preparation process 

Material 
Component (wt%) 

DCM DMSO PLA Amox 

Spinning solution 75.49 15.61 8.80 0.11 
Raw fiber  63.66 35.89 0.45 
Dried fiber   98.77 1.23 

 

3.3.2. Structure 
 
The product of the spinning process is a fiber mat (Figure 3.2a) consisting of an 

irregular collection of fibers. This is compressed into a disk (Figure 3.2b) to prepare a 
device, which is then used for therapy. The drug is crystalline, but the polymer can also 
crystallize thus influencing the distribution of the active component and drug release. As 
Figure 3.2c shows, the disk prepared consists of closely packed fibers, with some space 
between, allowing the penetration of the dissolving medium as well as the diffusion of 
the drug into the surrounding solution. 

PLA crystallizes slowly thus most products prepared from it usually have amor-
phous structure. The fast evaporation of the solvent may also prevent crystallization. The 
drug is excluded from the crystals thus it can be located only in the amorphous phase of 
the polymer which also influences release. The DSC trace of the raw fibers and that of 
the disk prepared from them are presented in Figure 3.3. The interpretation of the melting 
curve of the raw fiber is not easy. Several processes can be identified, the glass transition 
temperature of the polymer, crystallization, evaporation of DMSO and melting. None of 
the transitions are very sharp and clear because of the presence of a relatively large 
amount of solvent. The cold crystallization of the polymer indicates that the fibers are 
mostly amorphous originally. The melting trace of the PLA forming the disk is much 
simpler and easier to interpret. The glass transition of PLA is followed by a small extent 
of cold crystallization and then melting at around 165 °C. The melting curve of the disk 
clearly shows that the crystallinity of the polymer is considerable, it is around 35 % com-
pared to that of the raw fiber that is approximately 17 %. The change of crystallinity 
during fiber production must modify also the solubility of the drug in the polymer and 
thus influence release. 
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Figure 3.2 The morphology of PLA/Amox fibers at the different steps of preparation; a) 
image of the fiber mat. b) image of compressed disks. c) SEM micrograph 
recorded on the fractured surface of a disk prepared from the electrospun 
PLA fibers 
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Figure 3.3 DSC traces recorded on the raw fibers and on a disk prepared from them 
after the evaporation of DMSO. Amox content: 0.96 % 
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The structure of the components was checked also by XRD. The patterns of the 
drug, the neat polymer and that of PLA containing 1.23 % Amox are compared in Figure 
3.4. The drug is highly crystalline, which decreases solubility both in the polymer and 
during therapy. The trace of PLA shows that the disk is crystalline indeed, the character-
istic reflections of the polymer are clearly seen in the XRD pattern together with the usual 
amorphous halo. The crystallinity of PLA appears also on the pattern of PLA containing 
the drug, but it seems to decrease somewhat in the presence of the drug that is difficult to 
explain. The amount of drug is small and its solubility in PLA is very limited (see later) 
thus it cannot influence crystallization much, but might interfere with the spinning pro-
cess and the evaporation of DMSO during drying. The crystalline structure of the com-
ponents must be considered during the evaluation of the results of drug release experi-
ments. 

 
3.3.3. Solubility 

 
Small molecular weight drugs are often very polar crystalline substances. The 

same applies to Amox used in this study as shown by the structure of the molecule pre-
sented in Scheme 3.1, and by its highly regular crystalline structure indicated by the XRD 
pattern shown in Figure 3.4. Polymers, on the other hand, contain much less polar groups 
thus their interaction with the drug is usually weak and the solubility of the drug in the 
polymer is limited as a result. However, the spinning solution contains also further com-
ponents, mostly the solvent or solvents, thus mutual solubility of all components must be 
considered that is rarely done in studies related to the drug release of scaffolds or wound 
dressings prepared by electrospinning. 

The interaction of the components can be estimated by various means. One of the 
simplest approaches is the measurement or calculation of the Hildebrand solubility pa-
rameter. The solubility parameter of the components is collected in Table 3.2. The pa-
rameter of most components was calculated with the help of group contributions using 
the approach of Fedors [26], while that of water was taken from the literature [27]. The 
solubility parameter for mixtures was calculated from their composition and they are vol-
ume average values. According to Table 3.2, water is the most polar substance involved 
in the process, but the polarity of Amox and DMSO is also considerable. The solubility 
parameter of DCM and PLA, on the other hand, is the smallest, and they are very similar 
to each other, which explains the good solubility of PLA in the solvent, but predicts very 
limited solubility of the drug in both components. Since the spinning solution is com-
pletely homogeneous because of the presence of DMSO, the removal of this latter results 
in phase separation, the precipitation of the drug. 
 

 

 



Chapter 3 
 

 

 

44 

 

 
 

Scheme 3.1 Chemical structure of the amoxicillin molecule. 
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Figure 3.4 XRD patterns of Amox powder, PLA and PLA containing 1.23 % Amox. 
 

Table 3.2 Interactions and solubility of Amox in the various components 

Component Solubility parameter, G 
(MPa)1/2 

Solubility, cs 
(wt%) 

Water 47.9 0.36 
Amoxicillin 36.7 n.a. 

DMSO 26.7 3.70 
PLA/DMSO 24.5 ± 

Spinning solution 21.4 0.22 
DCM 20.2 0.02 
PLA 20.2 0.01 
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Solubility was also measured experimentally, wherever it was possible. The meas-
ured solubility values are collected in Column 3 of Table 3.2. The solubility of Amox is 
the largest in DMSO and still acceptable in the spinning solution, but it is very small in 
both DCM and the polymer. Accordingly, the drug can exist in the polymer only as a 
separate phase, in the form of crystals, which of course, strongly influences its release. 
Solubility in the PLA/DMSO mixture could not be determined experimentally. The rela-
tively small solubility of the drug in water does not affect dissolution and drug release 
much, since the volume of the dissolution medium as well as in vitro conditions usually 
result in very low concentrations. 

Another factor that must be considered in our specific case, is the interaction and 
mutual solubility of DMSO and PLA. As Table 3.2 shows, the solubility parameters of 
the two components differ considerably from each other, thus DMSO does not dissolve 
the polymer completely, their miscibility is limited. This statement is strongly supported 
by Figure 3.5 showing the DMSO uptake of the polymer as a function of time. The max-
imum amount of DMSO, which can be dissolved in the polymer is 27.7 wt% but as Table 
3.1 shows, the raw fibers contain around 64 % DMSO. The limited mutual solubility of 
the polymer and DMSO justifies the phase separation mentioned earlier (see Section 
3.3.1). However, the larger solubility of Amox in DMSO (Table 3.2) means that a con-
siderable part of the drug is located in the DMSO phase, and it remains among the fibers 
as precipitated particles upon the evaporation of the solvent. Accordingly, the location 
and form of the drug at the end of the process producing the disks is crucial for drug 
release and efficiency. 
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Figure 3.5 DMSO uptake of a PLA plate plotted as a function of time. 
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3.3.4. Location of the drug 
 
In accordance with the considerations presented above, the amount of Amox lo-

cated in the fibers was estimated by taking into account the solubility of the components. 
After spinning, some DMSO can be found in the fibers, but also as a separate phase. As 
the solubility of Amox is much larger in DMSO than in the polymer, we must assume 
that the drug is partitioned in accordance with the amount of DMSO in the phases. These 
considerations allow the calculation of the theoretical amount of Amox in the fibers, 
which is listed in the second column of Table 3.3. The amount of Amox actually encap-
sulated within the fibers was determined also experimentally. The disks were immersed 
into excess water in order to dissolve the drug found among the fibers, the fibers were 
dissolved in DCM, the solution was extracted by water and then the amount of Amox was 
determined by UV-Vis spectrophotometry. The results are collected in the third column 
of Table 3.3. The magnitude of the theoretical and experimental values agree quite well, 
but the differences as well as the dependence on Amox content indicate that other factors 
than solubility also influence the amount of drug encapsulated in the fibers. These factors 
must depend on the spinning technology and relate to solvent evaporation, as well as the 
precipitation and crystallization of the components. The precipitation of the drug and the 
existence of particles located both among and within the fibers are demonstrated well by 
the SEM micrographs presented in Figure 3.6. A large number of small particles can be 
clearly identified on the surface of the fibers in Figure 3.6a. However, particles can be 
detected also within the fibers as shown by the micrograph on Figure 3.6b recorded on 
the cross section of the fibers. Because of the very small solubility of Amox in PLA, the 
drug can exist only as crystalline particles within the fibers. 

 

Table 3.3 Location of amoxicillin in electrospun PLA fiber disks; encapsulation, re-
lease, efficiency 

Amox content 
(wt%) 

Within PLA (%) Released 
(%) 

Encapsulation 
(%) Theoretical Extracted 

0.25 15.5 22.5 72.5 95.0 
0.50 15.5 22.2 65.7 88.0 
0.96 15.6 14.2 53.2 67.4 
1.23 15.7 11.1 48.8 59.9 

 

The dissolution of the drug from among the fibers and the determination of the 
amount within the fibers allows the estimation of drug encapsulation efficiency. This lat-
ter means the total amount of drug accommodated by the disk prepared from the PLA 
fibers in this case. The dissolved amount and encapsulation efficiency are listed in Col-
umns 4 and 5 in Table 3.3. Similarly to the amount of encapsulated Amox, also the 
amount of the released drug decreases with increasing concentration of the drug in the 
spinning solution leading to decreasing encapsulation efficiency. This result means in-
creasing loss with increasing Amox concentration. One source of this is definitely the 
physical loss of crystalline Amox particles, which was unambiguously observed during 
the handling of the mats and disks. 
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Figure 3.6 SEM micrographs showing the presence of Amox particles in PLA disks. a) 
particles located among the fibers, b) particles found within the fibers. 

 
3.3.5. Wetting, penetration 
 

The goal of the preparation of the disks is to use them in therapy, for the controlled 
release of the drug. In order to convey the drug to the location of its action, the surround-
ing medium, usually body fluid with high water content, must penetrate the disk, dissolve 
the drug and then this latter must diffuse out of the disk. Because of the crystallinity of 
the drug, dissolution is not instantaneous and penetration also requires time. PLA is an 
apolar polymer with a surface energy of 35.5 mJ/m2 [28], while water is polar with the 
surface tension of 72 mJ/m2. Accordingly, water does not wet the polymer as shown by 
the definite contact angle in Figure 3.7a. Contact angle is usually measured by placing a 
droplet of a liquid onto a smooth, stable surface, but these conditions do not apply in our 
case. The surface used for measurement is neither stable nor smooth, and thus besides 
surface energy contact angle depends also on pore size and capillary forces. Because of 
the high surface tension of water, this latter hinders penetration, which may take consid-
erable time. This is demonstrated well by the time dependence of contact angle shown in 

a) 

b) 
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Figure 3.7b. Contact angle approaches zero, but its determination is very difficult or im-
possible at longer times, because of its small value and the rough surface of the disk. 

The time dependence of contact angle clearly shows that the penetration of the 
medium requires time, but does not allow the determination of complete saturation. Disks 
were immersed into water and the change of their weight was measured as a function of 
time. The amount of water taken up by a disk is plotted against the time of the immersion 
in Figure 3.8. One can see clearly that saturation is reached in about 120 hours and the 
dissolution of the drug and its diffusion out of the device must last even longer. The per-
meation of water depends very much also on the preparation conditions of the disks, es-
pecially on the compression pressure applied. 
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Figure 3.7 Wetting of a PLA disk prepared from electrospun fibers by water; a) photo 
of a droplet used for the determination of contact angle, b) decrease of 
contact angle with time due to the diffusion of the liquid into the disk. 
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Figure 3.8 Time dependence of the penetration of water into disks compressed from 
electrospun fibers. Symbols: ({) PLA containing 0.96 % Amox, (�) neat 
PLA. 

 
3.3.6. Drug release 

 
In most studies, drug release is modeled by immersing fiber mats or devices pre-

pared from them into a dissolution medium, usually water, a saline or a buffer solution. 
The release of Amox from the PLA disks prepared in this project is presented in Figure 
3.9 as a function of time. Release increases rapidly initially and then approaches a plateau, 
indicating maximum release, which is around 50-60 % in this case. The plateau is reached 
in approximately two-three days and we did not observe further release, at least in the 
time scale of the experiment. The partial release of the drug is in accordance with the 
considerations presented before, i.e. with the encapsulation of the drug into the PLA fibers 
resulting in slow or negligible release, but also by its physical loss during the handling of 
the disks. The extent of release depends also on the dissolution medium, it is somewhat 
larger into the saline solution than water. Such an effect of the dissolution medium has 
been observed before, occasionally very small amount of Amox was released into all me-
dia [17], but especially into phosphate-buffered saline (PBS) [15]. 
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Figure 3.9 Burst like drug release from PLA disks prepared from electrospun fibers con-
taining 1.23 % Amox. 

 

   

Figure 3.10 Three dimensional model of the amoxicillin molecule. Determination of di-
mensions and the cuboid volume of one molecule. 
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The fact that a constant value of release is reached needs further consideration. 
Practically all reports related to the release of Amox from electrospun fibers or related 
devices claim that release takes place in two steps, a burst like rapid release and then 
prolonged release going on for a long time [15,17,24]. Unfortunately, in the case of 
PLA/Amox fibers, although a two-stage process is claimed, the experimental evidence 
does not support it in our case. Amox release reaches a constant value in a couple of days 
instead of a prolonged release [15,17,23]. The basis of the two step hypothesis and pro-
longed drug release is the assumption of slow diffusion of the encapsulated drug from 
inside the fibers. However, we must thoroughly consider here the possibility and rate of 
diffusion. The drug molecule presented in Scheme 1 is not small. Its size was estimated 
by modeling and its dimensions are shown in Figure 3.10. The volume of the mapped 
cuboid is 0.544 nm3. The molecule must move in the amorphous phase, through the free 
volume of the polymer. The size of the individual voids creating the free volume was 
determined as 0.124 nm3 using positron annihilation spectroscopy by Kanda et al. [29]. 
The dissimilarity in the two values indicates very slow diffusion at most thus questioning 
the hypothesis of a two-step release. The situation is different for PCL, since its amor-
phous phase is above the glass transition temperature allowing the movement of larger 
molecules as well. However, one may consider the possible occurrence and effect of hy-
drolysis. The hydrolytic degradation of PLA is slow at neutral pH, but larger or smaller 
pH as well as other factors, like the catalytic effect of some components, may lead to the 
degradation of the polymer. As an effect of hydrolysis the medium usually becomes more 
acidic, which accelerates degradation further. The degradation of the polymer may result 
in the slow release of drugs leading to the second slow step observed by many researchers. 
Unfortunately, composition and conditions are rarely specified and the possibility of deg-
radation usually is not checked, thus the reason for the slow release is difficult to identify. 
Similarly, the method of fabrication may also influence the rate of release, but a detailed 
study has not been made on this effect either, at least we are not aware of any such study. 
Nevertheless, we can clearly state that physical-chemical issues play an important role in 
the determination of the extent and mode of drug release, indeed. 

 
3.3.7. Antimicrobial activity 

 
In order to verify the results presented above, the antimicrobial activity of the disks 

was determined on two bacterial strains, on Streptococcus mutans and Aggregatibacter 
actinomycetemcomitans, as a function of time. The diameter of the inhibition zone was 
measured after 24 h incubation, and the disks were placed onto a new fresh agar plate 
daily until any inhibition effect was observed. The results are presented in Figure 3.11. 
Amox has different antimicrobial activity towards the two strains, stronger against the 
Streptococcus mutans and somewhat weaker against Aggregatibacter actinomycetem-
comitans. The results clearly show that antibacterial activity decreases with time, and 
higher concentration of amoxicillin in the fibers of the disk led to increased efficiency 
against S. mutans. More importantly, the inhibition effect of the disk with higher amoxi-
cillin concentration lasted for 4 days in contrast with the two-day effect of the disk with 
smaller amoxicillin content.  Although encapsulation efficiency is smaller at larger con-
centrations (see Table 3.3), the absolute values in the final device (disk) are larger, and 
thus the antimicrobial effect is also stronger. No initial dose effect has been detected 
against A. actinomycetemcomitans. The time dependence of activity is in close agreement 
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with the results of the drug release experiments showing only a short term effect because 
of the fast release of Amox located among the fibers of the disk as precipitated crystals. 

Based on the microbiological tests, valuable information can be obtained also 
about the clinical application of the device. By using the PLA/amoxicillin electrospun 
fibers, a duration of action of 2-4 days can be achieved, which is more favorable than the 
topically applied conventional preparations (such as the rinses, dental gels), as the latter 
need to be administered several times a day. Although the release of the active ingredient 
can be considered to be relatively fast, its duration of action is longer against some mi-
croorganisms compared to conventional dosage forms. 
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Figure 3.11. Microbial activity of PLA disks prepared from electrospun fibers with var-
ious Amox contents. Symbols: ({,z) Streptococcus mutans, (�,�) Aggre-
gatibacter actinomycetemcomitans; empty symbols: 0.25 wt%, full symbols: 
1.23 wt% amoxicillin. 

 
3.4. Conclusions 

 
In the electrospun PLA fibers containing amoxicillin as the active component, the 

solubility of the drug in the components and that of the components in each other is often 
limited, which can result in the formation of several phases and the precipitation of the 
drug either inside or outside the fibers. The composition of the spinning solution consist-
ing of two solvents, DCM and DMSO, results in the partitioning of the active drug, a 
smaller amount of amoxicillin is precipitated in the form of crystals inside the fibers, 
while the larger part is located among the fibers. The wetting of the fibers or disks by the 
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water-based dissolution medium is poor, the penetration of the liquid into and the diffu-
sion of the active component out of the device takes considerable time. Drug release takes 
place in one, burst like step, practically only the amoxicillin crystals located among the 
fibers dissolve and diffuse into the surrounding medium. The slow second stage of release 
claimed in the literature is less probable, because the size of the amoxicillin molecule is 
considerably larger than the holes creating the free volume of the polymer. The prepared 
device has antimicrobial activity, inhibits the growth of the two bacterial strains studied. 
The time scale of activity is short, it corresponds to that shown by the release experiments 
and to the burst like behavior of the device. Although the results clearly prove that phys-
ical-chemical factors play a determining role in the effect and efficiency of medical de-
vices prepared from electrospun fibers containing an active component, the study shows 
that the selected combination of materials and techniques have some limitations as well. 
Probably larger effect and efficiency could be achieved if a different polymer or a poly-
mer blend having larger miscibility with Amox were selected as carrier material. 
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Chapter 4 
�     

Physical Ageing of Poly(Lactic acid): Factors and Conse-
quences for Practice2 

 
4.1. Introduction 

 
Although the use of PLA in medical applications has been gaining increasing at-

tention in academy since the early 1960s, several factors influence the fundamental prop-
erties of this polymer during use and the effect of some of them is very disadvantageous.  
Changes in the properties of polymers with time are usually described as physical ageing 
[1-4], but in the case of PLA other processes may also lead to the deterioration of prop-
erties. The presence of water may result in hydrolytic degradation, to the decrease of mo-
lecular weight, and brittleness [5-7]. Slow crystallization during the use of a product may 
also result in the change of properties [8,9]. The hydrolysis of PLA, however, proceeds 
at a very low rate at room temperature, while crystallization is not possible in the glassy 
state. Physical ageing is usually identified with changes in the molecular structure of the 
polymer. This phenomenon is attributed to molecular motions due to the non-equilibrium 
state of the polymer below its glass transition temperature. High processing rates and fast 
cooling during the production of plastic parts with the usual melt processing techniques 
result in non-equilibrium molecular structure, the conformation of the molecules is far 
from their random coil arrangement. Consequently, in an attempt to achieve equilibrium, 
the conformation of molecules changes slowly during use. The rate of change depends on 
thermal history, the chemical structure of the polymer, the distance from Tg, and on other 
factors. Physical ageing is commonly assumed to lead to the decrease of free volume, 
increased Tg, larger stiffness and decreased deformability. 

Because of the relative low glass transition temperature of PLA, its physical age-
ing is fast. Considering the increasing importance of PLA, it is not very surprising that 
quite a few studies focused on its physical ageing [10-16]. The majority of these were 
carried out by using thermal analysis, DSC. PLA samples are usually annealed at different 
temperatures and subsequently they are heated up in the DSC pan to determine the glass 
transition temperature as well as the enthalpy of the transition. The changes in these char-
acteristics depend on the temperature of annealing, but also on other factors, e.g. cooling 
rate, which are much less specified in the papers published [17]. Most of the results 
showed an increase in Tg with annealing time, which is almost invariably explained with 
decreased free volume and molecular mobility. However, occasionally a decrease is ob-
served in the glass transition temperature of PLA [18-21], which is more difficult to ex-
plain and is rarely done. The consequence of physical ageing on the mechanical properties 
of PLA products and generally on practice is investigated or mentioned very rarely. Sev-
eral studies were done on PLA fibers showing the increase of tensile yield stress and 
tensile strength with ageing time, the appearance of a maximum and decrease at longer 
times [21]. The increase is in accordance with the free volume theory, but a plausible 
explanation was not offered for the maximum and the subsequent decrease. Although the 

 
2 Cui, L., Imre, B., Tátraaljai, D., Pukánszky, B. Polymer 186, 122014 (2020) 
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physical ageing of PLA is an important phenomenon with a large impact on its applica-
tion, numerous contradictions surround it, which have not been studied and explained 
satisfactorily yet. 

In view of the questions mentioned above, the goal of our study was to describe 
the physical ageing of PLA by carefully monitoring the properties of injection molded 
specimens as a function of time, i.e. follow their physical ageing. Ageing was character-
ized also by thermal analysis and the results are discussed in comparison with observa-
tions published in the literature. An attempt was made to reveal the processes taking place 
during the physical ageing of PLA and to explain the observed phenomena. The conse-
quences of physical ageing on the application of PLA products are briefly mentioned at 
the end of the chapter. 

 
4.2. Experimental 
 
4.2.1. Materials 

 
The information of the materials used is described in Chapter 2. 
 

4.2.2. Sample preparation 
 
The polymer was dried in a vacuum oven before processing (110 °C for 4 hours). 

Standard specimens (ISO 527 1A) were produced by injection molding (Demag IntElect 
50/330-100) at 190-200-210-220 °C barrel and 20 °C mold temperature, 900 bar injection 
pressure. The holding pressure changed according to a certain profile (descending from 
750 to 0 bar in 35 s). Physical ageing was done by storing the specimens in a room with 
controlled temperature and humidity (23 °C and 50 % RH) for different conditioning 
times prior further testing. Physical ageing was followed by the techniques described in 
the next section. 

 
4.2.3. Characterization 

 
The transitions of the polymer were determined using a Perkin Elmer DSC 7 ap-

paratus. All samples (~5 mg) were first heated up to 210 °C with a heating rate of 10 
°C/min, and kept at that temperature in order to erase thermal history, then they were 
cooled down to 0 °C with the same rate. Subsequently, the samples were kept in hermet-
ically closed aluminum sample pans, and conditioned in the lab at 23 °C for the desired 
aging time (0-720 h) before running another DSC scan. In order to determine the effect 
of aging on the glass temperature of PLA reliably, three samples were measured at each 
aging time at the constant heating rate of 10 °C/min. The crystalline structure of the spec-
imens was studied by XRD and mechanical properties were determined by tensile testing. 
The conditions of the above measurements are described in Chapter 2.  
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4.3. Results and discussion 
 

The results are discussed in several sections. First, the effect of ageing time on the 
mechanical properties of the injection molded bars is shown and then the possible reasons 
for the time dependence of properties are discussed in the next section. The results of the 
study of physical ageing by thermal analysis are presented subsequently followed by their 
comparison to mechanical properties. Stress distribution and deformation mechanisms 
are discussed in the final section of the chapter. 
 
4.3.1. Time-dependent properties 

 
The mechanical properties of polymers are very important in most application ar-

eas. Although not all materials are used in structural applications, practically all of them 
must possess certain strength and/or deformability. The fast dependence of properties on 
time is usually not acceptable and especially not if it leads to deterioration. Brittleness is 
not tolerated in most applications, in some cases large strength, in others ductility and 
large deformability are required, and occasionally both. The time dependence of stiffness 
and elongation-at-break (deformability) are presented in Figure 4.1 for the injection 
molded PLA specimens studied. Modulus increases considerably from 2.7 to 3.2 GPa, 
while elongation decreases from 250 % to almost zero. According to the results, the orig-
inally ductile material became stiffer and extremely brittle with very small deformability. 
These changes may result in the premature failure of products used in catering like 
spoons, forks or knifes, but also of any other product subjected to considerable external 
force during their use. 
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Figure 4.1 Effect of ageing time on the stiffness and deformability of injection molded 
PLA specimens. Symbols: ({) Young's modulus, (�) elongation-at-break. 
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The continuous change of properties and their exponential character agrees well 
with the explanation based on the decrease of free volume during physical ageing. The 
yield properties of the specimens, i.e. yield stress and yield strain, are plotted against the 
time of ageing in Figure 4.2. Similarly to stiffness, yield stress also increases with time, 
from about 52 to 67 MPa, but it decreases slightly afterwards. The increase of yield stress 
can be accommodated into the free volume theory, but the decrease cannot. It might be 
the result of erroneous measurement, but the experiments were repeated and reproduced; 
moreover, similar observations were reported in the literature before [21]. The change in 
yield strain is even more interesting, since one would expect decreasing yield strain with 
decreasing free volume, and no maximum, of course. Apparently, more than one process 
takes place during the storage of the samples, which might be influenced by several fac-
tors.  

 

0 20 40 60 80 100 120
50

55

60

65

70

 

Y
ie

ld
 s

tre
ss

 (M
Pa

)

Ageing time (h)

yield strain

yield stress

2.0

2.5

3.0

3.5

4.0

Y
ield strain (%

)

 
 

Figure 4.2 Dependence of the yield properties of PLA on ageing time. Symbols: ({) 
yield stress, (�) yield strain. 
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4.3.2. Possible factors 
 
Besides physical ageing, the most important factors, which may influence the 

properties of PLA and are often mentioned in publications are its water sensitivity [22, 
23] and crystallinity [24-26]. Poly(lactic acid) is prepared by polycondensation and in the 
presence of water its molecular weight decreases during processing, but probably also 
during use. However, hydrolysis is relatively slow in the absence of catalysts and it pro-
ceeds relatively fast only in acidic or alkali environment [27,28]. Since it is a relatively 
hydrophobic polymer, its water absorption is not very large; equilibrium water uptake is 
about 0.25 wt% under ambient conditions (20 °C, 50 % RH). This water content is not 
sufficient to change properties considerably and the conditions do not favor hydrolysis, 
molecular weight does not change during storage confirmed also by measurements. 

The other factor to consider is crystallization and crystallinity. The mobility of 
PLA molecules is limited and crystallization is usually slow. Therefore, the injection 
molded specimens produced in these experiments are amorphous. However, the glass 
transition temperature of PLA is close to room temperature, thus crystallization might 
proceed during storage leading to an increase in crystallinity. The XRD traces recorded 
on PLA specimens immediately after production and after 960 hours of storage are pre-
sented in Figure 4.3. The two traces are identical, both samples are amorphous, crystalli-
zation did not take place in the period indicated. Consequently, the changes in properties 
shown in Figures 4.1 and 4.2 must be the consequence of physical ageing due to confor-
mational changes and the decrease of free volume. 
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Figure 4.3 XRD traces recorded on injection molded PLA specimens immediately after 
production and after 960 hours of ageing. 
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4.3.3. Kinetics of ageing 
 
The physical ageing of PLA is usually studied by thermal analysis using DSC. 

Heat flow measured during the heating of the polymer according to the protocol described 
in the experimental part is shown in Figure 4.4 after various ageing times. The height and 
area of the peak at the glass transition of the polymer increases with ageing time, and its 
location, i.e. the glass transition temperature changes also. The dependence of the two 
quantities, i.e. enthalpy relaxation and glass transition temperature, are plotted against 
ageing time in Figure 4.5. As results published in the literature show, the intensity of 
enthalpy relaxation invariably increases with time and our results are in accordance. On 
the other hand, Tg decreases in our experiments, which does not agree with the majority 
of the studies published earlier. Usually an increase in Tg is observed which is explained 
by decreased free volume and molecular mobility. The discrepancy needs further study 
and explanation. 
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Figure 4.4 Effect of physical ageing on the glass transition of PLA. Ageing time for the 
traces plotted in the figure was 0, 10, 30, 60, 120, 240, 360 and 720 min; 
time increases from top to bottom. 
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Figure 4.5 The influence of ageing time on the intensity of enthalpy relaxation and the 
glass transition temperature of PLA. Symbols: ({) Tg, (�) enthalpy relaxa-
tion. 

 
A thorough study of published papers reveal that others observed the decrease of 

the glass transition temperature as well. The data are often not presented in the form of 
graphs, only as tables, but a decrease in Tg was observed indeed. Occasionally the de-
crease of mobility and free volume are given as the reason, but very often the decrease is 
not explained or even mentioned at all. We must emphasize here that the usual behavior 
observed the most often is the increase of Tg with ageing time. Selected correlations taken 
from the literature are plotted as a function of ageing time in Figure 4.6. As mentioned 
above, the number of cases when Tg increases is much larger than those showing a de-
crease of the glass transition temperature, but these latter also exist. The change of Tg is 
considerable and varies from one case to the other. A single reason, the decrease of free 
volume during ageing obviously does not give a satisfactory explanation for the change 
of the transition temperature into opposing directions. At least two processes must be 
considered during ageing, and their relative magnitude or intensity determines the direc-
tion of the change in Tg. 
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Figure 4.6 Dependence of the change in the glass transition temperature of PLA on ag-
ing time; decrease and increase. Symbols: ({) Ref. 11, (�) Ref. 11, (U) Ref. 
25, (V) Ref. 20, (�) Ref. 29, (z) Ref. 29, (�) Ref. 2. Ageing was done at 25 
°C and 50 % RH in Ref 17. Ageing temperature was 40 °C in Ref. 11,2,25, 
30 °C in Ref. 2 and 37°C in Ref. 29. Humidity was not mentioned in these 
references. 

 
A scheme for the basic process, the approach towards equilibrium conformation, 

is presented in Figure 4.7. During cooling in the rubbery state relaxation time is short and 
the molecules can change their conformation rapidly to achieve equilibrium shape and 
volume. At the glass transition temperature, molecular motion freezes and free volume 
does not change any more. The conformation of the molecules is far from equilibrium. 
However, in spite of the long relaxation times, segmental movement is not zero, the mol-
ecules approach equilibrium, i.e. physical ageing takes place. The rate depends on the 
temperature of ageing, since relaxation times depend on it and thus the molecules ap-
proach their equilibrium volume at different rates, faster at higher ageing temperatures 
and slower at low temperatures. However, independently of the rate of ageing, the con-
formation of the molecules always approaches equilibrium, free volume decreases and Tg 
should increase in each case as a consequence. Obviously, another factor must be consid-
ered to explain the decrease of Tg in some cases. 
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Figure 4.7 Schematic representation of conformational changes, free volume and the 
development of internal stresses (Wr) during the physical ageing of PLA. 
Ageing occurs along the vertical lines and it proceeds slower at lower ageing 
temperature (Ta). The difference in the actual and equilibrium volume ('V) 
is proportional to internal stresses. 

                         
By a thorough analysis of the experimental results published, we found that the 

temperature of ageing plays an important role in the determination of the direction of Tg 
change [21,22,29,30]. The critical ageing temperature proved to be 28-30 °C. When age-
ing was done below that temperature, the glass transition temperature of the polymer de-
creased, while above this value Tg increased. Ageing temperatures varied in a wide range, 
between 18 and 52 °C. We found seven cases when Tg decreased and about 15 when it 
increased. Ageing temperature, relaxation time and the distance from equilibrium volume 
may explain the different directions for the change of Tg. Besides the decrease of free 
volume, we must also consider the development of internal stresses during the ageing of 
polymers [31-37]. This latter factor is rarely mentioned in the discussion of the physical 
ageing of PLA, but it influences the behavior of the polymer considerably. Relaxation 
times are longer at lower ageing temperatures, thus the polymer is farther away from its 
equilibrium volume. We may assume that internal stresses are proportional to the differ-
ence in the actual and the equilibrium volume of the polymer molecules ('V, see Figure 
4.7). If we heat up the polymer to determine its glass transition temperature, internal 
stresses are released at the temperature at which they were frozen in and the mobility of 
the molecules increases leading to a decrease of Tg. The two factors, free volume and 
internal stresses, have the opposite effect resulting in the different dependence of Tg on 
time. The competition of the two factors is shown also by the correlation presented in 
Figure 4.6 (Ref. 20, z) for which Tg decreases first, because of the release of internal 
stresses and then increases due to the decrease of free volume. A further proof for the role 
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of internal stresses is the rejuvenation of glassy plastics [38-40]; when internal stresses 
are erased by mechanical treatment, the glassy polymer becomes ductile and flexible and 
its Tg decreases [41]. 
 
4.3.4. Correlations 

 
The results presented above were generated by thermal analysis on small samples 

to follow the physical ageing of PLA. The observations made and the conclusions drawn 
might not necessarily be reflected in the macroscopic behavior of actual products. In order 
to verify the existence of any relationship, data obtained by thermal analysis were com-
pared to the mechanical properties of injection molded specimens. The deformability, i.e. 
elongation-at-break, of the PLA samples is plotted against the intensity of enthalpy relax-
ation in Figure 4.8. A very close correlation exists between the two quantities showing 
that ageing determines the properties of the injection molded product indeed. Increasing 
degree of enthalpy relaxation leads to very small elongations and a brittle material. 
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Figure 4.8 Correlation between the deformability of injection molded PLA specimens 

and the intensity of enthalpy relaxation; effect of ageing time. 
 

The tensile yield stress of the specimens is plotted against enthalpy relaxation in 
Figure 4.9. A close correlation is obtained in this case too, which has a maximum. The 
maximum is the result of the time dependence of tensile yield stress as shown in Figure 
4.2, which could not be explained plausibly with the change of free volume, as mentioned 
earlier. However, if we accept the existence and role of internal stresses in the change of 
properties during physical ageing, the maximum in Figures 4.2 and 4.9 can be explained. 
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The development of internal stresses may change the deformation mechanism of the pol-
ymer from shear yielding to crazing and/or micro-cracking leading finally to brittle frac-
ture. 
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Figure 4.9 Relationship between the tensile yield stress of injection molded specimens 
and the extent of enthalpy relaxation of the polymer; effect of ageing time. 

 

4.3.5. Stress distribution, deformation mechanism 
 

In order to obtain some ideas about the stresses developing in the specimens during 
tensile testing, polariscopic images were recorded on them at different deformations and 
ageing times. A series of such images are presented in Figure 4.10 together with the cor-
responding stress vs. elongation traces. The images were recorded at 10 % elongation in 
the first two figures, while at the breaking of the specimen in the last. After the preparation 
of the samples, they are ductile with a large, approximately 250 % elongation. At 10 % 
deformation, the distribution of stresses are rather homogeneous in the specimen (Figure 
4.10a). Necking starts at around this deformation at a certain point of the specimen. The 
neck extends to the entire length of the specimen during further elongation until fracture 
occurs. After 8 hours of ageing, the character of the stress vs. elongation trace changes 
considerably together with the distribution of stresses (Figure 4.10b). Necking occurs in 
the aged specimen in this case as well, but stress distribution is more heterogeneous. 
Larger stresses develop at certain parts of the specimen shown by the larger number of 
isochromatic lines. The elongation of the specimen is still considerable. Necking does not 
take place after 17 hours of ageing; the specimen breaks at a very small deformation (Fig-
ure 4.10c). Stress distribution is even more heterogeneous, very small stress develops in 
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the specimen at certain places, while much larger at others. The specimen breaks at the 
largest stress concentration without necking. 
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b) 
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Figure 4.10 Changing stress distribution and its relationship with the deformation of 
injection molded PLA specimens; a) 0 hour, b) 8 hour, c) 48 hour ageing. 

 

Although Figures 4.10a-c demonstrate the change of stress distribution in the spec-
imen because of physical ageing, the images are quite small and differences cannot be 
distinguished very well. Figure 4.11 shows stress distribution at 1.25 % deformation after 
different ageing times in inverted colors. Very small stresses develop at this small defor-
mation in the specimen tested immediately after production and their distribution is quite 
homogeneous. Both the distribution and the magnitude of stresses change considerably 
after 8 hours of ageing and stresses increase even further after 24 hours. It seems to be 
obvious that increasing level and heterogeneity of stresses lead to the premature and cat-
astrophic failure of aged specimens. The micrographs clearly prove the development of 
internal stresses during physical ageing thus verifying our explanation of the phenomena 
discussed in Section 4.3.3, i.e. the dependence of the direction of changes in Tg as a result 
of the competing effect of decreasing free volume and increasing internal stresses. The 
inhomogeneous distribution of large stresses explains the maximum observed in the yield 
stress of the specimens as a function of ageing time as well. Shear yielding occurs at short, 
while crazing and cracking at long ageing times, i.e. the mechanism of deformation 
changes with time. This changing mechanism has severe consequence for the macro-
scopic performance of PLA parts; they become very stiff and fail by brittle fracture after 
a relatively short ageing time, which may hinder their application in certain areas. 

c) 
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Figure 4.11 Local stress distribution in injection molded PLA specimens at 1.25 % de-

formation after various ageing times. Inverted colors. 
 

4.4. Conclusions 
 

The mechanical testing of injection molded PLA specimens showed that proper-
ties change with time; the stiffness of the specimens increases considerably, while their 
deformability decreases drastically from 250 % after injection molding to a few percent 
after less than a day of ageing. The study of possible factors showed that the changes in 
properties are caused by physical ageing and not by water content (degradation) or crys-
tallization. Thermal analysis proved that both relaxation enthalpy and the change in the 
glass transition temperature of the polymer increase with ageing time. Tg decreased with 
increasing ageing time that could not be explained by the generally accepted free volume 
theory. The analysis of literature data showed that the decrease or increase of Tg depends 
on the temperature of ageing and on the rate of cooling. At low ageing temperature Tg 
decreases, while it increases when ageing temperature is closer to the Tg of the polymer. 
Besides the decrease of free volume, the development of internal stresses also plays a role 
in the determination of the glass transition temperature. Large stresses result in a decrease 
of Tg, while decreased free volume leads to an increase. Internal stresses determine de-
formation and failure mechanism as well; large stresses lead to crazing/cracking and fi-
nally to brittle failure. Consequently, physical ageing may hinder the application of PLA 
in certain areas. 
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Chapter 5 
     

Structure-Property Correlations in PLA/Regenerated 
Nanocellulose Composites Prepared via the Pickering 

Emulsion Approach 
 

5.1. Introduction 
 
The concern about the effect of physical ageing on the behavior of PLA indicates 

that considerable improvement in processing technology, initial design and customer ser-
vice of the products are required in industrial applications. The various requirements of 
the market and newly established environmental laws allow only the use of biopolymers 
with high performance. The modification of PLA by reinforcement is one way to improve 
performance and meet the requirements. Crystalline nanocellulose (CNC) is one of the 
most promising reinforcements for nanocomposites, and has attracted considerable atten-
tion because it has nanoscale dimensions, impressive mechanical properties, low density, 
and it is also biodegradable and biocompatible [1-3]. The regeneration of cellulose from 
a solution by the coagulation with a non-solvent is an important pathway for the prepara-
tion and industrialization of cellulose materials. Materials fabricated directly from a cel-
lulose solution via a physical regeneration process possess unsurpassed physical and 
chemical properties, inherent renewability and sustainability and thus they exhibit aston-
ishing impacts and benefits for society [4]. 

Two techniques are widely adopted for the preparation of polymer/cellulose nano-
composites. The first is solvent casting by the evaporation of water or an organic solvent 
[5]. The second is the direct extrusion of the matrix polymer containing the desired 
amount of freeze-dried cellulose nanoparticles [6]. However, the main difficulty related 
to the preparation and quality of such composites is the dispersion of cellulose particles 
in hydrophobic polymers. Much effort has been made to improve the dispersibility of 
cellulose particles in polymer matrices, which are mainly devoted to surface modification 
[5,7-11]. Modified cellulose was more readily incorporated into matrices, but their rein-
forcing effect was compromised due to the loss of H bond-forming hydroxyl groups re-
sulting in the deterioration of the mechanical properties of the final composites, including 
PLA/cellulose composites.  

In this chapter results are reported on PLA/RC composites prepared by the Pick-
ering emulsion approach. The structure of the composites was studied from several as-
pects and the dependence of properties on RC content was characterized by thermal and 
mechanical measurements. 

 
5.2. Experimental 
 
5.2.1. Materials 

 
The information of the materials and chemicals used is described in Chapter 2. 
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5.2.2. Sample preparation 
 
 The preparation of the PLA/RC composites discussed in this chapter is described 

in Chapter 2. 
 

5.2.3. Characterization 
 
Light transmission was determined on 1 mm thick compression molded plates us-

ing UV-Vis spectrophotometry. Three parallel measurements were done on each compo-
site. The fractured surface of compression molded plates was observed by SEM and their 
crystalline structure was investigated by XRD. The crystallization behavior of the sam-
ples was analyzed using DSC. Mechanical properties were characterized by the tensile 
testing of standard ISO 527 1A specimens with 1 mm thickness using an Instron 5566 
apparatus. The details of the above mentioned measurements were described in Chapter 
2. Dynamic mechanical spectra (DMTA) spectra were recorded between 30-120 °C using 
a Perkin Elmer Diamond apparatus on specimens of 50 × 5 × 1 mm dimensions at 2 
°C/min heating rate and 1 Hz frequency in the tensile mode. 

 
5.3. Results and discussion 
 

The results are presented in several sections. The dependence of structure includ-
ing the dispersion of cellulose particles and properties on RC content is discussed in the 
first section. The crystallization behavior of PLA upon the addition of RC is studied next. 
The interaction of the components along with the reinforcing effect of regenerated nano-
cellulose are discussed in the last section of the chapter. 

 
5.3.1. Structure, dispersion 
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Figure 5.1 a) XRD diffraction patterns of a) RC; b) neat PLA and PLA/RC composites. 
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The XRD spectrum of RC shows its crystalline structure in Figure 5.1a. The two 
FKDUDFWHULVWLF�SHDNV�DSSHDULQJ�DW��ș� �������DQG�������DUH�DVVLJQHG�WR�WKH�������and (110) 
crystallographic planes of cellulose in the XRD diffractogram [12]. Figure 5.1b shows 
the XRD diffraction patterns of neat PLA and PLA/RC composites. All the materials have 
amorphous structure, since the peak at around 16.5°, assigned to the (100) and (200) lat-
WLFH�SODQH�RI� WKH�Į�DQG�Į¶�FU\VWDOOLQH�IRUP�RI�3/$� [13] is completely absent from the 
traces. The characteristic peak of RC is not observed anywhere either due to its small 
concentration in the composites. 

 

 

Figure 5.2 SEM micrographs of the PLA/RC composites at 0.5, 1.0, 1.5, 2.0, 3.0 and 5.0 
wt% RC content; RC dispersion and aggregates formation. 

 
The SEM micrographs recorded on the fractured surface of PLA/RC composites 

clearly show their microstructure at different compositions (Figure 5.2). The dispersion 
of RC becomes heterogeneous with increasing amounts of nanocellulose. In accordance 
with previous results [14], relatively well-dispersed RC particles are observed in the com-
posites up to 2 wt% RC content. Aggregated RC particles with diameters of around 8 µm 
to 20 µm were found in the composites at 3 and 5 wt% RC content, which are much larger 
than the inherent size of the particles. SEM images support the formation of a network at 
relatively high RC content. 

A further proof for changing structure is supplied by the measurement of the trans-
parency of the compression molded plates prepared from the composites (Figure 5.3). 
Light transmittance at 600 nm is around 70 % for neat PLA, but it decreases drastically 
with increasing amounts of RC in the composites. Transparency is only 20 % already for 
the composite containing 0.5 wt% regenerated cellulose and it decreases to practically 
zero at large RC content clearly indicating the presence of larger structural units in the 
composite. 
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Figure 5.3 Decreasing light transmittance of PLA/RC composites with increasing nano-

cellulose content; the measurements were done at 600 nm wavelength. 

 
5.3.2. Crystallization behavior 
 

DSC analysis was performed to investigate the crystallization behavior of PLA/RC 
composites. The crystallization of PLA during the cooling scan is displayed in Figure 
5.4a). No crystallization peak is observed on the trace of neat PLA. In the composites, 
both the temperature and the enthalpy of crystallization increases with increasing RC 
content. The results suggest that RC accelerates the crystallization of PLA either by nu-
cleating or by increasing the mobility of PLA segments [15,16]. Temperatures for the 
transitions along with measured heats of transformation during the second heating scan 
are listed in Table 5.1. The recorded DSC traces were similar for all composite materials. 
The difference between the melting and cold crystallization temperature increased in all 
cases, crystallization became faster and the exothermal peak sharper compared to neat 
PLA. The cold crystallization temperature (Tcc) of the composites shifted towards lower 
temperatures, it decreased with increasing RC content mainly caused by the increased 
mobility of polymer segments. The melting temperature (Tm) appears at around 167 °C 
for all samples thus we assume that the crystalline structure of the composites and that of 
the neat PLA formed after the melting/recrystallization process is almost the same. Two 
melting peaks are observed in the DSC trace of the composites in most cases, because of 
the small or imperfect crystals created during cold crystallization. The melting peak at 
DURXQG�����Û&�FRXOG�EH�DWWULEXWHG�WR�D�PRUH�SHUIHFW�FU\VWDOOLQH�VWUXFWXUH�RI�3/$�DQG�WKH�
second peak at lower temperature to a less perfect one. Both the enthalpy of cold crystal-
lization and the heat of fusion is about 15 J/g higher in the RC composites than in neat 
PLA, which proves the effect of regenerated cellulose on the crystallization behavior of 
PLA.  No obvious change was observed in the Tg of the polymer by DSC.  
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Figure 5.4 DSC traces of neat PLA and different PLA/RC composites: a) cooling scan; 
b) second heating scan. 
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Table 5.1 DSC analysis of neat PLA and PLA/RC composites (second heating traces) 

RC content (wt%) Tg (°C) Tcc (°C) ǻ+cc (J/g) Tm (°C) ǻ+m (°C) Ȥ (%) 
0 58.0 135.1 6.9 166.5 12.8 6.4 

0.5 59.2 110.2 20.0 168.9 33.3 14.4 
1.0 58.7 112.4 17.1 166.9 32.6 16.7 
1.5 58.7 110.0 15.0 166.7 29.9 16.0 
2.0 58.7 111.9 7.3 166.0 30.7 25.2 
3.0 59.4 101.4 5.3 169.5 33.5 28.2 
5.0    168.7 27.7 29.8 

 

The crystallinity (߯) of the composites and neat PLA were calculated using Equa-
tion 5.1 and the results are summarized in Table 5.1. 

߯ሺΨሻ ൌ
ȟܪ െ ȟܪ

ȟܪ
 ൈ ͳͲͲ�� (5.1) 

where ȟܪ
  is the melting enthalpy of a 100% crystalline polymer matrix (93.0 J/g) 

[17],�ȟܪ is melting enthalpy,�ȟܪ  is cold crystallization enthalpy. The crystallinity of 
the composites increases with increasing RC concentration, the result agrees with the 
nucleation role of RC observed by Zhang et al. [14], who claimed that the crystallinity of 
PLA composites prepared at 1.0 wt% RC content and determined from the second heating 
curve was improved by 159 % compared to neat PLA. The most probable reason for the 
difference between the results of Zhang [14] and ours could be the dissimilar analysis, 
the sensitivity of emulsion preparation, and the processing conditions of the composites. 
Consequently, more attention must be paid to the preparation and processing of the 
materials. 
 
5.3.3. Interaction, reinforcement 

 
Commonly, the location and intensity of the transitions determined by DMTA also 

GHSHQG�RQ�WKH�FRPSRVLWLRQ�RI�FRPSRVLWHV��2QO\�ORVV�WDQJHQW��WJ�į��WUDFHV�DUH�VKRZQ�LQ�
Figure 5.5 to facilitate comparison. The position of the peak is related to the glass transi-
WLRQ�RI�3/$��)LJXUH����D�VKRZV�WKH�HIIHFW�RI�5&�FRQWHQW�RQ�WKH�WJ�į�RI�WKH�FRPSRVLWHV and 
the Tg GHWHUPLQHG�IURP�WKH�WJ�į�WUDFHV�LV�SORWWHG�LQ�)LJXUH����E��(DFK�FRPSRVLWH�KDG�RQH�
peak, which corresponds to its Tg. With the exception of the composite with 0.5 wt% RC, 
WKH�LQWHQVLW\�RI�WDQ�į�GHFUHDVHG�ZLWK�LQFUHDVLQJ�5&�FRQFHQWUDWLRQ��VHH�)LJXUH����E���HYHQ�
as much as three times compared to the neat PLA for the composite containing 5 wt% 
RC. Hydrogen bonding between RC and PLA molecules results in the development of 
strong interactions between the components and hinders the mobility of PLA segments. 
This result and conclusion are contradicted by the decrease of Tg that indicates increased 
segmental mobility upon the addition of RC. Tg was shown to depend on free volume and 
internal stresses [18]; the addition of RC seems to decrease the latter thus resulting in the 
decrease of Tg.   
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Figure 5.5 DMTA analysis of the glass transition of PLA in PLA/RC composites as a 
function of RC content a) loss tangent spectra; b) glass transition 
temperature (�), the intensity of the transition ({).  

 
The mechanical properties of neat PLA and the composites are shown in Figures 

5.6 and 5.7 as a function of RC content. The tensile strength of the composites has a 
maximum at the RC amount of 0.5 wt%, thereafter it decreases with increasing RC con-
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tent. Tensile strength changes in the range of 51 and 43 MPa upon the addition of a rela-
tively small amount of RC up to 5 wt%. Possibly the network formation or aggregation 
of RC (mentioned in the structure section) above 1.5 wt% RC content result in the smaller 
tensile strength compared to the neat PLA. On the other hand, the composites containing 
0.5 and 1 wt% RC show larger tensile strength due to the good dispersion of RC and the 
results indicate good adhesion between RC and the PLA matrix. The extent of reinforce-
ment can be estimated quantitatively with the help of a simple model [19]. The depend-
ence of tensile strength on filler content can be expressed by Equation 5.2:  

ௗ்ߪ�� ൌ ��
ሺͳ்ߪ  ʹǤͷ߮ሻ
ሺͳߣ െ ߮ሻ

ൌ ்ߪ��   ߮ܤ
(5.2) 

where ıT and ıT0 are the true tensile strength of the composite and the matrix, respectively, 
Ȝ is relative elongation, n is a parameter expressing the strain hardening tendency of the 
matrix, ĳ is the volume fraction of the fiber and B is related to its relative load-bearing 
capacity, i.e., to the extent of reinforcement, which depends among other factors also on 
interfacial interaction [20,30]. In Figure 5.6b, the natural logarithm of the reduced tensile 
strength of the composites is plotted against RC content in the form indicated by Equation 
5.2. The plot apparently shows relatively constant values. We may speculate that the small 
load-bearing capacity of RC is the result of poor strength of interaction between the com-
ponents. However, structural effects, i.e. aggregation and network formation must be 
taken into account here. Accordingly, Equation 5.2 was fitted to the values of the compo-
sites containing 0.5 and 1.0 wt% RC, because the model is not valid in the presence of 
the structural effects mentioned. The slope of the line in Figure 6b is 13.9 indicating good 
dispersion and large reinforcing effect because of the strong interaction of the compo-
nents.  
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:LWK�LQFUHDVLQJ�YROXPH�IUDFWLRQ�RI�5&��WKH�HORQJDWLRQ�DW�EUHDN�RI�WKH�FRPSRVLWHV�
GHFUHDVHV�RZLQJ�WR�WKH�VWURQJ�LQWHUDFWLRQV�PHQWLRQHG�DERYH��ZKLFK�DJUHHV�ZHOO�ZLWK�WKH�
'07$�UHVXOWV��VHH�)LJXUH�������&RPSDUHG�WR�QHDW�3/$��WKH�VWLIIQHVV�RI�WKH�FRPSRVLWHV�
LQFUHDVHG�ZLWK�WKH�DGGLWLRQ�RI�5&��7KH�HIIHFW�RI�LQWHUDFWLRQV��DQG�HYHQ�WKDW�RI�VWUXFWXUH��
LV�PXFK�VPDOOHU�KHUH��EHFDXVH�<RXQJ
V�PRGXOXV�LV�GHWHUPLQHG�DW�YHU\�VPDOO�GHIRUPDWLRQV�
DQG�WKXV�GRHV�QRW�GHSHQG�YHU\�PXFK�RQ�WKH�IDFWRUV�PHQWLRQHG��6LPLODU�UHVXOWV�RI�LPSURYH�
PHQWV�LQ�VWLIIQHVV�ZHUH�UHSRUWHG�HDUOLHU�>������@� 

 
5.4. Conclusions 

 
PLA/RC composites with different compositions were prepared successfully by 

the Pickering emulsion approach. Their characterization by XRD, microscopy and trans-
parency indicate that RC forms a network in the PLA matrix at relatively small concen-
trations; the dispersion of the RC in the PLA matrix was acceptable up to 2 wt%. DSC 
analysis confirmed that RC prepared by the hydrogen chloride vapor approach accelerates 
the crystallization of PLA. The large specific surface area of the nanocellulose fibers, as 
well as strong interactions lead to the considerable increase of composite strength at small 
RC contents. At larger regenerated cellulose contents structural effects play an important 
role and strength decreases with increasing amount of RC. These results emphasize the 
importance of homogeneity and shows that even the Pickering emulsion approach has 
some limitation, although it is still better than tradition melt mixing techniques.  
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Chapter 6 
     

Rheology of PLA/Regenerated Nanocellulose composites 
Prepared by the Pickering Emulsion Process: Network 

Formation and Modeling3 
 

6.1. Introduction 

PLA/regenerated nanocellulose composites were prepared successfully via the 
Pickering emulsion approach at lab scale, but raw materials must be transformed into 
useful products in industry at larger amounts and in the case of thermoplastics, this is 
usually done by melt processing. Accordingly, the knowledge of the rheological proper-
ties of the materials and the effect of modification on them are very important for practice. 
Nanofillers usually increase melt viscosity and the association of the particles may lead 
to the formation of a network structure, even aggregation above a critical amount of the 
filler. Although the rheological characteristics of PLA/nanocellulose composites have 
been reported many times [1,2], a thorough analysis is often lacking. Such analysis has 
been carried out for PP composites [3,4], and even though one can find a few articles in 
the literature which aim at the quantitative characterization of the rheological behavior of 
PLA based composites [5-7], the models presented in them may yield results that are 
difficult to interpret. The limited reliability of these results, however, often hinders the 
accurate prediction and optimization of the extrusion process [8]. 

The results presented in Chapter 5 showed that PLA/RC composites prepared by 
the Pickering emulsion approach are promising biodegradable materials with good dis-
persion of the cellulose particles and good mechanical properties. However, to apply the 
PLA/RC composites in practice, their processing characteristics must be analyzed in de-
tail. Accordingly, the goal of this study was to prepare PLA/RC composites by the Pick-
ering emulsion technique and to analyze the rheological characteristics. Nanocellulose 
content was changed from zero to 5 wt% to establish the effect of regenerated cellulose 
content on properties. Primary rheological data were processed in different ways and the 
formation of a network structure by RC particles was considered as well. Two accepted 
rheological models were fitted to the experimental data; a new model was also proposed 
and compared to those published in the literature earlier. The parameters of the models 
are analyzed in detail, and their advantages and drawbacks are discussed together with 
consequences of the results for practice in the last section of the chapter. 

 
6.2. Experimental 

 
The materials used and sample preparation were described in Chapter 2 and both 

are to those in Chapter 5. The morphology of RC was characterized using transmission 
electron microscopy (TEM, JEM-2100, Jeol Ltd., Tokyo, Japan). Samples were prepared 

 
3 Cui, L., Yi, L., Wang, Y., Zhang, Y., Polyak, P., Sui, X., Pukanszky, B. Mater. Des. 206, 109774 (2021) 
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coated copper grid. The samples were subsequently dried in an oven at 50 °C for 2 h and 
the micrographs were recorded at 200 kV accelerating voltage. The melt flow rate (MFR) 
of the polymer was determined according to the ASTM D 1238-79 standard at 190 qC 
with 2.16 kg load using a Ceast 7027 MFR tester. Disks of 25 mm diameter were cut from 
the plates for rheological testing. The measurements were carried out in the oscillatory 
mode using an Anton Paar Physica MCR 301 rotational viscometer at 190 °C in the fre-
quency range between 0.1 and 600 s-1. Parallel plate arrangement was used with a gap of 
1 mm. The amplitude of deformation was 5 %, which was in the linear elastic region 
confirmed by an amplitude-sweep with controlled shear deformation. 
 

6.3. Results and discussion 
 

The results are discussed in several sections. The rheological characteristics of the 
PLA/RC materials are presented first, followed by the discussion of the morphology of 
the fibers as well as the melt structure of the composites. Experimental results are mod-
eled in the next section and the parameters obtained are evaluated and discussed in the 
last part of the chapter. 

 
6.3.1. Rheology 
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Figure 6.1 Effect of regenerated cellulose content on the melt flow rate of PLA. 
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The simplest way to characterize the rheological behavior of a polymeric material 
is the measurement of its melt flow rate. The method is simple, reliable and gives viscos-
ity indirectly, but does not offer information about shear dependence, elastic properties 
or the structure of the melt. The melt flow rate of the materials prepared is plotted against 
their regenerated cellulose content in Figure 6.1. Although the points are scattered some-
what because of possible moisture content and degradation, the correlation is clear, MFR 
decreases, i.e. viscosity increases with increasing RC content. The result corresponds to 
the expectation, the addition of nanocellulose with large specific surface area increases 
viscosity considerably. Viscosity seems to level off at larger RC content indicating the 
possible aggregation of the particles. 
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Figure 6.2 Characteristics determined by oscillatory rheometry on PLA and its compo-
site containing 3 wt% RC. Symbols: ({,z) storage modulus, G', (�,�) loss 
modulus, G", (U,S) complex viscosity, K*; full symbols: neat PLA, empty 
symbols: PLA/RC composite containing 3 wt% RC. 

 
Oscillatory rheometry offers much more detailed information about the rheologi-

cal characteristics of the composites. The behavior of neat PLA is compared to that of the 
composite containing 3 wt% RC in Figure 6.2. The experimental results are presented in 
the usual way in the figure, storage (G') and loss modulus (G") as well as complex vis-
cosity (K*) are plotted against frequency. Clear differences are visible between the two 
sets of results. The viscosity of the composite is much larger than that of the neat polymer. 
The viscosity of the latter approaches a plateau value at small frequencies, while that of 
the composite increases continuously with an upward slant. The relative values of moduli 
also change according to the expectation, loss modulus being larger than storage modulus 
and both moduli increasing upon the addition of nanocellulose. 
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In order to see the effect of RC content better, the complex viscosity of all mate-
rials tested is compared to each other in Figure 6.3. Viscosity increases with increasing 
RC content and the upward slant at small frequencies becomes more pronounced in the 
range in which the neat PLA approaches a plateau. The increase of viscosity at small 
frequencies makes the determination of zero shear viscosity difficult or impossible and it 
indicates the existence of a yield stress because of aggregation or network formation. All 
primary results indicate that the melt structure of PLA/RC composites changes with nano-
cellulose content, however, based on the presented information this cannot be stated with 
certainty and definitely cannot be described quantitatively. 
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Figure 6.3 Dependence of the complex viscosity of PLA/RC composites on frequency; 
effect of nanocellulose content. RC content increases from bottom to top. 

 
6.3.2. Structure 
 

Nanocellulose and all nano-sized reinforcements usually have large specific sur-
face area, which results in the formation of large interfaces and interphases. This itself 
leads to the increase of viscosity, but the particles may also aggregate or associate and 
they can form a network structure as well [9-11]. The TEM micrograph presented in Fig-
ure 6.4 clearly shows the small size and anisotropic character of the regenerated cellulose 
used in this study. The particles are several micrometer long and their average diameter 
is 20-40 nm [12]. The size and shape of the particles explains the changes in the rheolog-
ical characteristics observed.   
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Figure 6.4 TEM micrograph recorded on RC; fibrous structure and interconnection of 
fibers. 

 
Mukherjee et al. [13] evaluated the state of dispersion in PLA/nanocrystalline cel-

lulose composites prepared by solvent casting. The surface of the cellulose particles was 
acetylated to modify interactions. The state of dispersion was characterized by the perco-
lation threshold of network formation and the maximum packing fraction derived from 
the Krieger-Dougherty equation [14]. The behavior of acetylated cellulose particles was 
compared to two other cellulosic fillers, microcrystalline and nanofibrillated cellulose. 
Percolation thresholds of 0.018-0.035 volume fractions and maximum packing fractions 
of 0.035-0.065 were obtained for the three fillers. The appearance of a yield stress indi-
cated that a network forms at 0.5 wt% RC content in our composites, which corresponds 
to 0.007 volume fraction. The comparison of the two methods of composite preparation 
shows that the Pickering emulsion approach results in better dispersion than solvent cast-
ing. 

Earlier studies on composites containing nanosized particles showed that Cole-
Cole plots constructed from the components of the complex viscosity detects changes in 
the structure of the melt sensitively [15,16]. Plotting the imaginary part of viscosity 
against its real component results in a regular semi-arc if the material has a single relax-
ation time and a skewed semi-arc for a polymer with a relaxation spectrum. Aggregation 
or the formation of a network structure changes the plot considerably, a second arc ap-
pears at longer relaxation times or the shape of the plot changes completely. Cole-Cole 
plots of the studied PLA/RC composites are presented in Figure 6.5. The plot is a semi-
arc for neat PLA, which is distorted already at 0.5 wt% RC content because of the ap-
pearance of a second process. The shape of the Cole-Cole plots changes continuously 
with increasing RC content until the first arc completely disappears and the second pro-
cess dominates at large, 3.0 and 5.0 wt% RC content. The presentation of the complex 
viscosity in the form of Cole-Cole plots clearly proves aggregation or the formation of a 
network structure with increasing RC content.  
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Figure 6.5 Cole-Cole representation of the components of complex viscosity. The num-
bers on the correlations show RC content. Indication of network formation. 

 
6.3.3. Modelling 

 
Although the effect of regenerated cellulose on the rheological behavior of PLA 

can be deduced qualitatively by the direct observation of primary results, quantitative 
analysis might offer additional information  [5,17]. Several models are available for the 
description of the shear dependence of viscosity, but most of them were developed for 
linear viscoelastic fluids, which do not possess a yield stress. Yield stress can be taken 
into account by an additional term added to the equation. Such an equation, based on the 
original model of Cross [17] was proposed recently by Khoshkava and Kamal [3] 

ߟ ൌ �
௬ߪ
߱
�

ܾ
ͳ  ܿ�߱ௗ 

(6.1) 

where Vy is yield stress, Z is frequency while b, c and d are called model parameters by 
the authors [3]. The dimensions of b and c are given as Pas and second (s), while d is 
dimensionless. However, the original model of Cross [17] took the form 

ߟ ൌ ஶߟ� �
ߟ െߟ�ஶ
ͳ  ሶߛߙ� 

 (6.2) 

where K0 is zero shear viscosity, Kf is viscosity at infinite shear rate,ߛ�ሶ  is shear rate, D is 
a pre-exponential factor while n is the power law exponent expressing the shear thinning 
behavior of the melt. Accordingly, b in the Khoshkava equation corresponds to zero shear 
viscosity (K0), if we assume that Kf is zero, d to the power law exponent (n) and the 
dimension of c is sn instead of second.  
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 Equation 6.1 was fitted to the experimental data and the result is presented in 
Figure 6.6. The prediction of the model agrees quite well with the experimental values 
indicated by circles. The parameters of the fit are compiled in Table 6.1. One can see that 
both yield stress and zero shear viscosity (b) increase significantly with increasing RC 
content, the power law exponent (d) decreases, while the pre-exponential constant (c) 
changes in a relatively narrow range. Although the fit is reasonable, the physical meaning 
of c and its change with nanocellulose content are difficult to interpret. 

 
Table 6.1 Parameters determined by the modeling of the rheological behavior of PLA/RC 

composites; the Khoshkava (Cross) model [3], see Equation 6.1 

RC content (wt%) Vy (Pa) b (Pas) c (sn) d 
0 0 1330 0.01 0.87 

0.5 268 3891 0.25 0.49 
1.0 560 6304 0.32 0.47 
1.5 1986 8094 0.71 0.40 
2.0 4005 11590 1.15 0.42 
3.0 9511 26302 0.38 0.64 
5.0 20925 45002 0.73 0.52 
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Figure 6.6 Comparison of complex viscosities predicted by various models to experi-
mentally determined values. Symbols: ({) measured, ----- Khoshkava [3],    
- - - - Berzin [18], ņņņņņ this work. 
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The Carreau-Yasuda equation [19] is used much more often for the modeling of 
viscosity than the Cross model [17]. Berzin et al. [18], and earlier Lerwimolnun and 
Vergnes [4], extended the model with a yield stress and created the following equation 

כߟ ൌ �
௬ߪ
߱
ߟ�ሾͳ �ሺ߱�ߣሻሿ

ିଵ
  (6.3) 

where O is the time constant for disentanglement and the re-forming of entanglements, a 
is the correction parameter introduced by Yasuda and n is the power law exponent. This 
form of the equation also assumes that Kf is zero. Equation 6.3 was also fitted to the 
experimental data and the result presented in Figure 6.6 shows very good agreement be-
tween measured and predicted values. The parameters derived from the fit are collected 
in Table 6.2. Similar values were obtained for yield stress and zero shear viscosity as in 
the previous case (see Table 6.1). The time constant varies much and occasionally takes 
very small values, while changes in the power law exponent is difficult to explain. Alt-
hough the model gives a good fit, the five model parameters make fitting and the inter-
pretation of the obtained values difficult. 

 
Table 6.2 Rheological parameters determined by fitting the Berzin (Carreau-Yasuda) 

model [18] to the viscosity values measured experimentally on PLA/RC com-
posites (Equation 6.3) 

RC content (wt%) Vy (Pa) K0 (Pas) O (s) n a 
0 0 1319 0.018 1.48 1.21 

0.5 243 4902 4.2E-9 17.44 0.25 
1.0 521 8429 2.2E-9 14.34 0.23 
1.5 1944 14450 1.1E-6 2.92 0.17 
2.0 4195 6298 1.45 1.31 2.33 
3.0 9885 20896 0.77 1.40 2.41 
5.0 20895 46307 0.49 1.53 0.49 

 

In this work, we propose a simple model based on the power law equation 

߬ ൌ ሶߛ�݇    (6.4)     

where k is the pre-exponent similar to parameter c in Equation 6.1. The equation is mod-
ified to take into account structure formation and yielding 

߬ ൌ � ߬ �
݇ଵ

ͳ � ͳ
ሺߛ�ߣሶሻ

 
(6.5)      

where k1 is shear stress at infinite shear rate, W0 is yield stress and the meaning of O is the 
same as before. Derivation, changing shear rate to frequency and the introduction of the 
yield term results in the final equation 
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௬ߪ
߱
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(6.6)       
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The fitting of Equation 6.6 to the experimental results is shown in Figure 6.6 and 
the parameters obtained are collected in Table 6.3. The fit is less good than in the previous 
two cases at larger frequencies, but it is adequate at the lower end of the frequency range. 
Yield stress shows the same tendency as with the other two models and the power law 
exponent decreases with RC content. The value of k is large as expected, while the time 
constant is very small that is difficult to understand. The modeling of the viscosity of 
PLA/RC composites with various models resulted in reasonable fit in all cases, but the 
interpretation of the results is difficult, the physical meaning and significance of the pa-
rameters are unclear and need further considerations. 

 
Table 6.3 Parameters of the rheological model proposed in this work to describe the 

frequency dependence of the viscosity of PLA/RC composites, see Equation 
6.6 

RC content (wt%) Vy (Pa) k (Pa) Ȝ (s) n 
0 0 4.22E+08 1.01E-06 0.91 

0.5 36 9.90E+08 1.29E-07 0.78 
1.0 220 9.72E+09 9.40E-09 0.77 
1.5 1700 5.23E+09 1.35E-08 0.75 
2.0 3638 1.14E+09 3.87E-08 0.69 
3.0 7210 1.14E+10 3.98E-09 0.66 
5.0 18266 1.11E+10 6.46E-09 0.66 

 

6.3.4. Discussion 
 

The main reason of modeling is to gain better insight into the rheological behavior 
of materials through the interpretation of the physical meaning of model parameters. A 
common feature of the three models used in this study is yield stress indicating aggrega-
tion or the formation of a cellulose network. Yield stresses derived from the models are 
presented in Figure 6.7 as a function of RC content. The tendency is the same for all three 
models and the values are very close to each other; the model developed in this work 
yields somewhat smaller values, but the difference is insignificant. We may conclude that 
the yield parameter of the equations used offers proof for network formation and ex-
presses its extent in quantitative terms.  
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Figure 6.7 Dependence of predicted yield stress on RC content. Symbols: (U) 

Khoskhava [3], (�) Berzin [18], ({) this work. 
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Figure 6.8 Effect of RC content on the power law parameters, n and d, determined by 
the rheological models studied in this work. Symbols: (U) Khoskhava [3], 
(�) Berzin [18], ({) this work. 
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Much more contradictory is the composition dependence of the other parameters 
determined and thus also their interpretation. The power law exponent is plotted against 
RC content in Figure 6.8. The value of the exponent should be between 0.1 and 1.0 and 
we expect a decrease with increasing amount of the reinforcement, i.e. increased sensi-
tivity to shear, stronger shear thinning. The n and d parameters determined from Equa-
tions 6.1 and 6.6 correspond to this requirement, but the uncertainty is larger for the latter. 
Quite surprisingly, the n parameter derived from the modified Carreau equation (Equation 
6.3) is very large, values larger than 10 were obtained at certain compositions, which is 
difficult to understand. Even more so, since reasonable values were obtained for 
PP/pineapple leaf composites by Berzin et al. [18] by using the same model. Obviously, 
the five parameters in the equation do not facilitate the obtaining of reasonable values for 
them.  
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Figure 6.9 Parameters determined by the fitting of the Berzin [18] model to the complex 

viscosity of PLA/RC composites of various nanocellulose contents. Symbols: 
(�) O, (z) a. 

                        

The controversy is emphasized even more by Figure 6.9 in which the O and a 
parameters of Equation 6.3 are plotted against RC content. Relaxation times between 
0.0005 and 200 s were obtained for layered silicate nanocomposites [20], in which a sili-
cate network formed with increasing relaxation time at larger extent of platelet associa-
tion. The very small values of 2.2E-9 s (see Table 6.2) is difficult to understand as well as 
the less than 1 s at large RC content. The same applies to the O parameter in Equation 6.6 
(see Table 6.3). Moreover, the complete lack of correlation in Figure 6.9 also questions 
the model and/or the fitting procedure. The parameters obtained definitely do not offer 
any information about the structure of the melt or the rheological behavior of the PLA/RC 
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composites studied. Somewhat simpler models with fewer adjustable parameters seem to 
be more reasonable in this case. 

 
6.4. Conclusions 

 
Regenerated cellulose is a suitable reinforcement for PLA and the Pickering emul-

sion process produces homogeneous materials. Already a small amount of RC modifies 
properties significantly. The small size and relatively large aspect ratio of the cellulose 
nanofiller leads to the formation of a network structure already at small cellulose content. 
Rheological characteristics are especially sensitive to the amount of RC and to structural 
changes caused by increasing filler content. Modeling helps the quantitative analysis of 
the experimental results and offers additional information about the structure and proper-
ties of the composites studied. A new, four-parameter model based on the power law 
equation was proposed for the description of the shear dependence of viscosity. All mod-
els used in this work had advantages and drawbacks. All three predicted yield stress well, 
but only the new model gave reasonable values for the power law exponent. Other pa-
rameters and their composition dependence were difficult to interpret. Fitting parameters 
must be evaluated carefully and critically for all models.  
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Chapter 7 
     

Quantitative Analysis of Factors Determining the Enzy-
matic Degradation of PLA4 

 
7.1. Introduction 
 

The previous four chapters discussed practical issues of PLA mainly related to its 
use in medical, engineering and packaging applications. The results provide considerable 
useful knowledge which help to cope with problems during the use of this polymer. De-
spite thorough investigations and comprehensive research carried on PLA and its compo-
sites, environmental pollution still cannot be ignored completely because of the serious 
limitations related to their recycling and degradation at the end of their life. Because of 
its importance, the enzymatic degradation of PLA, the aliphatic polyester biopolymer 
produced and used in the largest quantities presently, has been widely investigated by 
various groups (see Chapter 1). The results of the experiments showed that the most 
efficient catalysts for the enzymatic degradation of PLA are the alkaline proteases [1,2] 
and the commercial product Proteinase K is extensively used for the purpose. The studies 
included many aspects of the enzymatic degradation of PLA including the effect of en-
zyme concentration [3], temperature [4], ion concentration of the buffer used as degrada-
tion medium [5], the molecular weight [6], stereochemical composition and crystallinity 
of PLA [7-9]; even the effect of physical ageing on the rate of degradation [10] as well as 
the influence of various additives were studied to smaller or larger extent [11, 12]. Un-
fortunately, the results of the experiments were evaluated only qualitatively, degradation 
kinetics has not been analyzed quantitatively by the use of appropriate models. Moreover, 
less attention was paid to the changing acidity of the degradation medium and to the oc-
casional denaturation of the enzyme. 

Accordingly, the goal of this work was to study the enzymatic degradation of PLA 
and to analyze the results quantitatively. Enzyme concentration, the temperature and vol-
ume of the degradation medium as well as the molecular weight of the polymer were 
changed in order to determine the effect of these factors on the rate of degradation. Two 
different approaches were also compared, i.e. degradation was carried out with the daily 
change of the degradation medium and also without a change, i.e. it was done in the same 
degradation medium until degradation stopped. The rate and extent of degradation was 
compared for the two cases. Experimental results were evaluated quantitatively with the 
help of models developed earlier. Quantitative analysis allows comparison and also pre-
diction and the planning of the degradation protocol. The consequences of the results for 
practice are also mentioned briefly at the end of the chapter. 

 
 

 
4 Cui, L., Wang, X.J., Hegyesi, N., Wang, Y.T., Sui, X.F., Pukánszky, B. submitted to the Int. J. Biol. Macromol. 

(2022) 
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7.2. Experimental 
 
7.2.1. Materials 

 
The five PLA polymers listed in Chapter 2 were used in the experiments. The 

Proteinase K from Tritirachium album was supplied by Sigma-Aldrich. The activity of 
the enzyme was 30 8�PJ��0LOOL4�GLVWLOOHG�ZDWHU� �0LOOLSRUH��ȡ > 18.2 M:cm), tris(hy-
droxymethyl) aminomethane (tris) (Molar Chemicals, 99.5 %), and hydrochloric acid 
(HCl) (Molar Chemicals, 36.67 %) were used as received. 
 
7.2.2. Sample preparation 

 
The buffer (pH = 8.6, I = 12 mM) was prepared by dissolving 50 mmol (6.057 g) 

tris in 900 ml MilliQ water and the pH of the solution was adjusted by the addition of 
HCl, finally the solution was diluted to 1 l in a measuring flask. The PLA granules were 
dried under vacuum at 110 °C for 24 h before processing and then they were compression 
molded into 1 mm thick plates at 175 °C for 5 min.  The plates were cut into small spec-
imens of 10 x 10 mm dimensions for the degradation studies 

 
7.2.3. Characterization 

 
The pH of the buffers was determined using a Metrohm 827 type apparatus with a 

combined glass electrode. 
 

7.2.4. Degradation studies 
 

The samples cut from the compression molded plates were placed into vials and 
the enzyme solution was measured onto the specimens. The vials were shaken at 150 rpm 
and 37 °C in an incubator afterwards. Individual samples were investigated in each case. 
In the experiments, the samples were taken from the vial after a certain degradation time, 
washed with water, wiped and weighed. Enzyme concentration was 0.01, 0.02, 0.04, 0.08, 
0.1, 0.2, 0.3, 0.4 and 0.5 mg/ml in the first series of measurements. The volume of the 
degradation medium was 5 ml in this and in all other series except in which the volume 
of the degradation medium was changed. In another series degradation was done at vari-
ous temperatures, at 23, 37, 45, 50 and 65 °C. The measurements were done twice at 37 
°C in order to check their reliability. Enzyme concentration was 0.2 mg/l. The same en-
zyme concentration was used in the series in which the influence of degradation volume 
was studied; volumes of 5, 10, 20, 30 and 40 ml were used in the experiments. The deg-
radation medium was changed daily in a series comparing the effect of changed/un-
changed medium and also in the series studying the effect of molecular weight on the rate 
of degradation. 
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7.3. Results and discussion 
 

The results are discussed in several sections. The theoretical background and the 
models used for the quantitative analysis of the results are introduced in the first and then 
the effect of various factors (enzyme concentration, temperature, volume) is presented in 
subsequent sections. The influence of changing degradation medium is compared to that 
obtained without change next followed by the analysis of the effect of molecular weight 
and D-lactide content on the rate of degradation in the last section of the chapter together 
with comments on the practical relevance of the results. 
 
7.3.1. Background 
 

In order to analyze degradation properly and determine its rate quantitatively, a 
model is needed which describes degradation kinetics. The most frequently used model 
for the description of the kinetics of enzymatic reactions was proposed by Michaelis and 
Menten [13]. Unfortunately, the model was developed for homogeneous reactions, and 
usually it is used only for the description of experiments carried out for a short time, in 
the linear section of the reaction [14]. In our case, the reaction is heterogeneous, and 
degradation is carried out for a long time. Under such conditions, enzymatic degradation 
proceeds in three steps. The first step of the process is the adsorption of the enzyme on 
the surface of the substrate. This is followed by the degradation of the polymer, which 
may be described by the original Michaelis-Menten approach. Finally, after longer times, 
the denaturation of the enzyme may take place and the reaction slows down.  

The model describing the kinetics of enzymatic degradation quantitatively must 
consider all three steps. However, since the first step, the adsorption of the enzyme on the 
substrate is completed in a short time, we ignore it here in order to simplify the treatment. 
Such a model has been developed in our lab recently and was successfully used to de-
scribe the enzymatic degradation of polycaprolactone and PLA [5,14]. If we follow deg-
radation by the loss of sample weight, the rate of degradation in the linear stage, as pre-
dicted by the Michaelis-Menten model [13], can be described by first order kinetics. How-
ever, we must take into account the denaturation of the enzyme as well, which results in 
the decrease of degradation rate. We assume that denaturation proceeds also according to 
first order kinetics and after the necessary mathematical operations, we obtain the corre-
lation describing the time dependence of degradation, i.e. weight loss in the following 
form 

݉ሺݐሻ ൌ ௗ�߬�ሾͳݒ െ ����ሺെݐȀ߬ሻሿ (7.1) 

where vd gives the initial rate of degradation at zero time, W is a time constant which is 
related to the rate of denaturation, and the pre-exponential term A = vdW equals the loss of 
mass at infinite time, i.e. the amount of polymer degraded by the enzyme. If denaturation 
is absent, like in the case of changing degradation medium, mass loss changes linearly 
with time, it is constant in the linear regime of degradation as proposed by the original 
Michaelis-Menten model [13]. 
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7.3.2. Enzyme concentration 
 

The concentration of the enzyme in the degradation medium obviously influences 
the rate of degradation. Numerous studies investigated the effect and researchers came to 
the conclusion that an optimum concentration exists, which depends on the components, 
composition and the conditions of degradation [1, 3, 4, 11, 15-17]. The weight loss of the 
specimens immersed into the degradation medium is plotted against time in Figure 7.1 
together with the change of pH for two enzyme concentrations (0.01 and 0.5 mg/ml). The 
time dependence of degradation shows the usual picture; weight loss increases steeply 
first then degradation slows down and reaches a final value [5]. The pH of the degradation 
medium decreases at the same time, slower at the smaller enzyme concentration, while 
faster at the larger one. pH reaches a very low value in the latter case, around pH = 4, 
which definitely leads to the denaturation of the enzyme and the halting of the degradation 
process. In the other case, at 0.01 mg/ml, however, pH remains high, around 7, thus only 
a limited degree of denaturation may take place in this case. Nevertheless degradation 
seems to stop even in this case indicating the loss of enzyme activity. Apparently, dena-
turation takes place even in this case or some other factor leads to the loss of enzyme 
activity. 
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Figure 7.1 Kinetics of the enzymatic degradation of PLA at two different enzyme con-
centrations. Polymer: Ingeo 2003 D, volume: 5 ml, temperature: 37 °C. Sym-
bols: (z,{) 0.01 mg/ml, (�,�) 0.5 mg/ml; full symbols: weight loss, empty 
symbols: pH. 

 

Equation 7.1 was fitted to the results of all the experiments and its parameters were 
determined for the quantitative evaluation of the degradation process. The rate of degra-
dation and the time constant of denaturation are plotted against enzyme concentration in 
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Figure 7.2. The rate of degradation increases steeply up to about 0.1-0.2 mg/ml concen-
tration and then does not change any more indicating that the addition of a larger amount 
of enzyme is superfluous, degradation rate cannot be increased any more. Optimum en-
zyme concentration must depend on the surface area of the specimens used in the degra-
dation study, but also on the volume of the degradation medium. The surface for the ad-
sorption of the enzyme molecules is defined by the size of the specimen, but at large 
concentrations enzyme molecules may also interact with each other thus decreasing ac-
tivity. The effect of specimen surface area and the interaction of enzyme molecules should 
be studied more in detail in the future. 
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Figure 7.2 Effect of enzyme concentration on the rate of degradation and denaturation. 
Polymer: Ingeo 2003 D, volume: 5 ml, temperature: 37 °C. Symbols: ({) 
degradation rate, (�) time constant of denaturation. 

 
7.3.3. Temperature 

 
The catalytic activity of enzymes is known to have an optimum as a function of 

temperature. Enzyme activity has been investigated in a wide range, from 23 to 60 °C, 
but experiments are conducted mostly at 37 °C in the case of Proteinase K [2-7, 17, 18]. 
We adopted this approach and value, but wanted to check the effect of temperature on the 
rate of degradation and denaturation. We refrain here from the presentation of primary 
experimental values, but show only the results of the quantitative analysis.  

The rate of degradation and the time constant of denaturation are plotted against 
the temperature of the degradation medium in Figure 7.3. At room temperature, 23 °C, 
the degradation is very slow, while the time constant of denaturation is large, i.e. both 
processes proceed at a slow rate. Both degradation and denaturation accelerates with in-
creasing temperature as expected. The increasing rate of denaturation is the consequence 
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of faster degradation, the accumulation of the degradation product, lactic acid, in the deg-
radation medium and the consequent strong decrease of pH. The rate of degradation 
seems to be maximal at around 50 °C, but the values obtained above 37 °C are very close 
to each other and the scatter of the points is considerable, thus further experiments are 
needed to confirm the existence of the maximum. The temperature selected for the ma-
jority of the experiments, i.e. 37 °C, is adequate for the purpose, and degradation is suf-
ficiently fast at this temperature. 
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Figure 7.3 Dependence of the rate of degradation and denaturation on the temperature 
of the degradation medium. Polymer: Ingeo 2003 D, enzyme concentration: 
0.2 mg/ml, volume: 5 ml, temperature: 37 °C. Symbols: ({) degradation 
rate, (�) time constant of denaturation. 

 
7.3.4. Degradation volume 
 

Most of the degradation experiments have been carried out at 5 ml volume of the 
degradation medium. The volume of the buffer solution, however, influences the rate of 
degradation considerably. Larger volume means larger buffer capacity and smaller con-
centration of the lactic acid formed during degradation and thus smaller extent of dena-
turation of the enzyme. The effect of these factors is amply demonstrated by Figure 7.4 
in which weight loss and the change of pH is plotted against the time of degradation. It is 
obvious from the figure that at larger volume pH changes to a smaller extent and the 
change is much slower as well. At the smaller volume, at 5 ml, the initial rate of degra-
dation seems to be the same, but the degradation reaction stops much sooner because of 
the drastic change of pH of the degradation medium. 
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Figure 7.4 Influence of the volume of the degradation medium on the kinetics of enzy-

matic degradation of PLA. Polymer: Ingeo 2003 D, enzyme concentration: 
0.2 mg/ml, temperature: 37 °C. Symbols: (z,{) 40 ml, (�,�) 5 ml; full 
symbols: weight loss, empty symbols: pH. 

 

The kinetics of degradation was analyzed quantitatively just as before. The rate of 
degradation and the time constant of denaturation are plotted against the volume of the 
degradation medium in Figure 7.5. Interesting to note that the initial rate of degradation 
decreases slightly with increasing volume, although the concentration of the enzyme is 
the same in the degradation medium in all cases. The diffusion of the components may 
play a role at the larger volume, i.e. the diffusion of the enzyme to and its adsorption onto 
the surface of the specimen as well as the diffusion of the degradation products into the 
bulk of the degradation medium. The smaller concentration of the degradation products, 
mainly lactic acid, is clearly shown in the increase of the time constant of denaturation, 
this latter process slows down considerably with the increase of volume. Although the 
rate of degradation decreases with increasing volume, it is beneficial to use larger volume 
because the amount of degraded polymer increases considerably due to the increased life-
time of the enzyme. 
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Figure 7.5 The rate of degradation of PLA and that of the denaturation of the enzyme 

plotted against the volume of the degradation medium. Polymer: Ingeo 2003 
D, enzyme concentration: 0.2 mg/ml, temperature: 37 °C. Symbols: ({) deg-
radation rate, (�) time constant of denaturation. 

 

7.3.5. Change of the degradation medium 
 
Using the same degradation medium is convenient, but as shown in the previous 

sections, it leads to a limited degree of degradation because of the denaturation of the 
enzyme. Accordingly the other frequently used technique is the regular change of the 
degradation medium [7-12,17,18], which will replenish the solution with fresh enzyme at 
a certain frequency. Experiments were carried out in this way at the lower range of 
enzyme concentrations studied. The results of the two different experiments, i.e. with 
daily change of the degradation medium and without it, are compared to each other in 
Figure 7.6 at 0.08 mg/ml enzyme concentration. Degradation rate remains constant in the 
case of daily change, as expected, while the denaturation of the enzyme stops degradation 
as shown before. In the case of the daily change, the rate of degradation can be determined 
from the slope of the straight line in Figure 7.6. Obviously, the entire polymer can be 
degraded if the degradation medium is changed regularly, but the technique is rather 
tedious and requires a considerable amount of enzyme and other chemicals. 
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Figure 7.6 Comparison of the degradation kinetics of PLA in the case of daily change 

of the degradation medium and without its change. Polymer: Ingeo 2003 D, 
enzyme concentration: 0.08 mg/ml, volume: 5 ml, temperature: 37 °C. Sym-
bols: ({) no change, (�) daily change. 

 

Degradation rates obtained in the two series of experiments are compared to each 
other in Figure 7.7 and they are listed in Table 7.2 together with the other parameters 
obtained by fitting. It might be quite surprising first, that the rates obtained without the 
change of the degradation medium are larger than in the case of daily change. However, 
we must call the attention here to the fact that the rate determined by the fitting of 
Equation 7.1 to the experimental results obtained without the change of the degradation 
medium are the initial rates of degradation. On the other hand rates obtained with daily 
change are average values. A considerable amount of lactic acid forms during the 
degradation of the samples even in one day resulting in a smaller overall rate of 
degradation than the maximum rate calculated from fitting in the no-change case.  

 
Table 7.2 Rate constants determined by fitting the model of Equation 7.1 to the kinetics 

of enzymatic degradation of PLA; effect of the change of the degradation 
medium 

Concentration (mg/ml) vd (%/h) W (h) A (%) R2 vdc (%/h) 

0.01 0.24 48.8 11.7 0.9980 0.19 
0.02 0.35 40.9 14.3 0.9908 0.23 
0.04 0.46 27.9 12.8 0.9882 0.31 
0.08 0.68 17.1 11.6 0.9960 0.34 
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Figure 7.7 Effect of enzyme concentration on the rate of degradation of PLA with and 
without the change of the degradation medium. Symbols: ({) no change, (�) 
daily change. 

 
The comparison of rates listed in Table 7.2 for the two cases i.e. daily change (vdc) 

and without change (vd), confirms the conclusions described above. The table also shows 
that the time constant of denaturation (W) decreases with increasing enzyme concentration 
indicating the acceleration of this process at larger enzyme content of the degradation 
medium. The maximum amount of polymer degraded (A) is rather small under the 
conditions used in these series of experiments (37 °C, 5 ml volume). Finally, the attention 
must be called here to the fact that the quality of fitting (determination coefficient, R2) is 
extremely good proving that the model expressed in Equation 7.1 describes the processes 
taking place during degradation very well indeed.  

 
7.3.6. Molecular weight and stereoregularity 
 

A limited number of studies has been carried out on the effect of molecular weight 
and stereochemistry on the enzymatic degradation of PLA [6-9]. The results indicated 
that both the increase of molecular weight and the number of D-lactide units in the chain 
decrease the rate of degradation catalyzed by Proteinase K. In this study, these 
experiments have been carried out with the daily change of the degradation medium. The 
weight loss of the samples was followed as usual and linear correlations very similar to 
that shown in Figure 7.6 were obtained in all experiments thus we refrain from the 
presentation of the primary results here. 
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Figure 7.8 Correlation between the rate of enzymatic degradation and the molecular 
weight of PLA polymers. Enzyme concentration: 0.2 mg/ml, volume: 5 ml, 
temperature: 37 °C, daily change of degradation medium. 

 

Molecular weights determined by GPC are listed in Table 7.1 together with the D-
lactide content of the polymers studied. The number average molecular weight covers a 
relatively wide range from approximately 45000 to 85000 g/mol, but D-lactide content 
changes only slightly from 0.5 to 4.5 %. Linear correlations were fitted to the weight loss 
vs. time lines and degradation rate was determined. The results are plotted against the 
number average molecular weight in Figure 7.8. The rate of enzymatic degradation 
decreases slightly with increasing molecular weight in accordance with the results of 
other groups [7]. This result indicates that the enzyme attacks chain end units 
preferentially, degradation does not occur randomly along the polymer chain. The effect 
of D-lactide content on the rate of degradation is presented in Figure 7.9. Apparently, the 
decrease of stereoregularity seems to slow down degradation thus indicating that 
Proteinase K preferentially cleaves L-lactide units in the chain, but the results must be 
treated with the utmost caution. The range of D-lactide content is narrow, as mentioned 
above, and the two values obtained at 0.5 % D-lactide content differ considerably from 
each other. If we neglect the larger value as erroneous, degradation rates would be the 
same for all the rest of the polymers. More experiments in a much wider range of D-
lactide content must be carried out in order to be able to determine the effect of this 
variable on the rate of degradation unambiguously. 
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Figure 7.9 The rate of enzymatic degradation of PLA plotted against the D-lactide 

content of the polymers studied. Enzyme concentration: 0.2 mg/ml, volume: 
5 ml, temperature: 37 °C, daily change of degradation medium. 

 
7.4. Conclusions 

 
The quantitative analysis of results aimed at the determination of factors influenc-

ing the enzymatic degradation of PLA proved that Proteinase K degrades the polymer 
very efficiently. The rate of degradation increases considerably up to 0.1 mg/ml enzyme 
concentration, but remains constant at larger values. Temperature has an optimum at 
around 50 °C that is somewhat higher than the 37 °C extensively used in the literature as 
the most advantageous value. If degradation occurs in the same medium throughout the 
process, the formation of lactic acid results in the sharp decrease of pH and finally in the 
denaturation of the enzyme. The dropping of pH below 5 slows down and finally stops 
degradation completely. The daily change of the medium results in degradation with a 
constant rate and the entire amount of polymer can be decomposed mainly into monomer 
or smaller oligomer fragments. The most convenient way for the enzymatic degradation 
of PLA would be the continuous adjustment of the acidity of the medium, which can be 
done by various means. The molecular weight of the polymer influences the rate of deg-
radation only slightly, degradation rate decreases with increasing molecular weight. The 
effect of stereoregularity on the rate of degradation could not be determined unambigu-
ously because the range studied was not sufficiently wide. Nevertheless, the use of ap-
propriate kinetic models allowed the quantitative analysis of the results and the unambig-
uous determination of the effect of several factors on the rate of the enzymatic degradation 
of PLA. 
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Chapter 8 
 

Summary 
 
Increasing environmental issues emphasize the continuously growing importance 

of the study of biopolymers in research and their use in industry. However, the perfor-
mance of these polymers hardly meets the expectations in practice due to the lack of un-
derstanding of their behavior. Consequently, numerous efforts have been made to im-
prove the processing and properties of these materials by modification. Additionally 
heated debates are going on about the use of biopolymers because of the difficulties re-
lated to their degradation and waste treatment. Our laboratory has considerable expertise 
in the research and development of biopolymer systems. Our experience combined with 
that of the collaborating institutions having complementary skills allowed us to address a 
number of issues related to the processing and application of biopolymers and biopolymer 
systems. We carried out thorough investigations to cope with unsolved, unambiguous, or 
ignored issues related to the practical use of PLA. In this chapter we give a concise sum-
mary of the most important achievements of the work. The most important new findings 
of the studies included in this thesis are listed as thesis points at the end of the chapter. 

In the first study presented in Chapter 3, we approached controlled drug release 
from a new perspective by focusing on the physical-chemical aspects of release from 
devices prepared by the electrospinning of PLA fibers. The results showed that the com-
position of the material changes during the preparation procedure. The solubility of the 
drug in the components and that of the components in each other is limited, which results 
in the formation of several phases and the precipitation of the drug. The technology used 
results in the partitioning of the drug, some of it is located inside, while the rest among 
the fibers. The wetting of the fibers or disks by the water-based dissolution media is poor, 
the penetration of the liquid into and the diffusion of the active component out of the 
device takes considerable time. Drug release takes place in one, burst like step, only 
Amox located among the fibers dissolves and diffuses into the surrounding medium. The 
slow second stage of release claimed in the literature is less probable, because the size of 
the Amox molecule is considerably larger than the holes creating the free volume of the 
polymer. The prepared device has antimicrobial activity, inhibits the growth of the two 
bacterial strains studied. The time scale of activity is short, it corresponds to that of the 
release experiments and the burst like behavior of the device.  

The structural changes occurring in polymer products during their use cause seri-
ous problems because of continuously changing properties. Injection molded specimens 
were prepared from PLA and their properties were determined as a function of time to 
study physical ageing. The results of the study are reported in Chapter 4. The mechanical 
testing of specimens showed that properties change rapidly with time. The stiffness of the 
specimens increases considerably, while their deformability decreases drastically from 
250 % after injection molding to a few percent after less than a day of ageing. Thermal 
analysis showed that both relaxation enthalpy and the change in the Tg of the polymer 
increased with time. The decrease of Tg with increasing ageing time could not be ex-
plained by the generally accepted approach of decreasing free volume. The analysis of 
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literature data showed that the decrease or increase of Tg depends on the temperature of 
ageing and on the rate of cooling. Tg decreases at relatively low ageing temperatures, 
while it increases when ageing temperatures are closer to the Tg of the polymer. Besides 
the decrease of free volume, the development of internal stresses also plays a role in the 
determination of glass transition temperature. Internal stresses result in a decrease of Tg, 
while decreased free volume leads to its increase. Internal stresses determine deformation 
and failure mechanism as well; large stresses lead to crazing/cracking and finally to brittle 
failure, which may hinder the application of PLA in many areas. 

PLA/RC composites with different compositions were prepared successfully by 
the Pickering emulsion approach in the study reported in Chapter 5. Their characteriza-
tion by XRD, microscopy and transparency indicated that RC forms a network in the PLA 
matrix at relatively small concentrations. However, the dispersion of the RC in the PLA 
matrix was acceptable up to 2 wt%. DSC analysis confirmed that RC prepared by the 
hydrogen chloride vapor approach accelerates the crystallization of PLA. The large spe-
cific surface area of the nanocellulose fibers, as well as strong interactions lead to the 
considerable increase of composite strength at small RC content. At larger regenerated 
cellulose contents structural effects play an important role and strength decreases with 
increasing amount of RC. These results emphasize the importance of homogeneity and 
show that even the Pickering emulsion approach has some limitations, although it is still 
better than traditional melt mixing techniques.  

In chapter 6 we described the results of a study on the rheological properties of 
the PLA/RC composites. Materials with different compositions were prepared by the 
Pickering emulsion process to study their structure and the rheological properties. Vis-
cosity was modelled with the modified Carreau-Yasuda and the modified Cross models, 
and a new model was proposed as well. The results show that RC is a suitable reinforce-
ment for PLA and the Pickering emulsion process produces homogeneous material. Good 
dispersion and the relatively large aspect ratio of the cellulose nanofiller leads to the for-
mation of a network structure already at small cellulose content. Viscosity increases rap-
idly with increasing cellulose concentration and a yield stress appears already at 0.5 wt% 
RC content. Modeling helps the quantitative analysis of the experimental results and of-
fers additional information about the structure and properties of the composites studied. 
All three models predict yield stress well, but only the new model gives reasonable values 
for the power law exponent. Other parameters and their composition dependence are dif-
ficult to interpret. 

The kinetics of the enzymatic degradation of PLA was analyzed quantitatively in 
the study presented in Chapter 7. The results proved that Proteinase K degrades the pol-
ymer very efficiently. The rate of degradation increases considerably up to 0.1 mg/ml 
enzyme concentration, but remains constant at larger values. Temperature has an opti-
mum at around 50 °C that is somewhat higher than the 37 °C extensively used in the 
literature as the most advantageous value. If degradation occurs in the same medium 
throughout the process, the formation of lactic acid results in the sharp decrease of pH 
and finally in the denaturation of the enzyme. The daily change of the medium results in 
degradation with a constant rate and the entire amount of polymer can be decomposed 
mainly into monomer or smaller oligomer fragments. The molecular weight of the poly-
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mer influences the rate of degradation only slightly, degradation rate decreases with in-
creasing molecular weight. The effect of stereoregularity on the rate of degradation could 
not be determined unambiguously because the range studied was not sufficiently wide. 
Nevertheless, the use of appropriate kinetic models allowed the quantitative analysis of 
the results and the unambiguous determination of the effect of several factors on the rate 
of the enzymatic degradation of PLA. 

 
The most important conclusions of this Thesis are summarized briefly in the fol-

lowing main points: 

 
1. As a result of the detailed study of the physical-chemical aspects of drug 

release from drug containing electrospun PLA devices we showed that because of 
the limited solubility of the drug in the components and that of the components in 
each other, the composition of the various phases changes during production and 
only a part of the drug is located within the fibers, the rest can be found among the 
fibers (Chapter 3). 

2. We pointed out the first time that contrary to claims of a two-step re-
lease of amoxicillin form electrospun PLA fibers, the second, slow process is less 
probably because the size of the drug is larger than the free volume of the polymer 
and thus the drug is released in a single, burst like process (Chapter 3). 

3. We called the attention for the first time to the fact that the widely used 
free volume theory does not explain sufficiently the physical ageing of PLA and 
the change of its glass transition temperature with time. We proved that besides 
the change of free volume the development of internal stresses plays a role as well 
and they determine also the failure mechanism of the polymer (Chapter 4). 

4. By the detailed study of the structure-property correlations of 
PLA/regenerated nanocellulose composites we established the fact that structural 
effects play an important role in the determination of composite properties. Re-
generated cellulose particles form a network already at a small RC content. The 
results proved that the main issue of the preparation of PLA/nanocellulose com-
posites is aggregation and we called attention to the fact that even the Pickering 
emulsion process, otherwise offering much better homogeneity than other tech-
niques, have limitations (Chapters 5 & 6). 

5. During the study of the rheological properties of PLA/RC nanocompo-
sites, we proposed a new model to describe the shear dependence of viscosity. The 
comparison of the model to existing ones indicated that all three models used de-
scribe the yield stress similarly well, but only the new model offers reasonable 
values for the power law exponent (Chapter 6). 

6. During the detailed study of factors influencing the kinetics of enzy-
matic degradation of PLA and by using a model developed earlier in our lab we 
pointed out that the lactic acid forming during the degradation process denatures 
the enzyme and stops degradation if the reaction is carried in the same vessel with-
out changing the degradation medium. The daily change of the latter avoids ex-
tensive denaturation and allows the complete degradation of the polymer. We 
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called attention to the fact that the continuous adjustment of acidity would be a 
convenient and efficient way of enzymatic degradation (Chapter 7).  
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List of symbols 
 
Vy  tensile yield stress (MPa) 
İy  yield strain (%) 
V  tensile strength (MPa) 
İ  elongation-at-break (%) 
į  Fedors solubility parameter (MPa)1/2  
cs  solubility (wt%) 
Ĳr  internal stresses 
cs  solubility (wt%) 
Ȥ  crystallinity (%) 
WJ�į  loss tangent 
ĳ  volume fraction 
Ș*  complex viscosity (Pas) 
E  Young's modulus (GPa) 
G', G"  storage and loss moduli (Pas) 
Mn, Mw,  number average, weight average molecular weight (g/mol) 
Tg  glass transition temperature (°C) 
Tcc  cold crystallization temperature (°C) 
Tm  melting temperature (°C) 
Ta  ageing temperature (°C) 
ǻ9  difference in the actual and equilibrium volume 
ǻ+cc  cold crystallization enthalpy (J/g) 
ǻ+m  melting enthalpy (J/g) 
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Abbreviations 
 
Amox  amoxicillin 
CNC crystalline nanocellulose 
DCM  dichloromethane 
DMSO  dimethyl sulfoxide 
DMTA  dynamic mechanical spectra 
DSC  differential scanning calorimetry 
DMF  dimethylformamide 
FDA  Food and Drug Administration 
GPC  gel permeation chromatography 
HCl  hydrochloric acid 
I  ionic strength 
MAPP  maleic anhydride grafted polypropylene 
MFR  melt flow rate 
PCL  polycaprolactone 
PBS  phosphate-buffered saline 
PLA  poly(lactic-acid) 
PDLLA poly(D,L-lactide acid)         
PLLA  poly(L-lactide) 
PDLA  poly(D-lactide) 
RC  regenerated nanocellulose 
sPLLA  star-structured poly(L-lactide) 
SEM  scanning electron microscope 
tris  tris(hydroxymethyl) aminomethane 
THF  tetrahydrofuran 
TEM  transmission electron microscopy 
UV               ultraviolet 
UV-Vis  ultraviolet-visible spectroscopy  
XRD  X-ray diffraction 
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Abstract: Fibers were spun from a mixture of dichloromethane (DCM) and dimethyl sulfoxide
(DMSO) solution of poly(lactic acid)(PLA) containing various amounts of amoxicillin (Amox) as the
active component. Composition changes during spinning, structure, solubility, and the location of
the drug were considered during the evaluation of drug release and microbial activity. The results
showed that the composition of the material changes during the preparation procedure. The solubility
of the drug in the components and that of the components in each other is limited, which results in
the formation of several phases and the precipitation of the drug. The technology used results in the
partitioning of the drug; some is located inside, while the rest is among the fibers. The wetting of the
fibers or disks by the water-based dissolution media is poor, the penetration of the liquid into and the
diffusion of the active component out of the device takes considerable time. Drug release takes place
in one, burst-like step, only Amox located among the fibers dissolve and diffuse into the surrounding
medium. The slow second stage of release claimed in the literature is less probable because the size of
the Amox molecule is considerably larger than the holes creating the free volume of the polymer. The
prepared device has antimicrobial activity, inhibits the growth of the two bacterial strains studied.
The time scale of activity is short and corresponds to that of the release experiments and the burst-like
behavior of the device. The results clearly prove that physical–chemical factors play a determining
role in the effect and efficiency of medical devices prepared from electrospun fibers containing an
active component.

Keywords: PLA; amoxicillin; composition; structure; drug release; antimicrobial activity

1. Introduction

Drug delivery is a crucial question of modern therapy. The strength, time, and site of
action of delivery may influence the recovery of the patient significantly. A good example
is periodontitis, an inflammatory disease resulting from the overgrowth of subgingival
polymicrobial community in susceptible hosts affecting the tissues surrounding the teeth.
This disease is the most prevalent reason for tooth loss among adults [1]. Using sys-
temic antibiotics is usually adjunctive with the elimination of biofilm in the periodontal
treatment [2]. Systemically administered antibiotics may not be present in sufficient con-
centration in the periodontal pocket; therefore, they are often ineffective while the common
side effects of antimicrobial therapy could occur [3].
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Consequently, it is not very surprising that numerous papers deal with local delivery
systems containing antimicrobial drugs, which alone or in combination with other pro-
cedures may result in a more efficient treatment. The introduction of devices containing
antibiotics onto the exact location where the delivery is required may result in efficient
therapy with limited side effects and reduced risk of developing drug-resistant microbes.
Numerous local drug delivery systems such as fibers, strips, films, injectable gels, micro-
and nanoparticulate systems, vesicular systems, and in-situ forming implants have been
developed for this purpose in the last decades [3–9].

The pharmaceutical industry shows increasing interest in the electrospinning tech-
nique due to its extraordinary advantages, such as large processing flexibility, controlled
drug release kinetics, and topical/systemic therapies compared with traditional drug for-
mulations [10–14]. The physical–chemical properties of the polymer, the drugs, and the
solvents greatly influence interactions and drug release kinetics—the compatibility of the
drug and the solvent, the drug and the polymer, and polymer/solvent interactions, both
in the spinning solution and in the fibers, as well as the evaporation of the solvent—all of
which impact the location of the drug, encapsulation, and the solid-state characteristics of
the formulation [15,16].

Amoxicillin (Amox) is one of the most important antibiotics, is relatively cheap and has
broad antimicrobial activity, bactericidal effect, and high therapeutic index. Consequently,
quite a few studies focus on the preparation and drug release of electrospun fibers prepared
from biopolymers and Amox, in order to use them as drug delivery systems. These studies
include the optimization of the preparation process, the modification of properties, the
control of drug release, and microbiological effects [17–28]. Valarezo et al. [20,21], for
example, prepared fibers from poly(lactic acid) (PLA)/polycaprolactone (PCL) blends
containing Amox and could control the rate of drug release by adjusting the ratio of
the two polymers. Zhang et al. [22] modified poly(D,L-lactide-co-glycolide) acid (PLGA)
with methoxy-poly(ethylene glycol)-amine to improve the compatibility of Amox with the
polymer and achieved good antibacterial efficacy, cytocompatibility, and hemocompatibility.
Tang et al. [23] developed PLGA/collagen nanofibers by coaxial spinning and they could
achieve a loading capacity of Amox exceeding 90%. Occasionally a drug carrier component
(hydroxyapatite [24,25], halloysite nanotubes [26,27]) is also incorporated into the fibers in
order to improve mechanical properties or control drug delivery.

Although more and more reports are published on devices fabricated from electrospun
fibers containing an active component, mostly antibiotics, surprisingly little attention is
paid to the physical–chemical aspects of the preparation or the drug release process. The
authors usually assume that the composition of the fibers is the same as that of the spinning
solution and the fibers are homogeneous. Homogeneous drug distribution is not assumed,
because the particles of the drug are often observed on the surface of the fibers. The
phase separation of the polar drug and the presence of the particles usually leads to a
burst-like delivery, which is said to be followed by a slow, controlled release. The papers
on electrospun biopolymer devices containing Amox unanimously agree on this two-step
process irrespective of differences in the experimental details [17,21,27]. The fibers are
spun from different solvents (acetone, chloroform/methanol, dichloromethane (DCM)
or tetrahydrofolate (THF)/dimethylformamide (DMF)), Amox content changes between
1 and 7 wt%, the delivery medium is water, phosphate-buffered saline (PBS) or standard
buffer solution, and a wide variety of polymers are used as a matrix (PLA, PLGA, PCL).
No wonder that the extent of drug delivery also changes in a wide range, between 10 and
100% [19–21,25–28]. The interaction of the components, mutual miscibility, the structure
of the matrix, and the distribution or partitioning of the active component are mentioned
occasionally but rarely investigated, although all must influence the time dependence,
extent, and efficiency of drug delivery very much.

In view of the considerations above, we prepared electrospun fibers from PLA and
Amox, fabricated compressed disks from them, and determined drug release as well as
the microbiological activity of the device. We focused our attention mainly on issues
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and effects often ignored or neglected in earlier studies, such as changing composition
during the fabrication process, the location of the active component, the role of wetting
and penetration in drug delivery, and the time dependence of release. All these questions
are considered and discussed, keeping in mind the use of the prepared device for local
periodontal treatment.

2. Experimental
2.1. Materials

PLA granules (Ingeo 4032D, density of 1.24 g/cm3) were supplied by NatureWorks
(Minnetonka, MN, USA). Amoxicillin trihydrate was obtained from Tokyo Chemical Indus-
try (Tokyo, Japan) with >98% purity and 11–15% water content. DCM, dimethyl sulfoxide
(DMSO) and sodium chloride were purchased from Molar Chemicals Kft. (Halásztelek,
Hungary). Physiological saline solution (saline) was prepared from water containing
0.9 wt% sodium chloride. Distilled water was used for the preparation of water-based
solutions in the drug release tests.

2.2. Sample Preparation

PLA fibers containing various amounts of Amox were prepared by electrospinning
at ambient temperature, 15 kV voltage, 15 cm collector distance, and a feeding rate of
2 µL/s. The solvent used was the 80/20 vol% mixture of DCM and DMSO. The solution
contained the polymer in 8.8 wt%, while the amount of the active component was 0.25, 0.50,
0.96, and 1.23 wt% calculated for the amount of PLA. The aluminum foils supporting the
collected fibers were put into an air circulating oven (Venti-Line VL115, VWR International,
LLC, Lutterworth, UK) for 2 days at 40 ◦C to remove DMSO. Electrospun fiber mats taken
directly from the foils and round, compressed disks were used for characterization, as
well as the analysis of release kinetics and microbial activity. The disks were obtained by
compressing approximately 50 mg fibers under 3 MPa pressure for 60 s in a pellet die of
13 mm diameter (Specac Atlas Manual Hydraulic Press 25T and Specac 13 mm Pellet Press
Die (Specac Ltd., Orpington, Kent, UK).

2.3. Characterization

The structure of the fiber mats and disks was characterized by using a JEOL JSM
6380LA (JEOL Ltd., Tokyo, Japan) scanning electron microscope (SEM). Disks were frac-
tured at liquid nitrogen temperature and then a thin gold layer was sputtered onto the
fracture surface prior to the SEM study. The crystalline structure of the components was
studied by differential scanning calorimetry (DSC) and X-ray diffraction measurements
(XRD). DSC measurements were carried out on 3–5 mg fibers or samples taken from the
disks. The measurements were made using a Perkin Elmer DSC IC apparatus (PerkinElmer,
Budapest, Hungary); samples were heated from 30–200 ◦C at the heating rate of 10 ◦C/min
under N2 purge. XRD patterns were recorded using a Philips PW 1830 diffractometer (UK).
Measurements were carried out in the range of 2θ angles of 5–40◦, with 0.04◦ increments
and 1s/step rate at the accelerating voltage of 40 kV and exciting current of 35 mA.

Solubility was determined by preparing over-saturated solutions of Amox in the
corresponding solvent (DMSO, DCM, water) or solvent mixture (DCM/DMSO/PLA). The
amount of dissolved Amox was determined by UV-Vis spectroscopy using a Unicam UV
500 type spectrophotometer (Unicam, Cambridge, UK) after calibration. The measurement
was done in the wavelength range of 200–400 nm with a scan speed of 120 mm/min and
lamp change at 320 nm. The concentration of the drug was determined from the intensity
of the absorbance peak characteristic for Amox. The solubility of Amox in PLA was
determined by the preparation of solvent-cast PLA/Amox films and subsequent UV-Vis
spectroscopy. The characteristic absorbance of Amox increases linearly with concentration
up to the solubility limit and then levels off as the drug forms a separate phase. The
solubility parameter of the materials used in this study was determined by the group
contribution approach using the values proposed by Fedors [29].
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In order to determine the amount of encapsulated Amox, disks were immersed into
20 mL water and kept there for 5 days. After 5 days, the disks were taken out and washed
with distilled water 3 times to remove the eluates, and then dried in an oven at 110 ◦C for
24 h. Subsequently, 4 mL DCM was added to dissolve the dried disks and then Amox was
extracted with water by shaking the mixture thoroughly. The mixture was left standing
overnight until the DCM/PLA and water/Amox phases separated. The amount of Amox
was determined by UV-Vis spectrophotometry as described above.

The wetting of compressed PLA/Amox disks in contact with water was studied
by using an Optical Contact Angle System (Ramé Hart 100-00 Goniometer, ramé- hart
instrument co., Morris County, NJ, USA). The measurement was done by placing a water
droplet of 10 µL volume from a calibrated syringe onto the surface. The contact angle
was measured at 0, 10, 20, 30, and 40 min. Five parallel measurements were done on each
sample. In order to determine the penetration of water, as well as the ultimate water uptake
of the compressed disks, approximately 100 mg of material cut from the disk was immersed
into 25 mL water for 104 h. The weight of the samples was recorded as a function of time
and the degree of penetration was calculated.

The structure of the Amox molecule was modeled using the Chem 3D Pro 12.0 software
(PerkinElmer Inc., Akron, OH, USA). The three dimensions measured were based on the
model axes and the mapped cuboid volume of the molecule was calculated from the results.

2.4. Drug Release

50 mg PLA/Amox disks containing 1.23 wt% drug were immersed into 20 mL water
or 0.9 % saline solution for the drug release test. The test was carried out for one week.
Samples were taken intermittently and the concentration of Amox in water or the saline
solution was determined by UV-Vis spectrophotometry under the conditions mentioned
before. Three parallel measurements were carried out for each medium and composition.

2.5. Microbiology

A 1 McFarland standard concentration bacterial suspension of two bacterial strains
(Streptococcus mutans, ATCC 25175 and Aggregatibacter actinomycetemcomitans, DSM 11122)
was made separately with saline solution (in suspension, it is equivalent to approximately
3 × 108 colony-forming units/mL). The suspension was spread onto Schaedler agar plates
(Schaedler agar + 5% sheep blood (Biomérieux SA, Craponne, France), upon which the
compressed disks were placed subsequently. After 24 h of incubation in anaerobic condi-
tions, the diameter of the inhibition zones was measured. Subsequently, the disks were put
onto a new agar plate, also inoculated with 1 McFarland standard concentration bacterial
suspension freshly made from each of the above-mentioned bacterial strains. The plates
were then put into an anaerobic chamber for 24 h. The procedure of replacement onto a
new agar plate was repeated until no inhibition zone could be detected (Figure S1). Three
parallel measurements were done for each formulation.

3. Results and Discussion

The results are presented in several sections. Physical–chemical factors and processes
related to fiber spinning, structure, solubility and distribution of the drug are discussed in
the first few sections. Wetting and the penetration of the dissolution medium connected
with drug release is considered next, followed by drug release and the microbiological
effect in the last section of the paper.

3.1. Electrospinning, Composition

The electrospinning of biopolymers containing Amox has been done from various
solvents and solvent mixtures. Acetone is frequently used [17,20,21,27], and one rightly
assumes that the total amount of solvent evaporates during spinning in this case. However,
often solvent mixtures are applied, PCL fibers were spun from the mixture of chloroform
and methanol [25], while the combination of THF and DMF [22], as well as dichloromethane
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and DMF [26] were also used for spinning. We used the combination of DCM and DMSO
in this study. However, solvents like DMF and DMSO, added to the mixture to facilitate
spinning and the dissolution of the drug, have high boiling points and low vapor pressure.
Consequently, they do not necessarily evaporate during the spinning process, thus resulting
in a material with a composition different from the intended one.

In order to demonstrate the change of composition during sample preparation, the
composition of the material in the various steps of the technology is presented in Table 1
for the selected Amox content. Spinning was done from a mixture of DCM, DMSO, and
PLA containing 1.23 wt% Amox, calculated for the amount of PLA. The concentration
of Amox in the spinning solution was relatively low, and the solution was clear and
homogeneous. DCM evaporated during spinning and a three-component material was left
behind containing the PLA fibers, DMSO, and Amox. Here the mutual solubility of the
components comes into play, DMSO and PLA are not completely miscible, which makes
possible the formation of the fibers, but leaves behind a two-phase material consisting of
a PLA/DMSO/Amox and a DMSO/Amox phase. The presence of the latter was shown
by the exudation of the solvent during the compression of the fibers into disks if DMSO
was not evaporated before, and by various characterization techniques such as DSC and
Fourier-transform infrared spectroscopy. Accordingly, some part of the active component,
i.e., Amox, was not located within the fibers, but among them, in the DMSO solvent. In the
final step of fiber production, DMSO was evaporated in an air-circulating oven and Amox
precipitated among the fibers in the form of crystals. Accordingly, the form and location of
the active component must be crucial for drug delivery, and it depends on a number of
factors, including initial composition, technology, and solubility, etc.

Table 1. Composition of the material at the different stages of the preparation process.

Material
Component (wt%)

DCM DMSO PLA Amox

Spinning solution 75.49 15.61 8.80 0.11

Raw fiber 63.66 35.89 0.45

Dried fiber 98.77 1.23

3.2. Structure

The product of the spinning process is a fiber mat (Figure 1a) consisting of an irregular
collection of fibers. This is compressed into a disk (Figure 1b) to prepare a device, which is
then used for therapy. The drug is crystalline, but the polymer can also crystallize, thus
influencing the distribution of the active component and drug release. As Figure 1c shows,
the disk prepared consists of closely packed fibers, with some space between, allowing
the penetration of the dissolving medium, as well as the diffusion of the drug into the
surrounding solution.

PLA crystallizes slowly, thus, most products prepared from it usually have an amor-
phous structure. The fast evaporation of the solvent may also prevent crystallization. The
drug is excluded from the crystals, thus, it can be located only in the amorphous phase of
the polymer, which also influences release. The DSC traces of the raw fibers and that of
the disk prepared from them are presented in Figure 2. The interpretation of the melting
curve of the raw fiber is not easy. Several processes can be identified, the glass transition
temperature of the polymer, crystallization, evaporation of DMSO and melting. None of
the transitions are very sharp and clear because of the presence of a relatively large amount
of solvent. The cold crystallization of the polymer indicates that the fibers are mostly amor-
phous originally. The melting trace of the PLA forming the disk is much simpler and easier
to interpret. The glass transition of PLA is followed by a small extent of cold crystallization
and then melting at around 165 ◦C. The melting curve of the disk clearly shows that the
crystallinity of the polymer is considerable, it is around 35% compared to that of the raw
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fiber that is approximately 17%. The change of crystallinity during fiber production must
also modify the solubility of the drug in the polymer and thus influence release.
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Figure 2. DSC traces recorded on the raw fibers and on a disk prepared from them after the
evaporation of DMSO. Amox content: 0.96%.

The structure of the components was also checked by XRD. The patterns of the drug,
the neat polymer, and that of PLA containing 1.23% Amox are compared in Figure 3. The
drug is highly crystalline, which decreases solubility both in the polymer and during
therapy. The trace of PLA shows that the disk is crystalline—indeed, the characteristic
reflections of the polymer are clearly seen in the XRD pattern together with the usual amor-
phous halo. The crystallinity of PLA also appears on the pattern of PLA containing the drug,
but it seems to decrease somewhat in the presence of the drug that is difficult to explain.
The amount of the drug is small and its solubility in PLA is very limited (see later), thus, it
cannot greatly influence crystallization, but might interfere with the spinning process and
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the evaporation of DMSO during drying. The crystalline structure of the components must
be considered during the evaluation of the results of drug release experiments.
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3.3. Solubility

Small molecular weight drugs are often very polar crystalline substances. The same
applies to Amox used in this study, as shown by the structure of the molecule presented
in Scheme 1, and by its highly regular crystalline structure indicated by the XRD pattern
shown in Figure 3. Polymers, on the other hand, contain far fewer polar groups, thus, their
interaction with the drug is usually weak, and the solubility of the drug in the polymer
is limited as a result. However, the spinning solution also contains further components,
mostly the solvent or solvents, thus, mutual solubility of all components must be considered
that is rarely done in studies related to the drug release of scaffolds or wound dressings
prepared by electrospinning.
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The interaction of the components can be estimated by various means. One of the sim-
plest approaches is the measurement or calculation of the Hildebrand solubility parameter.
The solubility parameter of the components is collected in Table 2. The parameter of most
components was calculated with the help of group contributions using the approach of
Fedors [29], while that of water was taken from the literature [30]. The solubility parameter
for mixtures was calculated from their composition and they are volume average values.
According to Table 2, water is the most polar substance involved in the process, but the
polarity of Amox and DMSO is also considerable. The solubility parameter of DCM and
PLA, on the other hand, is the smallest, and they are very similar to each other, which
explains the good solubility of PLA in the solvent, but predicts very limited solubility of
the drug in both components. Since the spinning solution is completely homogeneous
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because of the presence of DMSO, the removal of this latter results in phase separation, the
precipitation of the drug.

Table 2. Interactions and solubility of Amox in the various components.

Component Solubility Parameter, δ (MPa)1/2 Solubility, cs (wt%)

Water 47.9 0.36

Amoxicillin 36.7 n.a.

DMSO 26.7 3.70

PLA/DMSO 24.5 –

Spinning solution 21.4 0.22

DCM 20.2 0.02

PLA 20.2 0.01

Solubility was also measured experimentally, wherever it was possible. The measured
solubility values are collected in Column 3 of Table 2. The solubility of Amox was the
largest in DMSO and still acceptable in the spinning solution, but it was very small in both
DCM and the polymer. Accordingly, the drug can exist in the polymer only as a separate
phase, in the form of crystals, which of course, strongly influences its release. Solubility
in the PLA/DMSO mixture could not be determined experimentally. The relatively small
solubility of the drug in water does not affect dissolution and drug release significantly,
since the volume of the dissolution medium, as well as in vitro conditions, usually results
in very low concentrations.

Another factor that must be considered in our specific case is the interaction and
mutual solubility of DMSO and PLA. As Table 2 shows, the solubility parameters of the
two components differ considerably from each other, thus, DMSO does not dissolve the
polymer completely, their miscibility is limited. This statement is strongly supported by
Figure 4, showing the DMSO uptake of the polymer as a function of time. The maximum
amount of DMSO, which can be dissolved in the polymer is 27.7 wt%, but as Table 1 shows,
the raw fibers contain around 64% DMSO. The limited mutual solubility of the polymer
and DMSO justifies the phase separation mentioned earlier (see Section 3.1). However, the
larger solubility of Amox in DMSO (Table 2) means that a considerable part of the drug is
located in the DMSO phase, and it remains among the fibers as precipitated particles upon
the evaporation of the solvent. Accordingly, the location and form of the drug at the end of
the process producing the disks is crucial for drug release and efficiency.
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3.4. Location of the Drug

In accordance with the considerations above, the amount of Amox located in the fibers
was estimated by taking into account the solubility of the components. After spinning,
some DMSO can be found in the fibers, but also as a separate phase. As the solubility
of Amox is much larger in DMSO than in the polymer, we must assume that the drug is
partitioned in accordance with the amount of DMSO in the phases. These considerations
allow the calculation of the theoretical amount of Amox in the fibers, which is listed in
the second column of Table 3. The amount of Amox actually encapsulated within the
fibers was also determined experimentally. The disks were immersed into excess water in
order to dissolve the drug found among the fibers, the fibers were dissolved in DCM, the
solution was extracted by water, and then the amount of Amox was determined by UV-Vis
spectroscopy. The results are collected in the third column of Table 3. The magnitude of
the theoretical and experimental values agree quite well, but the differences, as well as the
dependence on Amox content, indicate that factors other than solubility also influence the
amount of drug encapsulated in the fibers. These factors must depend on the spinning
technology and relate to solvent evaporation, as well as the precipitation and crystallization
of the components. The precipitation of the drug and the existence of particles located both
among and within the fibers is demonstrated well by the SEM micrographs presented in
Figure 5. A large number of small particles can be clearly identified on the surface of the
fibers in Figure 5a. However, particles can also be detected within the fibers, as shown by
the micrograph on Figure 5b recorded on the cross section of the fibers. Because of the
very small solubility of Amox in PLA, the drug can exist only as crystalline particles within
the fibers.

Table 3. Location of amoxicillin in electrospun PLA fiber disks; encapsulation, release, efficiency.

Amox Content (wt%)
Within PLA (%)

Released (%) Encapsulation (%)
Theoretical Extracted

0.25 15.5 22.5 72.5 95.0

0.50 15.5 22.2 65.7 88.0

0.96 15.6 14.2 53.2 67.4

1.23 15.7 11.1 48.8 59.9Pharmaceutics 2021, 13, 1645 10 of 16 
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Figure 5. SEM micrographs showing the presence of Amox particles in PLA disks. (a) particles located among the fibers,
(b) particles found within the fibers.

The dissolution of the drug from among the fibers and the determination of the amount
within the fibers allows the estimation of drug encapsulation efficiency. This latter means
the total amount of drug accommodated by the disk prepared from the PLA fibers in this
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case. The dissolved amount and the encapsulation efficiency are listed in Columns 4 and 5
in Table 3. Similarly to the amount of encapsulated Amox, also the amount of the released
drug decreases with increasing concentration of the drug in the spinning solution leading
to decreasing encapsulation efficiency. This result means increasing loss with increasing
Amox concentration. One source of this is definitely the physical loss of crystalline Amox
particles, which was unambiguously observed during the handling of the mats and disks.

3.5. Wetting, Penetration

The goal of the preparation of the disks is to use them in therapy, for the controlled
release of the drug. In order to convey the drug to the location of its action, the surrounding
medium, usually body fluid with high water content, must penetrate the disk, dissolve
the drug and then this latter must diffuse out of the disk. Because of the crystallinity of
the drug, dissolution is not instantaneous and penetration also requires time. PLA is an
apolar polymer with a surface energy of 35.5 mJ/m2 [31], while water is polar with the
surface tension of 72 mJ/m2. Accordingly, water does not wet the polymer, as shown by
the definite contact angle in Figure 6a. The contact angle is usually measured by placing
a droplet of a liquid onto a smooth, stable surface, but these conditions do not apply
in our case. The surface used for measurement is neither stable nor smooth, and thus,
besides the surface-energy contact angle depends also on pore size and capillary forces.
Because of the high surface tension of water, this latter hinders penetration, which may
take considerable time. This is demonstrated well by the time dependence of contact angle
shown in Figure 6b. The contact angle approached zero, but its determination is very
difficult or impossible at longer times, because of its small value and the rough surface of
the disk.
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Figure 6. Wetting of a PLA disk prepared from electrospun fibers by water; (a) photo of a droplet used
for the determination of contact angle, (b) decrease of contact angle with time due to the diffusion of
liquid into the disk.

The time dependence of contact angle clearly shows that the penetration of the
medium requires time, but does not allow the determination of complete saturation. Disks
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were immersed into water and the change of their weight was measured as a function of
time. The amount of water taken up by a disk is plotted against the time of the immersion
in Figure 7. One can clearly see that saturation is reached in about 120 h and the dissolution
of the drug and its diffusion out of the device must last even longer. The permeation of
water depends very much also on the preparation conditions of the disks, especially on the
compression pressure applied.
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fibers. Symbols: (◦) PLA containing 0.96% Amox, (�) neat PLA.

3.6. Drug Release

In most studies, drug release is modeled by immersing fiber mats or devices prepared
from them into a dissolution medium, usually water, saline or buffer solution. The release
of Amox from the PLA disks prepared in this project is presented in Figure 8 as a function
of time. Release increases rapidly initially and then approaches a plateau, indicating maxi-
mum release, which is around 50–60% in this case. The plateau is reached in approximately
two to three days and we did not observe further release, at least in the time scale of
the experiment. The partial release of the drug is in accordance with the considerations
presented before, i.e., with the encapsulation of the drug into the PLA fibers resulting in
the slow or negligible release, but also by its physical loss during the handling of the disks.
The extent of release also depends on the dissolution medium—it is somewhat larger into
the saline solution than water. Such an effect of the dissolution medium has been observed
before—occasionally, a very small amount of Amox was released into all media [20], but
especially into PBS [17].

The fact that a constant value of release is reached needs further consideration. Practi-
cally all reports related to the release of Amox from electrospun fibers or related devices
claim that release takes place in two steps, a burst-like rapid release and then prolonged-
release going on for a long time [17,21,27]. Unfortunately, in the case of PLA/Amox fibers,
although a two-stage process is claimed, the experimental evidence does not support it in
our case. Amox release reaches a constant value in a couple of days instead of a prolonged
release [17,20,26]. The basis of the two-step hypothesis and prolonged drug release is the
assumption of slow diffusion of the encapsulated drug from inside the fibers. However,
we must thoroughly consider here the possibility and rate of diffusion. The drug molecule
presented in Scheme 1 is not small. Its size was estimated by modeling and its dimensions
are shown in Figure 9. The volume of the mapped cuboid is 0.544 nm3. The molecule must
move in the amorphous phase, through the free volume of the polymer. The size of the
individual voids creating the free volume was determined as 0.124 nm3 using positron
annihilation spectroscopy by Kanda et al. [32]. The dissimilarity in the two values indicates
very slow diffusion at most, thus, questioning the hypothesis of a two-step release. The
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situation is different for PCL, since its amorphous phase is above the glass transition tem-
perature allowing the movement of larger molecules as well. However, one may consider
the possible occurrence and effect of hydrolysis. The hydrolytic degradation of PLA is slow
at neutral pH, but larger or smaller pH as well as other factors, like the catalytic effect of
some components, may lead to the degradation of the polymer. As an effect of hydrolysis,
the medium usually becomes more acidic, which accelerates degradation further. The
degradation of the polymer may result in the slow release of drugs leading to the second
slow step observed by many researchers. Unfortunately, composition and conditions are
rarely specified, and the possibility of degradation usually is not checked, thus, the reason
for the slow release is difficult to identify. Similarly, the method of fabrication may also
influence the rate of release, but a detailed study has not been made on this effect either, at
least, we are not aware of any such study. Nevertheless, we can clearly state that physical–
chemical issues play an important role in the determination of the extent and mode of
drug release.
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3.7. Antimicrobial Activity

In order to verify the results presented above, the antimicrobial activity of the disks
was determined on two bacterial strains, on Streptococcus mutans and Aggregatibacter actino-
mycetemcomitans, as a function of time. The diameter of the inhibition zone was measured
after 24 h incubation, and the disks were placed onto a new fresh agar plate daily until any
inhibition effect was observed. The results are presented in Figure 10. Amox has different
antimicrobial activity towards the two strains, stronger against the Streptococcus mutans and
somewhat weaker against Aggregatibacter actinomycetemcomitans. The results clearly show
that the antibacterial activity decreased with time, and higher concentration of amoxicillin
in the fibers of the disk led to increased efficiency against S. mutans. More importantly,
the inhibition effect of the disk with a larger amoxicillin concentration lasted for 4 days
in contrast with the two-day effect of the disk with smaller amoxicillin content. Although
encapsulation efficiency is lower at higher concentrations (see Table 3), the absolute values
in the final device (disk) are larger, and thus the antimicrobial effect is also stronger. No
initial dose effect was detected against A. actinomycetemcomitans. The time dependence of
activity is in close agreement with the results of the drug release experiments showing only
short-term effects because of the fast release of Amox located among the fibers of the disk
as precipitated crystals.

Pharmaceutics 2021, 13, 1645 14 of 16 
 

 

 
Figure 10. Microbial activity of PLA disks prepared from electrospun fibers with various Amox 
contents. Symbols: (◯,●) Streptococcus mutans, (◻,∎) Aggregatibacter actinomycetemcomitans; empty 
symbols: 0.25 wt%, full symbols: 1.23 wt% amoxicillin. 

4. Conclusions 
The study focusing on the physical–chemical aspects of drug release from devices 

prepared by the electrospinning of PLA showed that the composition of the material 
changes during the preparation procedure. The solubility of the drug, amoxicillin in this 
case, in the components and that of the components in each other is often limited, which 
can result in the formation of several phases and the precipitation of the drug either inside 
or outside the fibers. The composition of the spinning solution consisting of two solvents, 
DCM and DMSO, results in the partitioning of the active drug, a smaller amount of amox-
icillin is precipitated in the form of crystals inside the fibers, while the larger part is located 
among the fibers. The wetting of the fibers or disks by the water-based dissolution me-
dium is poor, the penetration of the liquid into and the diffusion of the active component 
out of the device takes considerable time. Drug release takes place in one, burst-like step, 
practically only the amoxicillin crystals located among the fibers dissolve and diffuse into 
the surrounding medium. The slow second stage of release claimed in the literature is less 
probable because the size of the amoxicillin molecule is considerably larger than the holes 
creating the free volume of the polymer. The prepared device has antimicrobial activity, 
inhibits the growth of the two bacterial strains studied. The time scale of activity is short 
and corresponds to that shown by the release experiments and to the burst-like behavior 
of the device. Although the results clearly prove that physical-chemical factors play a de-
termining role in the effect and efficiency of medical devices prepared from electrospun 
fibers containing an active component, the study shows that the selected combination of 
materials and techniques have some limitations as well. Probably, a larger effect and effi-
ciency could be achieved if a different polymer or a polymer blend having larger misci-
bility with Amox were selected as carrier material. 

Supplementary Materials: The following are available online at www.mdpi.com/arti-
cle/10.3390/pharmaceutics13101645/s1, Figure S1: Schematic graph of the microbiological study. 

Author Contributions: Conceptualization, L.C. and B.P.; methodology, L.C.; software, L.C.; valida-
tion, M.B.-S. and B.P.; formal analysis, J.R.M.; investigation, J.R.M., K.B. and P.V.; resources, M.B-S.; 
data curation, M.S. and S.B.; writing—original draft preparation, B.P.; writing—review and editing, 
L.C.; visualization, J.R.M.; supervision, B.P.; project administration, L.C.; funding acquisition, B.P. 
All authors have read and agreed to the published version of the manuscript. 

Figure 10. Microbial activity of PLA disks prepared from electrospun fibers with various Amox
contents. Symbols: (◦,•) Streptococcus mutans, (�,�) Aggregatibacter actinomycetemcomitans; empty
symbols: 0.25 wt%, full symbols: 1.23 wt% amoxicillin.

Based on the microbiological tests, valuable information can also be obtained about
the clinical application of the device. By using the PLA/amoxicillin electrospun fibers, a
duration of action of 2–4 days can be achieved, which is more favorable than the topically
applied conventional preparations (such as the rinses, dental gels), as the latter need to
be administered several times a day. Although the release of the active ingredient can be
considered to be relatively fast, its duration of action is longer against some microorganisms
compared to conventional dosage forms.

4. Conclusions

The study focusing on the physical–chemical aspects of drug release from devices
prepared by the electrospinning of PLA showed that the composition of the material
changes during the preparation procedure. The solubility of the drug, amoxicillin in
this case, in the components and that of the components in each other is often limited,
which can result in the formation of several phases and the precipitation of the drug either
inside or outside the fibers. The composition of the spinning solution consisting of two
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solvents, DCM and DMSO, results in the partitioning of the active drug, a smaller amount
of amoxicillin is precipitated in the form of crystals inside the fibers, while the larger
part is located among the fibers. The wetting of the fibers or disks by the water-based
dissolution medium is poor, the penetration of the liquid into and the diffusion of the
active component out of the device takes considerable time. Drug release takes place in one,
burst-like step, practically only the amoxicillin crystals located among the fibers dissolve
and diffuse into the surrounding medium. The slow second stage of release claimed in
the literature is less probable because the size of the amoxicillin molecule is considerably
larger than the holes creating the free volume of the polymer. The prepared device has
antimicrobial activity, inhibits the growth of the two bacterial strains studied. The time
scale of activity is short and corresponds to that shown by the release experiments and
to the burst-like behavior of the device. Although the results clearly prove that physical-
chemical factors play a determining role in the effect and efficiency of medical devices
prepared from electrospun fibers containing an active component, the study shows that the
selected combination of materials and techniques have some limitations as well. Probably,
a larger effect and efficiency could be achieved if a different polymer or a polymer blend
having larger miscibility with Amox were selected as carrier material.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/pharmaceutics13101645/s1, Figure S1: Schematic graph of the microbiological study.
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A B S T R A C T

Injection molded specimens were prepared from poly(lactic acid) (PLA) and their properties were determined as
a function of time to study physical ageing. The mechanical testing of specimens showed that properties change
rapidly with time. The stiffness of the specimens increases considerably, while their deformability decreases dras-
tically from 250% after injection molding to a few percent after less than a day of ageing. Thermal analysis
showed that both relaxation enthalpy and the change in the glass transition temperature (Tg) of the polymer
increased with time. Tg decreased with increasing ageing time that could not be explained by the generally ac-
cepted approach of decreasing free volume. The analysis of literature data showed that the decrease or increase
of Tg depends on the temperature of ageing and on the rate of cooling. Tg decreases at relatively low ageing tem-
peratures, while it increases when ageing temperatures are closer to the Tg of the polymer. Besides the decrease
of free volume, the development of internal stresses also plays a role in the determination of the glass transition
temperature. Internal stresses result in a decrease of Tg, while decreased free volume leads to an increase. In-
ternal stresses determine deformation and failure mechanism as well; large stresses lead to crazing/cracking and
finally to brittle failure, which may hinder the application of PLA in many areas.

1. Introduction

The interest in the use of biopolymers has increased considerably
in recent years [1–6]. The targeted areas are the packaging indus-
try, agriculture and medical devices, but they are increasingly applied
also in the production of engineering parts [7–10]. Probably poly(lac-
tic acid) (PLA) is the polymer used in the largest quantities in such ap-
plications, because of its availability, reasonable price and competitive
overall properties. PLA is produced from renewable raw materials, it is
biodegradable, but it also has large stiffness and strength. The polymer
can be modified by plasticization, blending or by reactive processing
[11–15]. Unfortunately, besides its advantages, PLA has several draw-
backs as well. It is sensitive to water, especially during melt processing,
it crystallizes very slowly, thus PLA products are amorphous or their
crystallinity is small, its glass transition temperature is low and its prop-
erties change with time relatively fast. Products prepared from PLA be-
come quite brittle after some time because of the factors listed above.

Changes in the properties of polymers with time are usually de-
scribed as physical ageing [16–19], but in the case of PLA other

processes may also lead to the deterioration of properties. The presence
of water may lead to hydrolytic degradation, to the decrease of mole-
cular weight, resulting in brittleness [20–22]. Slow crystallization dur-
ing the use of a product may also result in the change of properties
[23,24]. The hydrolysis of PLA, however, proceeds at a very low rate
at room temperature, while crystallization is not possible in the glassy
state. Physical ageing is usually identified with changes in the molec-
ular structure of the polymer. This phenomenon is attributed to mol-
ecular motions due to the non-equilibrium state of the polymer below
its glass transition temperature. High processing rates and fast cooling
during the production of plastic parts with the usual melt processing
techniques result in non-equilibrium molecular structure, the conforma-
tion of the molecules is far from their random coil arrangement. Conse-
quently, in an attempt to achieve equilibrium, the conformation of mol-
ecules changes slowly during use. The rate of change depends on ther-
mal history, the chemical structure of the polymer, the distance from
glass transition temperature (Tg), and on other factors. Physical ageing
is commonly assumed to lead to the decrease of free volume, increased
Tg, larger stiffness and decreased deformability.
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Because of the relative low glass transition temperature of PLA, its
physical ageing is fast. Considering the increasing importance of PLA,
it is not very surprising that quite a few studies focused on its physical
ageing [25–31]. The majority of these were carried out by using ther-
mal analysis, differential scanning calorimetry (DSC). PLA samples are
usually annealed at different temperatures and subsequently they are
heated up in the DSC pan to determine the glass transition temperature
as well as the enthalpy of the transition. The changes in these character-
istics depend on the temperature of annealing, but also on other factors,
e.g. cooling rate, which are much less specified in the papers published
[32]. Most of the results showed an increase in Tg with annealing time,
which is almost invariably explained with decreased free volume and
molecular mobility. However, occasionally a decrease is observed in the
glass transition temperature of PLA [33–36], which is more difficult to
explain and is rarely done. The consequence of physical ageing on the
mechanical properties of PLA products and generally on practice is in-
vestigated or mentioned very rarely. Several studies were done on PLA
fibers showing the increase of tensile yield stress and tensile strength
with ageing time, the appearance of a maximum and decrease at longer
times [37]. The increase is in accordance with the free volume theory,
but a plausible explanation was not offered for the maximum and the
subsequent decrease. Although the physical ageing of PLA is an impor-
tant phenomenon with a large impact on its application, numerous con-
tradictions surround it, which have not been studied and explained sat-
isfactorily yet.

In view of the questions mentioned above, the goal of our study was
to describe the physical ageing of PLA by carefully monitoring the prop-
erties of injection molded specimens as a function of time, i.e. follow
their physical ageing. Ageing was characterized also by thermal analysis
and the results are discussed in comparison with observations published
in the literature. An attempt was made to reveal the processes taking
place during the physical ageing of PLA and to explain the observed phe-
nomena. The consequences of physical ageing on the application of PLA
products are briefly mentioned at the end of the paper.

2. Experimental

2.1. Materials

The PLA used in the experiments was the Ingeo 4032D grade ob-
tained from NatureWorks (USA) recommended for extrusion by the pro-
ducer. The polymer (<2% D isomer) has the number average molecular
weight of 77900 g/mol, the Mw/Mn ratio of 2.1, density of 1.24 g/cm3,
while its MFR is 3.9 g/10 min at 190 °C and 2.16 kg load.

2.2. Sample preparation

The polymer was dried in a vacuum oven before processing (110 °C
for 4 h). Standard specimens (ISO 527 1A) were produced by injec-
tion molding (Demag IntElect 50/330–100) at 190-200-210-220 °C bar-
rel and 20 °C mold temperature, 900 bar injection pressure. The holding
pressure changed according to a certain profile (descending from 750 to
0 bar in 35 s). Physical ageing was done by storing the specimens in a
room with controlled temperature and humidity (23 °C and 50% RH) for
different conditioning times prior further testing. Physical ageing was
followed by the techniques described in the next section.

2.3. Characterization

The possible crystallinity of the samples was determined by X-ray
diffraction (XRD) measurements using a Phillips PW 1830/PW 1050 ap-
paratus with CuKα radiation at 40 kV and 35 mA anode excitation. XRD
traces were recorded between 5 and 30° 2θ angles.

The glass transition, melting and crystallization characteristics of the
polymer were determined using a PerkinElmer DSC 7 apparatus. All
samples (~5 mg) were first heated up to 210 °C with a heating rate of
10 °C/min, and kept at that temperature in order to erase thermal his-
tory, then they were cooled down to 0 °C with the same rate. Subse-
quently, the samples were kept in hermetically closed aluminum sam-
ple pans, and conditioned in the lab at 23 °C for the desired aging time
(0–720 h) before running another DSC scan. In order to determine the
effect of aging on the glass temperature of PLA reliably, three samples
were measured at each aging time at constant heating rate of 10 °C/min.

Mechanical properties were characterized by tensile testing on stan-
dard ISO 527 1A specimens with 4 mm thickness using an Instron 5566
apparatus with 115 mm gauge length. Stiffness (E) was determined at
0.5 mm/min crosshead speed between 0.05 and 0.3% elongation. Yield
properties (yield stress, σy and yield strain, εy), tensile strength (σ),
and elongation-at-break (ε) were calculated from force vs. deforma-
tion traces measured on the same specimens at 10 mm/min cross-head
speed. Polariscopic images were recorded during tensile tests using a
digital camera and two polarizing filters.

3. Results and discussion

The results are discussed in several sections. First the effect of time
on the mechanical properties of the injection molded bars is shown and
then the possible reasons for the time dependence of properties are dis-
cussed in the next section. The results of the study of physical ageing by
thermal analysis are presented subsequently followed by their compari-
son to mechanical properties. Stress distribution and deformation mech-
anisms are discussed in the final section of the paper.

3.1. Time-dependent properties

The mechanical properties of polymers are very important in most
application areas. Although not all materials are used in structural ap-
plications, practically all of them must possess certain strength and/or
deformability. The fast dependence of properties on time is usually not
acceptable and especially not if it leads to deterioration. Brittleness is
not tolerated in most applications, in some cases large strength, in oth-
ers ductility and large deformability are required, and occasionally both.
The time dependence of stiffness and elongation-at-break (deformabil-
ity) are presented in Fig. 1 for the injection molded PLA specimens stud-
ied. Modulus increases considerably from 2.7 to 3.2 GPa, while elonga-
tion decreases from 250% to almost zero. According to the results, the
originally ductile material became stiffer and extremely brittle with very
small deformability. These changes may result in the premature failure
of products used in catering like spoons, forks or knifes, but also of any
other product subjected to considerable external force during their use.

The continuous change of properties and their exponential charac-
ter agrees well with the explanation based on the decrease of free vol-
ume during physical ageing. The yield properties of the specimens, i.e.
yield stress and yield strain, are plotted against the time of ageing in
Fig. 2. Similarly to stiffness, yield stress also increases with time, from
about 52 to 67 MPa, but it decreases slightly afterwards. The increase of
yield stress can be accommodated into the free volume theory, but the
decrease cannot. It might be the result of erroneous measurement, but
the experiments were repeated and reproduced; moreover, similar ob-
servations were reported in the literature before[37]. The change in yield
strain is even more interesting, since one would expect decreasing yield
strain with decreasing free volume, and no maximum, of course. Appar-
ently, more than one process takes place during the storage of the sam-
ples, which might be influenced by several factors.
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Fig. 1. Effect of ageing time on the stiffness and deformability of injection molded PLA
specimens. Symbols: ( ) Young's modulus, ( ) elongation-at-break.

Fig. 2. Dependence of the yield properties of PLA on ageing time. Symbols: ( ) yield
stress, ( ) yield strain.

3.2. Possible factors

Besides physical ageing, the most important factors, which may in-
fluence the properties of PLA and are often mentioned in publications
are its water sensitivity [38,39] and crystallinity [40–42]. Poly(lactic
acid) is prepared by polycondensation and in the presence of water its
molecular weight decreases during processing, but probably also dur-
ing use. However, hydrolysis is relatively slow in the absence of cata-
lysts and it proceeds relatively fast only in acidic or alkali environment
[43,44]. Since it is a relatively hydrophobic polymer, its water absorp

tion is not very large; equilibrium water uptake is about 0.25 wt% un-
der ambient conditions (20 °C, 50% RH). This water content is not suffi-
cient to change properties considerably and the conditions do not favor
hydrolysis, molecular weight does not change during storage confirmed
also by measurements.

The other factor to consider is crystallization and crystallinity. The
mobility of PLA molecules is limited and crystallization is usually slow.
Therefore, the injection molded specimens produced in these experi-
ments are amorphous. However, glass transition temperature is close
to room temperature, thus crystallization might proceed during storage
leading to an increase in crystallinity. The XRD traces recorded on PLA
specimens immediately after production and after 960 h of storage are
presented in Fig. 3. The two traces are identical, both are amorphous,
crystallization did not take place in the period indicated. Consequently,
the changes in properties shown in Figs. 1 and 2 must be the conse-
quence of physical ageing due to conformational changes and the de-
crease of free volume.

3.3. Kinetics of ageing

The physical ageing of PLA is usually studied by thermal analysis us-
ing differential scanning calorimetry (DSC). Heat flow measured during
the heating of the polymer according to the protocol described in the ex-
perimental part is shown in Fig. 4 at various ageing times. The height
and area of the peak at the glass transition of the polymer increases
with ageing time, and its location, i.e. the glass transition temperature
changes also. The dependence of the two quantities, i.e. enthalpy relax-
ation and glass transition temperature, are plotted against ageing time
in Fig. 5. As results published in the literature show, the intensity of
enthalpy relaxation invariably increases with time and our results are in
accordance. On the other hand, Tg decreases in our experiments, which
does not agree with the majority of the studies published earlier. Usually
an increase in Tg is observed which is explained by decreased free vol-
ume and molecular mobility. The discrepancy needs further study and
explanation.

A thorough study of published papers reveal that others observed the
decrease of the glass transition temperature as well. The data are of-
ten not presented in the form of graphs, only as tables, but a decrease

Fig. 3. XRD traces recorded on injection molded PLA specimens immediately after produc-
tion and after 960 h of ageing.
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Fig. 4. Effect of physical ageing on the glass transition of PLA. Ageing time for the traces
plotted in the figure was 0, 10, 30, 60, 120, 240, 360 and 720 min; time increases from
top to bottom.

Fig. 5. The influence of ageing time on the intensity of enthalpy relaxation and the glass
transition temperature of PLA. Symbols: ( ) Tg, ( ) enthalpy relaxation.

in Tg was observed indeed. Occasionally the decrease of mobility and
free volume are given as the reason, but very often the decrease is not
explained or even mentioned at all. We must emphasize here that the
usual behavior observed the most often is the increase of Tg with age-
ing time. Selected correlations taken from the literature are plotted as
a function of ageing time in Fig. 6. As mentioned above, the number
of cases when Tg increases is much larger than those showing a de-
crease of the glass transition temperature, but these latter also exist. The
change of Tg is considerable and varies from one case to other. A single
reason, the decrease of free volume during ageing obviously does not
give a satisfactory explanation for the change of the transition tempera

Fig. 6. Dependence of the change in the glass transition temperature of PLA on aging time;
decrease and increase. Symbols: ( ) Ref. [26], ( ) Ref. [26], ( ) Ref. [41], ( ) Ref. [35],
( ) Ref. [45], ( ) Ref. [35], ( ) Ref. [17]. Ageing was done at 25 °C and 50% RH in Ref.
[17]. Ageing temperature was 40 °C in Refs. [26,35,41], 30 °C in Ref. [17] and 37 °C in
Ref. [45]. Humidity was not mentioned in these references.

ture into opposing directions. At least two processes must be considered
during ageing, and their relative magnitude or intensity determines the
direction of the change in Tg.

A scheme for the basic process, the approach towards equilibrium
conformation, is presented in Fig. 7. During cooling in the rubbery
state relaxation time is short and the molecules can change their con-
formation rapidly to achieve equilibrium shape and volume. At the
glass transition temperature, molecular motion freezes and free volume

Fig. 7. Schematic representation of conformational changes, free volume and the devel-
opment of internal stresses during the physical ageing of PLA. Ageing occurs along the
vertical lines and it proceeds slower (τr) at lower ageing temperature (Ta). The difference
in the actual and equilibrium volume (ΔV) is proportional to internal stresses.
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does not change any more. The conformation of the molecules are far
from equilibrium. However, in spite of the long relaxation times, seg-
mental movement is not zero, the molecules approach equilibrium, i.e.
physical ageing takes place. The rate depends on the temperature of age-
ing, since relaxation times depend on it and thus the molecules approach
their equilibrium volume at different rates, faster at higher ageing tem-
peratures and slower at low temperatures. However, independently of
the rate of ageing, the conformation of the molecules always approaches
equilibrium, free volume decreases and Tg should increase in each case
as a consequence. Obviously, another factor must be considered to ex-
plain the decrease of Tg in some cases.

By a thorough analysis of the experimental results published, we
found that the temperature of ageing plays an important role in the de-
termination of the direction of Tg change [37,38,45,46]. The critical
ageing temperature proved to be 28–30 °C. When ageing was done be-
low that temperature, the glass transition temperature of the polymer
decreased, while above this value Tg increased. Ageing temperatures
varied in a wide range, between 18 and 52 °C. We found seven cases
when Tg decreased and about 15 when it increased. Ageing temperature,
relaxation time and the distance from equilibrium volume may explain
the different directions for the change of Tg. Besides the decrease of free
volume, we must also consider the development of internal stresses dur-
ing the ageing of polymers [47–53]. This latter factor is rarely men-
tioned during the discussion of the physical ageing of PLA, but it influ-
ences the behavior of the polymer considerably. Relaxation times are
longer at lower ageing temperatures, thus the polymer is farther away
from its equilibrium volume. We may assume that internal stresses are
proportional to the difference in the actual and the equilibrium volume
of the polymer molecules (ΔV, see Fig. 7). If we heat up the polymer to
determine its glass transition temperature, internal stresses are released
at the temperature at which they were frozen in and the mobility of the
molecules increases leading to a decrease of Tg. The two factors, free
volume and internal stresses, have the opposite effect resulting in the
different dependence of Tg on time. The competition of the two factors
is shown also by the correlation presented in Fig. 6 (Ref. [35], ) for
which Tg decreases first, because of the release of internal stresses and
then increases due to the decrease of free volume. A further proof for the
role of internal stresses is the rejuvenation of glassy plastics [54–56];
when internal stresses are erased by mechanical treatment, the glassy
polymer becomes ductile and flexible and its Tg decreases57.

3.4. Correlations

The results presented above were generated by thermal analysis on
small samples to follow the physical ageing of PLA. The observations
made and the conclusions drawn might not necessarily be reflected in
the macroscopic behavior of actual products. In order to verify the exis-
tence of any relationship, data obtained by thermal analysis were com-
pared to the mechanical properties of injection molded specimens. The
deformability, i.e. elongation-at-break, of the PLA samples is plotted
against the intensity of enthalpy relaxation in Fig. 8. A very close corre-
lation exists between the two quantities showing that ageing determines
the properties of the injection molded product indeed. Increasing degree
of enthalpy relaxation leads to very small elongations and a brittle ma-
terial.

The tensile yield stress of the specimens is plotted against enthalpy
relaxation in Fig. 9. A close correlation is obtained in this case too,
which has a maximum. The maximum is the result of the time depen-
dence of tensile yield stress as shown in Fig. 2, which could not be
explained plausibly with the change of free volume, as mentioned ear-
lier. However, if we accept the existence and role of internal stresses in
the change of properties during physical ageing, the maximum in Figs.
2 and 9 can be explained. The development of internal stresses may

Fig. 8. Correlation between the deformability of injection molded PLA specimens and the
intensity of enthalpy relaxation; effect of ageing time.

Fig. 9. Relationship between the tensile yield stress of injection molded PLA specimens
and the extent of enthalpy relaxation of the polymer; effect of ageing time.

change the deformation mechanism of the polymer from shear yielding
to crazing and/or micro-cracking leading finally to brittle fracture.

3.5. Stress distribution, deformation mechanism

In order to obtain some ideas about the stresses developing in the
specimens during tensile testing, polariscopic images were recorded on
them at different deformations and ageing times. A series of such im-
ages are presented in Fig. 10 together with the corresponding stress vs.
elongation traces. The images were recorded at 10% elongation in the
first two figures, while at the breaking of the specimen in the last. After
the preparation of the samples, they are ductile with a large, approxi
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Fig. 10. Changing stress distribution and its relationship with the deformation of injection
molded PLA specimens; a) 0 h, b) 8 h, c) 48 h ageing.

mately 250% elongation. At 10% deformation, the distribution of
stresses are rather homogeneous in the specimen (Fig. 10a). Necking
starts at around this deformation at a certain point of the specimen. The
neck extends to the entire length of the specimen during further elonga-
tion until fracture occurs. After 8 h of ageing, the character of the stress
vs. elongation trace changes considerably together with the distribution
of stresses (Fig. 10b). Necking occurs in the aged specimen as well, but
stress distribution is more heterogeneous. Larger stresses develop at cer-
tain parts of the specimen shown by the larger number of isochromatic
lines. The elongation of the specimen is still considerable. Necking does
not take place after 17 h of ageing; the specimen breaks at a very small
deformation (Fig. 10c). Stress distribution is even more heterogeneous,
very small stress develops in the specimen at certain places, while much
larger at others. The specimen breaks at the largest stress concentration
without necking.

Although Fig. 10a–c demonstrate the change of stress distribution
in the specimen because of physical ageing, the images are quite small
and differences cannot be distinguished very well. Fig. 11 shows stress
distribution at 1.25% deformation after different ageing times in in-
verted colors. Very small stresses develop at this small deformation in
the specimen tested immediately after production and their distribu-
tion is quite homogeneous. Both the distribution and the magnitude of
stresses change considerably after 8 h of ageing and stresses increase
even further after 24 h. It seems to be obvious that increasing level and
heterogeneity of stresses lead to the premature and catastrophic failure
of aged specimens. The micrographs clearly prove the development of
internal stresses during physical ageing thus verifying our explanation
of the phenomena discussed in Section 3.3, i.e. the dependence of the
direction of changes in Tg as a result of the competing effect of decreas-
ing free volume and increasing internal stresses. Inhomogeneous distrib-
ution of large stresses explains the maximum observed in the yield stress
of the specimens as a function of ageing time as well. Shear yielding
occurs at short, while crazing and cracking at long ageing times, i.e.
the mechanism of deformation changes with time. This changing mech-
anism has severe consequence for the macroscopic performance of PLA
parts; they become very stiff and fail by brittle fracture after a relatively
short ageing time, which may hinder their application in certain areas.

4. Conclusions

The mechanical testing of injection molded PLA specimens showed
that properties change with time; the stiffness of the specimens increases
considerably, while their deformability decreases drastically from 250%
after injection molding to a few percent after less than a day of age-
ing. The study of possible factors showed that the changes in proper-
ties are caused by physical ageing and not by water content (degra-
dation) or crystallization. Thermal analysis proved that both relaxation
enthalpy and the change in the glass transition temperature of

Fig. 11. Local stress distribution in injection molded PLA specimens at 1.25% deformation
after various ageing times. Inverted colors. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)
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the polymer increase with ageing time. Tg decreased with increasing
ageing time that could not be explained by the generally accepted free
volume theory. The analysis of literature data showed that the decrease
or increase of Tg depends on the temperature of ageing and on the rate
of cooling. At low ageing temperature Tg decreases, while it increases
when ageing temperature is closer to the Tg of the polymer. Besides the
decrease of free volume, the development of internal stresses also plays
a role in the determination of the glass transition temperature. Large
stresses result in a decrease of Tg, while decreased free volume leads to
an increase. Internal stresses determine deformation and failure mecha-
nism as well; large stresses lead to crazing/cracking and finally to brit-
tle failure. Consequently, physical ageing may hinder the application of
PLA in many areas.
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The use of nanocellulose is an attractivemethod to improve the characteristics of biodegradable polymers, but its
effects are often affected by uneven dispersion. In thiswork, cellulose nanocrystals (CNCs)were evenly dispersed
into poly(lactic acid) (PLA) via the Pickering emulsion approach. The PLA/CNC composites preparedwere studied
by rheological, thermal as well as mechanical measurements. Changes in the rheological characteristics of the
composites showed that CNC promoted the transition of the composites from fluid to solid-like behavior at
high temperatures. The introduction of 5 wt% CNC improved the crystallinity of PLA considerably and increased
the onset temperature of crystallization by about 10 °C. The storage modulus of the composites increased
throughout the entire temperature range of testing. Flexural modulus was improved considerably. All the results
indicated that the Pickering emulsion approach improved the dispersion of CNC in the PLA matrix and CNC im-
proved efficiently most properties of PLA.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Poly(lactic acid) (PLA) is a biodegradable thermoplastic polyester
derived from renewable resources such as corn, wheat or potato. PLA
has been extensively studied over the last several decades due to its
easy processability, biodegradability and biocompatibility [1–5]. How-
ever, the application of PLA is limited because of its brittleness caused
by fast physical ageing, limited thermal stability and slow rate of crystal-
lization [6].

Cellulose nanocrystals (CNCs), one of the most promising reinforce-
ments for nanocomposites, have attracted considerable attention be-
cause it is easily available, relatively cheap, nontoxic, has nanoscale
dimensions, impressive mechanical properties, low density, and it is
also biodegradable and biocompatible [7–12]. The typical size of the
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y of Sciences, H-1519 Budapest,

nology of Eco-Textile, Ministry
g and Biotechnology, Donghua

szky), suixf@dhu.edu.cn (X. Sui).
crystal ranges from 5 to 15 nm in width and from 100 to 500 nm in
length [13–15]. Recently, Kontturi and coworkers [16] reported an ef-
fective approach using hydrogen chloride vapor to prepare CNC.
Nanocrystals produced by the hydrogen chloride vapor approach do
not have electrostatic charge, and the yield of the process can reach
90%. Currently, two major techniques are used for the preparation of
CNCs nanocomposites. The first technique is solvent casting through
the evaporation of water or an organic solvent. Huang and coworkers
[17] prepared PLA/acetylated CNC composites by solvent casting. The
tensile strength of the composites decreased significantly above 6%
acetylated CNC filler content, because of bad dispersion. The second ap-
proach is melt mixing, in which the matrix is extruded in the presence
of the desired amount of freeze-dried cellulose nanoparticles. Goffin
and coworkers [18] grafted PLA chains onto the surface of CNC and
added themodified CNC to PLA to obtain composites by themeltmixing
approach. Although bothmodified CNCs were readily incorporated into
PLA through these two techniques, their reinforcing effect was compro-
mised by the decreased interactions caused by the smaller number of H
bonds resulting from modification.

As reported in our previous publications [19–21], we have devel-
oped an approach using the Pickering emulsion approach for the prep-
aration of PLA composites reinforced with nanocellulose. A Pickering
emulsion stabilized with nanocellulose may result in a more
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homogeneous dispersion of the nanocellulose in the final material than
achieved by other techniques. In this communication, we present the
use of the Pickering emulsion approach for the preparation of PLA/
CNC composites. Thefirst step is the preparation of a Pickering emulsion
stabilized by CNC. The second step is the formation of PLA/CNC compos-
itemicrospheres by the removal of CH2Cl2 andwater. The last step is the
preparation of the PLA/CNC composites by compression molding of
plates from the microspheres. CNCs derived by the hydrogen chloride
vapor approach were shown to stabilize efficiently oil-in-water emul-
sions. The homogeneity of the PLA/CNC composites and their properties
were characterized by rheological, thermal and mechanical
measurements.

2. Experimental section

2.1. Materials

PLA (2003D, D-lactic acid: 1.4%, L-lactic acid: 98.6%, density:
1.24 g/cm3) with the number-average molecular weight (Mn) of
∼150,000 Da and weight-average (Mw) of ∼200,000 Da, respectively,
was supplied by Natureworks, USA. Wood Pulp was obtained from the
Xinxiang Natural Chemical Co., Ltd. The viscosity-average degree of po-
lymerizationmeasured in a solution of cupric ethylene diamine hydrox-
ide (CUEN)was estimated to be 870. Themeasurement was done using
an Ubbelohde viscometer. Dichloromethane (CH2Cl2) and 37 wt% hy-
drochloric acid (HCl) were supplied by Sinopharm Chemical Reagent
CO., Ltd.

2.2. Preparation of CNC by the hydrogen chloride vapor approach

The CNC was prepared by the method previously reported by
Kontturi et al. [16]. The hydrolysis was carried out in a vacuum desicca-
tor with 35% HCl solution poured onto the bottom. The desiccator valve
was left open formore than a day in order to substitute the air inside the
vessel by the HCl atmosphere completely. Subsequently, a wood pulp
board was placed inside the desiccator and the hydrolysis was allowed
to proceed for 8 h at 40 °C, after which the hydrolyzed pulp was trans-
ferred into water to rinse away excess HCl. The hydrolyzed pulp was
sonicated for 30 min followed by high-pressure homogenization at
800 bar for six times. The product was re-dispersed by ultrasonication
for 10 min. The concentration of cellulose was determined gravimetri-
cally to be 1.01% w/v in the final dispersion.

2.3. Preparation of PLA/CNC composites

2.3.1. The Pickering emulsion approach
A CNC dispersion was diluted with deionized water to obtain cellu-

lose dispersions with the concentrations of 0.25, 0.5 and 0.75 w/v%.
The CNC to PLA ratio (5, 10 and 15 wt%) was adjusted to obtain the de-
sired solid contents of CNC in the composites. A CH2Cl2 solution of PLA
(10 ml, 100 mg/ml) was added to the aqueous dispersion of CNC. The
CH2Cl2/water emulsion stabilized by CNC was formed by homogeniza-
tion (IKA T18 homogenizer, Germany) at 12,000 rpm for 3min followed
by ultrasonication (Scientz JY 92-IIDN, China) for 3 min. CH2Cl2 was
evaporated at ambient temperature over 24 h. The precipitates were
vacuum filtered using a filter screen (500 mesh). The paste collected
on the filter was vacuum dried at 60 °C for 24 h. The PLA/CNC compos-
iteswere produced by the compressionmolding of the dried paste using
a Carver Laboratory Press (Carver Inc., USA) at 180 °C and 1500 kg for
5 min.

2.3.2. Solvent casting
The solvent of the CNC suspension was exchanged to acetone by

centrifuging for 3 times in order to remove water (Thermo, USA). In a
second step, the solvent was exchanged to CH2Cl2 in the same way. A
predetermined amount of CNC suspension in CH2Cl2 was mixed with
CH2Cl2 solution of PLA (10 ml, 100 mg/ml). The mixture of the two so-
lutions was stirred for 4 h before casting. Then CH2Cl2 was allowed to
evaporate at ambient temperature for 24 h. After the complete evapora-
tion of the solvent, the composite film could be prepared by compres-
sion molding at 180 °C for 5 min (Carver Inc., USA).

2.3.3. Melting mixing
The suspension of the CNCs was freeze-dried for 36 h to obtain CNC

powder (Labconco, USA). PLA granules and the CNC powder were vac-
uum dried at 40 °C overnight to remove the adsorbed moisture. The
PLA granules and CNC power were mixed in a beaker and homogenized
in a twin screw extruder (Ruiming SJZS-10J, China). The extrusion was
carried out in the temperature range of 170–200 °C and the screw
speed was held constant at 150 rpm. After homogenization, the com-
posite film could be prepared by using compression molding at 180 °C
for 5 min (Carver Inc., USA).

2.4. Characterization

2.4.1. Microscopy
The morphology of CNC was characterized using transmission elec-

tron microscopy (TEM, JEM-2100, Jeol, Japan) operated at 100 kV volt-
age. TEM micrographs were recorded on a dried droplet of the
aqueous suspension containing 0.05% of CNC using a carbon-coated
grid (200 mesh).

After filtration, PLA/CNC compositemicrospheres were studied with
scanning electron microscopy (SEM, TM-1000, Hitchi, Japan) at 2 kV
and 6–8 A. The samples were kept overnight in a vacuum oven at 40
°C and then coated with a gold-palladium alloy for 40 s.

The emulsion obtained was observed using an optical microscope
(Eclipse E100, Nikon, Japan).

2.4.2. Rheology
The rheological characteristics of neat PLA and the PLA/CNC compos-

itesweremeasured using a ThermoHaake-Mars 60 rheometerwith par-
allel plate geometry (25 mm diameter) at 200 °C. A frequency sweep
from 0.01 Hz to 10 Hz was carried out to study the storage modulus
(G') and complex viscosity (η*) of the composites at the constant defor-
mation of 1%.

2.4.3. Thermal analysis
Neat PLA and the PLA/CNC compositeswere analyzed using differen-

tial scanning calorimetry (DSC, 214, Netzsch, Germany). The samples
were heated from 25 to 200 °C, held at 200 °C for 5 min to eliminate
thermal history, cooled to 25 °C, and heated again to 200 °C under nitro-
gen purge. The heating rate was 10 °C/min, while the cooling rate 2 °C/
min. Crystallization temperature (Tc) and crystallization enthalpy
(△Hc)were determined from the cooling scan. The glass transition tem-
perature (Tg), cold crystallization temperature (Tcc), melting tempera-
ture (Tm), cold crystallization enthalpy (△Hcc) and melting enthalpy
(△Hm) were determined from the second heating scan.

X %ð Þ ¼ ΔHm þ ΔHcc

ΔH0
m � 1−

wt:%filler
100

� �
0
BB@

1
CCA � 100: ð1Þ

Where ΔH0
m is the melting enthalpy of a 100 % crystalline polymer

matrix (93.0 J/g) for PLA, and wt. % filler is the weight percentage of
CNC.

The thermal decomposition of neat PLA and the PLA/CNC composites
were evaluated by thermogravimetric analysis (TG, Netzsch 209F3,
Germany). The samples were heated from 30 to 600 °C under nitrogen
purge. The heating rate was 10 °C/min.

Dynamic mechanical analysis (DMA) was performed in single canti-
levermode using a TA Instruments Q800 analyzer (NewCastle, DE). The
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dimensions of the test samples were 35 × 10 × 0.5mm (length ×width
× thickness). The measurements were done at constant frequency
(1 Hz) and amplitude (15 μm) in the temperature range from 30 to
120 °C with the heating rate of 3 °C/min.
2.4.4. Mechanical testing
The tensile properties of neat PLA and the PLA/CNC composites were

determined using a universal testing machine (UH6502, Youhong,
China). The experiments were done at a gauge length of 30 mm and a
crosshead speed of 10 mm/min. Five specimens were measured for
each set of samples. The samples were thin rectangular plates with
the dimensions of 100 × 20 × 0.5 mm.

Flexural testing was conducted using a universal testing machine
(UH6502, Youhong, China) on rectangular specimens (50.8 × 12.7 ×
0.5 mm3) at a support span of 25.4 mm and a crosshead speed of
5 mm/min according to the ASTM D 790-2007 standard.
Fig. 2. TEM image of CNC prepared by the hydrogen chloride vapor approach.
2.4.5. X-ray diffraction (XRD)
The CNC, neat PLA and PLA/CNC composites were analyzed using a

Rigaku X-ray diffractor (D/max 2550PC, Japan). The samples were ex-
posed for 1.5 s for each angle of incidence (θ) using a CuKαX-ray source
with a wavelength of 1.541Å. The angle of incidence was varied from 4
to 50 by steps of 0.02 s. The crystallinity index (CI, %) was estimated
from the intensities of characteristic peaks.
2.4.6. Fourier transform infrared spectroscopy (FT-IR)
Spectra were recorded for the CNC, neat PLA and PLA/CNC compos-

ites by using a PerkinElmer Spectrum-Two (American) equipped with
an attenuated total reflectance (ATR) accessory. The transmittance of
the infrared light through individual samples placed onto the substrate
was recorded from 4000 to 500 cm−1 at a resolution of 2 cm−1.
3. Results and discussion

A schematic illustration is shown in Fig. 1. Firstly, PLA was dissolved
in CH2Cl2 forming a homogeneous solution as oil phase. Secondly, CNC
was used to stabilize the oil-in-water emulsion. Thirdly, PLA/CNC com-
posite microspheres were obtained by slowly evaporating of CH2Cl2
from the CNC stabilized Pickering emulsion. Lastly, homogeneous PLA/
CNC composites were formed by compression molding the mixture at
180 °C. In this process, CNCs were uniformly dispersed in the matrix
as using the microspheres prepared by the Pickering emulsion ap-
proach. Consequently, the PLA/CNC composites prepared have better
CNC dispersion compared to conventional approaches.
Fig. 1. Schematic illustration of the preparation of PLA/CN
3.1. Preparation and characterization of CNC

CNC was prepared by the hydrogen chloride vapor approach. Fig. 2
shows the TEM image of CNC obtained in the procedure. The particles
are typically rigid rod-shaped monocrystalline cellulose domains with
about 15 nm in diameter and 360 nm in length. This result is consistent
with previous work [22].
3.2. Preparation of PLA/CNC composites

The first step in the preparation of the PLA/CNC composites is the
forming of an emulsion. The optical images of Pickering emulsions sta-
bilized by different CNC contents are shown in Fig. 3. The diameter of
the oil droplets was under 50 μm for all emulsions. The results indicated
that a Pickering emulsion could be successfully prepared by using CNC
as emulsifier.

SEM images recorded on PLA/CNC compositemicrosphereswith dif-
ferent CNC contents are presented in Fig. 4. As is shown in Fig. 4, precip-
itation resulted in PLA microspheres after filtration. After compression
molding at 180 °C, the PLA microspheres reinforced with CNC melted
to form the composites.

Fig. 5 compares the homogeneity of the composites with 5 wt% CNC
content prepared by different approaches. A specimen produced by the
extrusion of the freeze dried CNCs with neat PLA is shown in Fig. 5(a).
C composites via the Pickering emulsion approach.



Fig. 3. Images of Pickering emulsions stabilized by (a) 5%, (b) 10% and (c) 15% CNC.

Fig. 4. SEM images of PLA/CNC composites with (a) 5%, (b) 10% and (c) 15% CNC after filtration.
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The formation of dark agglomerated particles can be observed in the
photo, which is probably due to the degradation of CNC at high shear
and temperature. The result is the same as reported in a previous
work [23]. Agglomerated particles were observed also in composites
prepared by solvent casting as shown in Fig. 5(b). Agglomeration occurs
because unmodified CNCs are very difficult to disperse in CH2Cl2, espe-
cially large CNC contents. However, the composites prepared by the
Pickering emulsion approach were homogeneous and did not produce
any agglomerated particles. Accordingly, the Pickering emulsion ap-
proach is a good way to prepare homogeneous PLA/CNC composites.

The structure of the composites was analyzed by X-ray diffraction
(XRD) and FT-IR spectroscopy. In the diffractograms presented in
Fig. 6(a), neat PLA shows a broad peak centered at around 2θ = 16.5°,
indicating that PLA was predominantly amorphous. The XRD spectrum
of PLA/CNC composites was a combination of those of CNC and PLA, in-
dicating that crystallinity did not change during the homogenization
process. Fig. 6(b) shows the FT-IR spectra of CNC, neat PLA and PLA/
CNC composites. No obvious change was found in the spectra of PLA/
Fig. 5. PLA/CNC composites prepared by (a) melt mixing, (b)
CNC composites compared to that of neat PLA, indicating that strong in-
teractions do not form between pristine CNC and the PLA chains.
3.3. Rheological characteristics

Fig. 7 presents the storage modulus (G') and complex viscosity (η*)
of neat PLA and that of the PLA/CNC composites as a function of fre-
quency (ω) as determined in the rheological measurements. All sam-
ples exhibited stable rheological characteristics. As shown in Fig. 7a,
the frequency dependence of storage modulus of neat PLA is typical
for polymer melts. On the other hand, storage modulus increased and
approached a plateau at low frequencies for the CNC composites. As
shown in Fig. 7b, the complex viscosity of neat PLA displayed a long pla-
teau, with a very slight shear-thinning behavior at high frequencies.
However, all composites exhibited an obvious shear-thinning behavior
without any plateau region at low frequencies. These results indicated
that CNC may form a network in the PLA matrix thus promoting the
solvent casting and (c) the Pickering emulsion approach.



Fig. 6. XRD traces (a) and FT-IR spectra (b) of CNC, neat PLA and PLA/CNC composites.

Fig. 7. Values for (a) storage modulus and (b) complex viscosity of neat PLA and the PLA/CNC composites.
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transition from a fluid to a solid-like behavior at high temperatures as a
result of the good dispersion of the CNC in the PLA matrix [24,25].

3.4. Melting and crystallization

The crystallization and melting behavior of PLA/CNC composites
with various CNC contents were followed by DSC measurements.
Fig. 8 shows the DSC traces of neat PLA and the PLA/CNC composites.
As shown in Fig. 8a, the exothermic crystallization of neat PLA appears
as a broad peak with low intensity indicating the slow crystallization
of the polymer [26]. As the CNC was added into the composites, the
Fig. 8. DSC traces during (a) cooling and (b) second h
crystallization peak shifted to higher temperature and becamemore in-
tense for the PLA/CNC composites as compared to neat PLA. CNCmay act
as nucleating agent [27], but this assumption is contradicted by the fact
that the increase in crystallization temperature does not depend on the
amount of CNC in the composite. The presence of CNC might also in-
crease the mobility of PLA chains as shown by previous research [28].

In Fig. 8b DSC heating traces are shownwhichwere recorded on the
PLA/CNC composites and on neat PLA. The traces show the glass transi-
tion of the polymer, followed by the cold crystallization and then the
melting of the polymer. Crystallization is incomplete for the neat PLA
during the cooling of the sample, because of the limited mobility of
eating scan of neat PLA and PLA/CNC composites.



Table 1
Thermal characteristics of neat PLA and PLA/CNC composites derived from the second DSC
heating scan.

Sample Tg (°C) Tcc (°C) Tm (°C) △Hcc (J/g) △Hm (J/g) χ (%)

Neat PLA 60.1 122.2 167.0 15.8 36.2 21.9
PLA-5%-CNC – – 167.5 – 37.5 42.3
PLA-10%-CNC – – 167.9 – 36.9 43.6
PLA-15%-CNC – – 167.1 – 35.8 44.3
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the molecules [29]. The cold crystallization peak disappears completely
in the PLA/CNC composites and themelting peak becomesmore intense
upon the addition of CNC compared to neat PLA. All the changes indicate
the increased rate of crystallization due to the presence of the cellulose
nanocrystals [30].

The crystallinity of the neat PLA and the composites were calculated
from the second heating scan according to Eq. (1) and the results are
summarized in Table 1. The crystallinity of the polymer increased with
increasing concentration of CNC in the PLA matrix. Compared to neat
PLA, the crystallinity of the PLA-15%-CNC composite increased consider-
ably, by more than 100%. This result confirms previous observations re-
lated to the effect of CNC on the crystallization of PLA. According these
results CNC could may act as nucleating agent or increase the rate of
crystallization of the PLA matrix by improving the mobility of the poly-
mer chains.

3.5. Thermal decomposition, stability

The thermal decomposition of PLA/CNC composites was determined
by thermogravimetric analysis (TGA) in nitrogen atmosphere. The
Fig. 9. TGA (a) and DTG (b) traces of n

Fig. 10. Effect of CNC content (wt%) on temperature depe
temperature corresponding to 5% weight loss is defined as the onset of
thermal decomposition (To5%). The TGA and the derivative TGA traces
(DTG) are presented in Fig. 9. Compared to the neat PLA, the To5% of
the composites shifted towards higher temperature. The To5% tempera-
ture of neat PLAwas about 321 °C and it increased to 330 °C for the PLA-
10%-CNC composite indicating that the addition of CNC improved the
thermal stability of the PLA/CNC composites. The increased thermal de-
composition temperature of PLA/CNC composites can be attributed to
char formation during the pyrolysis of CNC in the composites. The
forming char acts as protective barrier that suppresses the thermal de-
composition of the PLA matrix [31]. In addition, the amount of residues
increased with increasing the concentration of CNC in the PLA matrix.
This result confirms that CNC promotes char formation indeed. The tem-
perature belonging to the maximum rate of decomposition (Tmax) can
be also determined from the DTG traces. The comparison of Tmax for
the neat PLA and the composites indicates that this characteristic tem-
perature does not change upon the addition of CNC.

3.6. Dynamic mechanical analysis

The thermomechanical properties of PLA/CNC composites and neat
PLAwere investigated byDMA to obtain information about the dynamic
mechanical behavior of the composites with changing temperature. The
storage modulus and the loss tangent of PLA/CNC composites and neat
PLA are presented in Fig. 10. The addition of CNC to the PLA matrix in-
creased storage modulus considerably in the entire temperature range
of the experiment indicating that CNC acts as efficient reinforcement
in the polymer. In the glassy state, the storage modulus of the compos-
ites increases with increasing CNC content as a result of the reinforcing
effect of CNC in the PLAmatrix.Modulus decreases during the transition
eat PLA and PLA/CNC composites.

ndence of (a) storage modulus and (b) loss tangent.



Fig. 11. Values for (a) tensile strength and (b) modulus of neat PLA and PLA/CNC composites.
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from the glassy to the rubbery state above Tg at around 60 °C, a consid-
erable drop in storage modulus is observed for both the neat PLA and
the PLA/CNC composites. Compared to the neat PLA, a substantial in-
crease of storage modulus from 0.14 GPa to 0.67 GPa was observed for
the PLA-15%-CNC composite at 70 °C due to the high crystallinity of
the composites and the probable network formation of CNC in the PLA
matrix [32]. Cold crystallization resulted in an increase of modulus
above 90 °C for all the materials [17].

Fig. 10b shows the changes in the position and intensity of the loss
tangent peak as a function of temperature for the PLA/CNC composites
and the neat PLA. The temperature of the peak is assigned to the glass
transition temperature (Tg) of the polymer. Compared to the neat PLA,
the position of the peak shifted to higher temperature in the compos-
ites. The Tg of neat PLA was 60.8 °C, which increased to 68.1 °C for the
PLA-15%-CNC composite indicating that CNC hinders the movement of
chain segments in the PLA matrix [33]. However, this explanation con-
tradicts the conclusion drawn from the melting and crystallization
study showing increased molecular mobility in the presence of CNC. A
more probable explanation is increased crystallinity, which decreases
the intensity of the loss tangent peak and shifts its position towards
higher temperature. The decreased intensity indicates that fewer poly-
mer chains participate in the transition as a consequence of the smaller
relative amount of amorphous PLA phase, on the one hand, and due to
the hindered mobility of these chains attached to the larger number of
PLA crystals, on the other [34].

3.7. Mechanical properties

The tensile properties of neat PLA and the PLA/CNC composites
with different CNC contents are shown in Fig. 11. The tensile strength
Fig. 12. Composition dependence of the (a) flexural st
of the composites decreases with increasing the CNC content in the
PLA matrix. A slight decrease in tensile strength can be observed
from 64 to 55 MPa when adding 5% CNC into the PLA matrix. The be-
havior of the composites is similar to that published in the literature
[35]. Although the interaction between the PLA matrix [36] and cel-
lulose is quite strong [37], the large stiffness of the matrix leads to
the apparent decrease of strength. The real influence of CNC on me-
chanical properties and its load bearing capacity cannot be judged
from the composition dependence of strength directly, it must be
evaluated by model calculations. Fig. 11b shows that the tensile
modulus of the composites increases with increasing CNC content
because of the good dispersion of CNC in the PLA matrix. Compared
to neat PLA, an increase of the tensile modulus from 3.5 to 3.8 GPa
was observed for the PLA-15%-CNC composite. Similar improvement
in tensile modulus was reported earlier [32,38]. The increase in mod-
ulus results from the reinforcing effect of the filler and from the in-
creased crystallinity of the composites [39,40].

The flexural properties of neat PLA and the composites are shown
in Fig. 12. Compared to neat PLA, the flexural strength of the compos-
ite increased from 64 to 76 MPa after adding 5% CNC to the PLA
matrix. Interestingly, flexural strength does not change with increas-
ing CNC content probably because of the conflicting effect of filler
content and the association of the nanocrystals. According to
Fig. 12b, the flexural modulus of the composites increases with
increasing CNC content, similarly to results obtained in tensile
testing. The modulus was improved from 1.65 to 2.50 GPa at the
CNC content of 15% compared to neat PLA. The increase of the
crystallinity of the composites, the high aspect ratio of CNC and
maybe also network formation all contributed to the improvement
of flexural modulus [41].
rength and (b) modulus of PLA/CNC composites.
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4. Conclusions

PLA/CNC composites were prepared successfully by the Pickering
emulsion approach. The rheological measurements indicated that CNC
may form a network in the PLA matrix resulting in a transition from
fluid to solid-like behavior at high temperatures resulting from the
good dispersion of the CNC in the PLA matrix. DSC analysis confirmed
that CNC produced by hydrogen chloride vapor treatment increase the
mobility of PLA chains and thus promote the crystallization of the poly-
mer. The results of TG measurements indicated that CNC slightly in-
creases the thermal decomposition temperature of the PLA matrix.
Compared to neat PLA, the To5% temperature of the composites in-
creased from 321 to 330 °C. Compared to the neat PLA, the composites
increased storage modulus in the entire temperature range studied. At
70 °C, a substantial increase from 0.14 to 0.67 GPawas observed in stor-
age modulus for the PLA-15%-CNC composite. The tensile modulus of
the PLA/CNC composites increases, while their tensile strength slightly
decreases as compared to neat PLA. The flexural strength and modulus
improved considerably upon the addition of CNC. The results unambig-
uously prove that unmodified CNC produced by the hydrochloric acid
vapor approach improves efficiently the thermal, mechanical and rheo-
logical properties of PLA and thus it can be a promising reinforcement
for polymer composites.
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a b s t r a c t

PLA/regenerated cellulose (RC) nanocomposites containing 0.5, 1.0, 1.5, 2.0, 3.0 and 5.0 wt% cellulose
were prepared by the Pickering emulsion process. The structure and the rheological properties of the
composites were characterized by microscopy, the measurement of melt flow rate and oscillatory rheom-
etry. Viscosity was modelled with the modified Carreau-Yasuda and the modified Cross models, and a
new model was proposed as well. The results show that RC is a suitable reinforcement for PLA and the
Pickering emulsion process produces homogeneous material. Good dispersion and the relatively large
aspect ratio of the cellulose nanofiller leads to the formation of a network structure already at small cel-
lulose content. Viscosity increases rapidly with increasing cellulose concentration and a yield stress
appears already at 0.5 wt% RC content. Modeling helps the quantitative analysis of the experimental
results and offers additional information about the structure and properties of the composites studied.
All three models predict yield stress well, but only the new model gives reasonable values for the power
law exponent. Other parameters and their composition dependence are difficult to interpret.
� 2021 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The interest in products prepared from natural resources
increases continuously because of the increasing environmental
awareness of the public, which puts pressure on politics and the
industry. This applies also to polymers and plastics. The amount
of biopolymers, from either natural resources, biodegradable, or
both, used in everyday applications grows continuously. The
biopolymer applied in practice in the largest amount and thus also
studied the most extensively is PLA. It has many advantages
including its natural origin, biodegradability, good mechanical
properties and acceptable price, but it also has several drawbacks
as low glass transition temperature, sensitivity to moisture during
processing, fast physical ageing, etc. [1]. Consequently, PLA is often
modified by various means including plasticization, impact modi-
fication and reinforcement [2-4].
However, the modification of PLA by various reinforcements
leads to decreased impact resistance, thus it is reasonable to use
nano-reinforcements instead of wood or natural fibers [5,6]. The
particle size of these latter is usually large; their diameter is often
several hundred micrometers, which leads to easy debonding and/
or to the fracture of the fiber [7]. Nanofillers, on the other hand,
have the advantage of small size, which hinders debonding and
at least as important, results in reinforcement at small filler con-
tent. Nanocellulose (CNC) is a very good candidate for the rein-
forcement of PLA resulting in fully biodegradable composites [8].
Many attempts are made to combine PLA with nanocellulose with
varying success. A major problem encountered during the prepara-
tion of such nanocomposites is homogeneity. Nanofillers tend to
aggregate which deteriorates the properties of the composites pre-
pared. A successful way to improve dispersion and achieve the
required homogeneity is the use of the Pickering emulsion tech-
nique. PLA/cellulose nanocrystal, PLA/cellulose nanofiber and
PLA/regenerated cellulose composites were prepared successfully
by the approach and excellent properties were reported for the
composites obtained [9-11].

Raw materials must be transformed into useful products, and in
the case of thermoplastics, this is usually done by melt processing.
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Accordingly, the knowledge of the rheological properties of the
materials and the effect of modification on them are very impor-
tant for practice. Nanofillers usually increase melt viscosity and
the association of the particles may lead to the formation of a net-
work structure, even aggregation above a critical amount of the fil-
ler. Jiang et al. [12], for example, prepared poly(butylene
terephthalate)/alumina composites by the melt mixing of the com-
ponents together with an ethylene–methyl acrylate–glycidyl
methacrylate terpolymer compatibilizer and at large filler content.
By the analysis of rheological characteristics, the authors estab-
lished yielding and the formation of a percolating network. Meng
et al. [5] introduced epoxidized soybean oil into PLA/CNC compos-
ites to develop a strong and tough polymeric material. The epoxi-
dized oil based compatibilizer improved properties at small CNC
content, but it had little effect at large CNT amounts due to the for-
mation of a percolated CNC network in the matrix. Although the
rheological characteristics of PLA/nanocellulose composites have
been reported many times [13,14], a thorough analysis is often
lacking. Such analysis has been carried out for PP composites
[15,16], and even though one can find a few articles in the litera-
ture which aim at the quantitative characterization of the rheolog-
ical behavior of PLA based composites [17-19], the models
presented in them may yield results that are difficult to interpret.
The limited reliability of these results, however, often hinders the
accurate prediction and optimization of the extrusion process [20].

A previous study showed that PLA/RC nanocomposites prepared
by the Pickering emulsion approach produce promising biodegrad-
able composites with good dispersion of RC and good mechanical
properties [9]. However, to apply the PLA/RC composites in indus-
try, their processing characteristics must be analyzed in detail.
Accordingly, the goal of this study was to prepare PLA/regenerated
cellulose nanocomposites by the Pickering emulsion technique and
to analyze the rheological characteristics of the resulting materials.
Nanocellulose content was changed from zero to 5 wt% and the
effect of regenerated cellulose content on properties was estab-
lished. Primary rheological data were processed in different ways
and the formation of a network structure by RC particles was con-
sidered as well. Two accepted rheological models were fitted to the
experimental data, a new model was also proposed and compared
to those published in the literature earlier. The parameters of the
models are analyzed in detail, and their advantages and drawbacks
are discussed together with consequences of the results for prac-
tice in the last section of the paper.
2. Experimental

2.1. Materials

The PLA used in the experiments was the Ingeo 2003D grade
supplied by NatureWorks, USA with a D-lactic acid content of
1.4%, density of 1.24 g/cm3, number-average molecular weight
(Mn) of 150,000 Da and polydispersity of 1.33. Bleached softwood
pulp was obtained from Xinxiang Natural Chemical Co., Ltd. Phos-
phoric acid (reagent grade 85 wt%) was supplied by Sinopharm
Chemical Reagent Co. Ltd., China. All chemicals were used as
received. Aqueous solutions were prepared using deionized water.
2.2. Sample preparation

The regenerated cellulose suspension was prepared by a proce-
dure published in the literature [21]. 2 g of wood pulp was wetted
with 6 mL of deionized water and then it was mixed with 200 mL
of 85% aqueous phosphoric acid. The mixture was stirred at
350 rpm for 24 h at 0 �C. Subsequently, the cellulose solution
was added to 500 mL of deionized water to obtain a milky disper-
2

sion, which was centrifuged at 11,000 g (Thermo, Multifuge X1R,
USA) until the constant pH of 7 was reached. The precipitated RC
was collected and then treated in a high-pressure homogenizer
(Spxflow, APV2000, Germany) at 100 bar. The dispersion of regen-
erated cellulose obtained was diluted with deionized water to the
concentrations of 0.025, 0.05, 0.075, 0.1, 0.15 and 0.25% w/v. A PLA
solution of 100 mg/ml concentration was prepared in dichloro-
methane. 10 mL of this solution was added to the RC suspension,
the emulsion obtained was stirred at 12000 rpm for 3 min and then
sonicated for another 3 min. Dichloromethane was evaporated
from the system at ambient temperature in 24 h. The remaining
material was filtered on a vacuum filter of 500 mesh. The obtained
filtrate was dried under vacuum at 60 �C for 24 h. Around 40 g
powder was compression molded into 1 mm thick plate between
chromium plates at 175 �C and 5 min. Specimens were cut from
the plates below 100�C for testing. The composites contained 0.5,
1.0, 1.5, 2.0, 3.0 and 5.0 wt% RC.
2.3. Characterization

The morphology of RC was characterized using transmission
electron microscopy (TEM, JEM-2100, Jeol Ltd., Tokyo, Japan). Sam-
ples were prepared by drop casting 30 lL of an aqueous RC disper-
sion (RC content 0.1 mg/mL) onto a carbon coated copper grid. The
samples were subsequently dried in an oven at 50 �C and 2 h and
the micrographs were recorded at 200 kV accelerating voltage. The
fractured surface of specimens was created by cryo-fracture in liq-
uid nitrogen, it was sputtered by a thin gold layer and then studied
by scanning electron microscopy (Jeol JSM 6380LA, Jeol Ltd., Tokyo,
Japan). The melt flow rate (MFR) of the polymer was determined
according to the ASTM D 1238–79 standard at 190 �C with
2.16 kg load using a Ceast 7027 MFR tester. Disks of 25 mm diam-
eter were cut from the plates for rheological testing. The measure-
ments were carried out in the oscillatory mode using an Anton Paar
Physica MCR 301 rotational viscometer at 190 �C in the frequency
range between 0.1 and 600 s�1. Parallel plate arrangement was
used with a gap of 1 mm. The amplitude of deformation was 5%,
which was in the linear elastic region confirmed by an
amplitude-sweep with controlled shear deformation.
3. Results and discussion

The results are discussed in several sections. The rheological
characteristics of the PLA/RC materials are presented first, followed
by the discussion of the morphology of the fibers as well as the
melt structure of the composites. Experimental results are mod-
eled in the next section and the parameters obtained are evaluated
and discussed in the last part of the paper.
3.1. Rheology

The simplest way to characterize the rheological behavior of a
polymeric material is the measurement of its melt flow rate. The
method is simple, reliable and gives viscosity indirectly, but does
not offer information about shear dependence, elastic properties
or the structure of the melt. The melt flow rate of the materials pre-
pared is plotted against their regenerated cellulose content in
Fig. 1. Although the points are scattered somewhat because of pos-
sible moisture content and degradation, the correlation is clear,
MFR decreases, i.e. viscosity increases with increasing RC content.
The result corresponds to the expectation, the addition of nanocel-
lulose with large specific surface area increases viscosity consider-
ably. Viscosity seems to level off at larger RC content indicating the
possible aggregation of the particles.



Fig. 1. Effect of regenerated cellulose content on the melt flow rate of PLA.

Fig. 3. Dependence of the complex viscosity of PLA/RC composites on frequency;
effect of nanocellulose content. RC content increases from bottom to top.
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Oscillatory rheometry offers much more detailed information
about the rheological characteristics of the composites. The behav-
ior of neat PLA is compared to that of the composite containing
3 wt% RC in Fig. 2. The experimental results are presented in the
usual way in the figure, storage (G’) and loss modulus (G‘‘) as well
as complex viscosity (g*) are plotted against frequency. Clear dif-
ferences are visible between the two sets of results. The viscosity
of the composite is much larger than that of the neat polymer.
The viscosity of the latter approaches a plateau value at small fre-
quencies, while that of the composite increases continuously with
an upward slant. The relative values of moduli also change accord-
ing to the expectation, loss modulus being larger than storage
modulus and both moduli increasing upon the addition of
nanocellulose.

In order to see the effect of RC content better, the complex vis-
cosity of all materials tested is compared to each other in Fig. 3.
Fig. 2. Characteristics determined by oscillatory rheometry on PLA and its
composite containing 3 wt% RC. Symbols: ( , ) storage modulus, G’, ( , ) loss
modulus, G‘‘, ( , ) complex viscosity, g*; full symbols: neat PLA, empty symbols:
PLA/RC composite containing 3 wt% RC.

3

Viscosity increases with increasing RC content and the upward
slant at small frequencies becomes more pronounced, where the
neat PLA approaches a plateau. The increase of viscosity at small
frequencies makes the determination of zero shear viscosity diffi-
cult or impossible and it indicates the existence of a yield stress
because of aggregation or network formation. All primary results
indicate that the melt structure of PLA/RC composites changes with
nanocellulose content, however, based on the presented informa-
tion this cannot be stated with certainty and definitely cannot be
described quantitatively.

3.2. Structure

Nanocellulose and all nano-sized reinforcements usually have
large specific surface area, which results in the formation of large
interfaces and interphases. This itself leads to the increase of vis-
cosity, but the particles may also aggregate or associate and they
can form a network structure as well [22-24]. The fractured surface
of composites in Fig. 4a-c shows the microstructure at different
compositions; relatively well-dispersed RC particles are observed
in the composites at 2 wt% RC content as previous results indicated
[9]. Aggregated particles with diameters of around 8 and 20 mm
were found in the composites at 3 and 5 wt% RC content; the size
of these aggregates is much larger than the inherent dimensions of
the nanocellulose particles. SEM images support aggregation at rel-
atively large RC content. The TEM micrograph presented in Fig. 4d
clearly shows the small size and anisotropic character of the regen-
erated cellulose used in this study. The particles are several
micrometer long and their average diameter is 20–40 nm [25].
The size and shape of the particles explains the changes in the rhe-
ological characteristics observed.

Mukherjee et al. [26] evaluated the state of dispersion in PLA/-
nanocrystalline cellulose composites prepared by solvent casting.
The surface of the cellulose particles was acetylated to modify
interactions. The state of dispersion was characterized by the per-
colation threshold of network formation and the maximum pack-
ing fraction derived from the Krieger-Dougherty equation [27].
The behavior of acetylated cellulose particles was compared to
two other cellulosic fillers, microcrystalline and nanofibrillated cel-
lulose. Percolation thresholds of 0.018–0.035 vol fraction and max-



Fig. 4. SEM micrographs of PLA/RC nanocomposites at a) 2 wt%, b) 3 wt%, c) 5 wt% RC content and d) TEM micrograph recorded on RC; fibrous structure and interconnection
of fibers.

Fig. 5. Cole-Cole representation of the components of complex viscosity. The
numbers on the correlations show RC content. Indication of network formation.
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imum packing fractions of 0.035–0.065 were obtained for the three
fillers. The appearance of a yield stress indicated that a network
forms at 0.5 wt% RC content in our composites, which corresponds
to 0.007 vol fraction. The comparison of the two methods of com-
posite preparation shows that the Pickering emulsion approach
results in better dispersion than solvent casting.

Earlier studies on composites containing nanosized particles
showed that Cole-Cole plots constructed from the components of
the complex viscosity detects changes in the structure of the melt
sensitively [28,29]. Plotting the imaginary part of viscosity against
its real component results in a regular semi-arc if the material has
a single relaxation time and a skewed semi-arc for a polymer with
a relaxation spectrum. Aggregation or the formation of a network
structure changes the plot considerably, a second arc appears at
longer relaxation times or the shape of the plot changes com-
pletely. Cole-Cole plots of the studied PLA/RC composites are pre-
sented in Fig. 5. The plot is a semi-arc for neat PLA, which is
distorted already at 0.5 wt% RC content because of the appearance
of a second process. The shape of the Cole-Cole plots changes con-
tinuously with increasing RC content until the first arc completely
disappears and the second process dominates at large, 3.0 and
5.0 wt% RC content. The presentation of the complex viscosity in
the form of Cole-Cole plots clearly proves aggregation or the for-
mation of a network structure with increasing RC content.
3.3. Modeling

Although the effect of regenerated cellulose on the rheological
behavior of PLA can be deduced qualitatively by the direct observa-
tion of primary results, quantitative analysis might offer additional
information [17,30]. Several models are available for the descrip-
tion of the shear dependence of viscosity, but most of them were
developed for linear viscoelastic fluids, which do not possess a
4

yield stress. Yield stress can be taken into account by an additional
term added to the equation. Such an equation, based on the origi-
nal model of Cross [30] was proposed recently by Khoshkava and
Kamal [15]

g ¼ ry

x
þ b
1þ cxd

ð1Þ
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where ry is yield stress, x is frequency while b, c and d are
called model parameters by the authors. The dimensions of b and
c are given as Pas and second (s), while d is dimensionless. How-
ever, the original model of Cross [30] took the form

g ¼ g1 þ g0 � g1
1þ a _cn

ð2Þ

where g0 is zero shear viscosity, g1 is viscosity at infinite shear
rate, _c is shear rate, a is a pre-exponential factor while n is the
power law exponent expressing the shear thinning behavior of
the melt. Accordingly, b in the Khoshkava equation corresponds
to zero shear viscosity (g0), if we assume that g1 is zero, d to the
power law exponent (n) and the dimension of c is sn instead of
second.

Eq. (1) was fitted to the experimental data and the result is pre-
sented in Fig. 6. The prediction of the model agrees quite well with
the experimental values indicated by circles. The parameters of the
fit are compiled in Table 1. One can see that both yield stress and
zero shear viscosity (b) increase significantly with increasing RC
content, the power law exponent (d) decreases, while the pre-
exponential constant (c) changes in a relatively narrow range.
Although the fit is reasonable, the physical meaning of c and its
change with nanocellulose content are difficult to interpret.

The Carreau-Yasuda equation [32] is used much more often for
the modeling of viscosity than the Cross model [30]. Berzin et al.
[31], and earlier Lerwimolnun and Vergnes [16], extended the
model with a yield stress and created the following equation

g� ¼ ry

x
þ g0 1þ kxð Þa� �n�1

a ð3Þ

where k is the time constant for disentanglement and the re-
forming of entanglements, a is the correction parameter intro-
duced by Yasuda and n is the power law exponent. This form of
the equation also assumes that g1 is zero. Eq. (3) was also fitted
to the experimental data and the result presented in Fig. 6 shows
very good agreement between measured and predicted values.
The parameters derived from the fit are collected in Table 2. Similar
values were obtained for yield stress and zero shear viscosity as in
the previous case (see Table 1). The time constant varies much and
Fig. 6. Comparison of complex viscosities predicted by various models to exper-
imentally determined values. PLA/RC composites at 1.5 wt% RC content. Symbols:
( ) measured, ——— Khoshkava [15], Berzin [31], this work.

5

occasionally takes very small values, while changes in the power
law exponent is difficult to explain. Although the model gives a
good fit, the five model parameters make fitting and the interpre-
tation of the obtained values difficult.

In this work, we propose a simple model based on the power
law equation

s ¼ k _cn ð4Þ
where k is the pre-exponent similar to parameter c in Eq. (1).

The equation is modified to take into account structure formation
and yielding

s ¼ s0 þ k1
1þ 1

k _cð Þn
ð5Þ

where k1 is shear stress at infinite shear rate, s0 is yield stress
and the meaning of k is the same as before. Derivation, changing
shear rate to frequency and the introduction of the yield term
results in the final equation

g ¼ ry

x
þ k1n kxð Þn
x kxð Þn þ 1
� �2 ð6Þ

The fitting of Eq. (6) to the experimental results is shown in
Fig. 6 and the parameters obtained are collected in Table 3. The
fit is less good than in the previous two cases at larger frequencies,
but it is adequate at the lower end of the frequency range. Yield
stress shows the same tendency as with the other two models
and the power law exponent decreases with RC content. The value
of k is large as expected, while the time constant is very small that
is difficult to understand. The modeling of the viscosity of PLA/RC
composites with various models resulted in reasonable fit in all
cases, but the interpretation of the results is difficult, the physical
meaning and significance of the parameters are unclear and need
further considerations.

3.4. Discussion

The main reason of modeling is to gain better insight into the
rheological behavior of materials through the interpretation of
the physical meaning of model parameters. A common feature of
the three models used in this study is yield stress indicating aggre-
gation or the formation of a cellulose network. Yield stresses
derived from the models are presented in Fig. 7 as a function of
RC content. The tendency is the same for all three models and
the values are very close to each other; the model developed in this
work yields somewhat smaller values, but the difference is
insignificant. We may conclude that the yield parameter of the
equations used offers proof for network formation and expresses
its extent in quantitative terms.

Much more contradictory is the composition dependence of the
other parameters determined and thus also their interpretation.
The power law exponent is plotted against RC content in Fig. 8.
The value of the exponent should be between 0.1 and 1.0 and we
expect a decrease with increasing amount of the reinforcement,
i.e. increased sensitivity to shear, stronger shear thinning. The n
and d parameters determined from Eqs. (1) and (6) correspond
to this requirement, but the uncertainty is larger for the latter.
Quite surprisingly, the n parameter derived from the modified Car-
reau equation (Eq. (3)) is very large, values larger than 10 were
obtained at certain compositions, which is difficult to understand.
Even more so, since reasonable values were obtained for PP/
pineapple leaf composites by Berzin et al. [31] by using the same
model. Obviously, the five parameters in the equation do not facil-
itate the obtaining of reasonable values for them.

The controversy is emphasized even more by Fig. 9 in which the
k and a parameters of Eq. (3) are plotted against RC content. Relax-



Table 1
Parameters determined by the modeling of the rheological behav-
ior of PLA/RC composites; the Khoshkava (Cross) model [15], see
Eq. (1).

RC content (wt%) ry (Pa) b (Pas) c (sd) d

0 0 1330 0.01 0.87
0.5 268 3891 0.25 0.49
1.0 560 6304 0.32 0.47
1.5 1986 8094 0.71 0.40
2.0 4005 11,590 1.15 0.42
3.0 9511 26,302 0.38 0.64
5.0 20,925 45,002 0.73 0.52

Table 2
Rheological parameters determined by fitting the Berzin (Carreau-Yasuda) model [31] to the viscosity values measured experimentally on PLA/RC nanocomposites (Eq. (3)).

RC content (wt%) ry (Pa) g0 (Pas) k (s) n a

0 0 1319 0.018 1.48 1.21
0.5 243 4902 4.2E-9 17.44 0.25
1.0 521 8429 2.2E-9 14.34 0.23
1.5 1944 14,450 1.1E-6 2.92 0.17
2.0 4195 6298 1.45 1.31 2.33
3.0 9885 20,896 0.77 1.40 2.41
5.0 20,895 46,307 0.49 1.53 0.49

Table 3
Parameters of the rheological model proposed in this work to describe the
frequency dependence of the viscosity of PLA/RC nanocomposites, see Eq.
(6).

RC content (wt%) ry (Pa) k (Pa) k (s) n

0 0 4.22E + 08 1.01E-06 0.91
0.5 36 9.90E + 08 1.29E-07 0.78
1.0 220 9.72E + 09 9.40E-09 0.77
1.5 1700 5.23E + 09 1.35E-08 0.75
2.0 3638 1.14E + 09 3.87E-08 0.69
3.0 7210 1.14E + 10 3.98E-09 0.66
5.0 18,266 1.11E + 10 6.46E-09 0.66

Fig. 7. Dependence of predicted yield stress on RC content. Symbols: ( )
Khoskhava [15], ( ) Berzin [31], ( ) this work.

Fig. 8. Effect of RC content on the power law parameters, n and d, determined by
the rheological models studied in this work. Symbols: ( ) Khoskhava [15], ( )
Berzin [31], ( ) this work.
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ation times between 0.0005 and 200 s were obtained for layered
silicate nanocomposites [33], in which a silicate network formed
with increasing relaxation time at larger extent of platelet associ-
6

ation. The very small values of 2.2E-9 s (see Table 2) is difficult
to understand as well as the less than 1 s at large RC content.



Fig. 9. Parameters determined by the fitting of the Berzin [31] model
to the complex viscosity of PLA/RC composites of various RC content. Symbols:
( ) k, ( ) a.
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The same applies to the k parameter in Eq. (6) (see Table 3). More-
over, the complete lack of correlation in Fig. 9 also questions the
model and/or the fitting procedure. The parameters obtained defi-
nitely do not offer any information about the structure of the melt
or the rheological behavior of the PLA/RC nanocomposites studied.
Somewhat simpler models with fewer adjustable parameters seem
to be more reasonable in this case.
4. Conclusions

Regenerated cellulose is a suitable reinforcement for PLA and
the Pickering emulsion process produces homogeneous materials.
Already a small amount of RC modifies properties significantly.
The small size and relatively large aspect ratio of the cellulose
nanofiller leads to the formation of a network structure already
at small cellulose content. Rheological characteristics are espe-
cially sensitive to the amount of RC and to structural changes
caused by increasing filler content. Modeling helps the quantitative
analysis of the experimental results and offers additional informa-
tion about the structure and properties of the composites studied.
A new, four-parameter model based on the power law equation
was proposed for the description of the shear dependence of vis-
cosity. All models used in this work had advantages and draw-
backs. All three predicted yield stress well, but only the new
model gave reasonable values for the power law exponent. Other
parameters and their composition dependence were difficult to
interpret. Fitting parameters must be evaluated carefully and crit-
ically for all models.
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       The enzymatic degradation of poly(lactic acid) (PLA) is catalyzed the most efficiently by alkaline 

proteases and the commercial product Proteinase. The studies included many aspects of the enzymatic 

degradation of PLA including the effect of enzyme concentration, temperature, ion concentration of the 

buffer used as degradation medium, the molecular weight, stereochemical composition and crystallinity of 

PLA, even the effect of physical ageing on the rate of degradation as well as the influence of various additives 

were studied to smaller or larger extent. Unfortunately, the results of the experiments were evaluated only 

qualitatively, degradation kinetics has not been analyzed quantitatively by the use of appropriate models. 

Moreover, less attention was paid to the changing acidity of the degradation medium and to the occasional 

denaturation of the enzyme. 

        In view of the considerations above, the goal of this work was to study the enzymatic degradation of 

PLA and to analyze the results quantitatively. The quantitative analysis of results aimed at the determination 

of factors influencing the enzymatic degradation of PLA proved that Proteinase K degrades the polymer very 

efficiently. The rate of degradation increases considerably up to 0.1 mg/ml enzyme concentration, but 

remains constant at larger values. Temperature has an optimum at around 50 °C that is somewhat higher than 

the 37 °C extensively used in the literature as the most advantageous value. If degradation occurs in the same 

medium throughout the process, the formation of lactic acid results in the sharp decrease of pH and finally 

in the denaturation of the enzyme. The dropping of pH below 5 slows down and finally stops degradation 

completely. The daily change of the medium results in degradation with a constant rate and the entire amount 

of polymer can be decomposed mainly into monomer or smaller oligomer fragments. The most convenient 

way for the enzymatic degradation of PLA would be the continuous adjustment of the acidity of the medium, 

which can be done by various means. The molecular weight of the polymer influences the rate of degradation 

only slightly, degradation rate decreases with increasing molecular weight. The effect of stereoregularity on 

the rate of degradation could not be determined unambiguously because the range studied was not sufficiently 

wide. Nevertheless, the use of appropriate kinetic models allowed the quantitative analysis of the results and 

the unambiguous determination of the effect of several factors on the rate of the enzymatic degradation of 

PLA. 
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ABSTRACT 

 The enzymatic degradation of poly(lactic acid) was catalyzed with Proteinase 

K and the effect of various factors on the rate of degradation was analyzed 

quantitatively with the help of appropriate kinetic models. The results proved that 

Proteinase K degrades the polymer very efficiently. The rate of degradation increases 

considerably up to 0.1 mg/ml enzyme concentration, but remains constant at larger 

values. Temperature has an optimum at around 50 °C that is somewhat higher than the 

37 °C extensively used in the literature as the most advantageous temperature. If 

degradation occurs in the same medium throughout the process, the formation of lactic 

acid results in the rapid decrease of pH and finally in the denaturation of the enzyme. 

The dropping of pH below 5 slows down and finally stops degradation completely. The 

daily change of the medium results in degradation with a constant rate and the entire 

amount of polymer can be decomposed mainly into monomer or smaller oligomer 

fragments. Degradation rate decreases slightly with increasing molecular weight and 

increasing D-lactide content. The use of appropriate kinetic models allows quantitative 

analysis and the prediction of the rate of enzymatic degradation of PLA. 
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ABSTRACT 

 The enzymatic degradation of poly(lactic acid) was catalyzed with Proteinase K and 

the effect of various factors on the rate of degradation was analyzed quantitatively with the 

help of appropriate kinetic models. The results proved that Proteinase K degrades the 

polymer very efficiently. The rate of degradation increases considerably up to 0.1 mg/ml 

enzyme concentration, but remains constant at larger values. Temperature has an optimum 

at around 50 °C that is somewhat higher than the 37 °C extensively used in the literature as 

the most advantageous temperature. If degradation occurs in the same medium throughout 

the process, the formation of lactic acid results in the rapid decrease of pH and finally in the 

denaturation of the enzyme. The dropping of pH below 5 slows down and finally stops 

degradation completely. The daily change of the medium results in degradation with a 

constant rate and the entire amount of polymer can be decomposed mainly into monomer or 

smaller oligomer fragments. Degradation rate decreases slightly with increasing molecular 

weight and increasing D-lactide content. The use of appropriate kinetic models allows 

quantitative analysis and the prediction of the rate of enzymatic degradation of PLA. 

KEYWORDS: PLA, Proteinase K, kinetics, modeling, molecular weight, D-lactide content   

 

1. INTRODUCTION 

 Plastic production and use continues to increase with a considerable rate; more than 

370 million tons of plastics was produced in 2021. The large scale of plastics production 

and use results in serious environmental problems, marine and land pollution increases 

continuously. Moreover, the majority of plastic products are produced on fossil fuel basis 

thus their carbon footprint is extremely disadvantageous [1]. Although commodity plastics 

can be collected and then reprocessed into high value products, collection itself is quite 

difficult and a large amount of plastics finds its way into the environment causing serious 
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pollution [2,3]. 

 Although biopolymers might not solve the problem of environmental pollution 

completely, they may offer a viable alternative in certain areas. Bioplastics are already used 

in increasing amounts in packaging [4], but also as single use articles and even in some 

engineering applications [5]. Some of these polymers degrade biologically either in the 

environment or in a compost thus decreasing the amount of plastic waste causing pollution. 

Although serious debate is going on occasionally questioning the use of biopolymers, the 

amounts used increase nevertheless that will force legislation to cope with the problem 

sooner or later. 

 One of the reasons for the debate is that the biodegradation of bioplastics is a 

complicated process. Biodegradable polymers are either natural polymers or mainly 

aliphatic polyesters. In these latter biodegradation occurs through the cleavage of the ester 

bonds which is rather slow under normal conditions (room temperature, neutral pH), but can 

be accelerated by various means [6]. Degradation accelerates considerably in strong acidic 

or alkaline media [7], but such conditions do not exist and are impractical or even impossible 

to create for the degradation of biopolymers in practice. On the other hand the degradation 

of aliphatic polyesters can be catalyzed also by enzymes, which degrade the polymer under 

much more benign conditions.  

 The enzymatic degradation of polyesters is a complex process, which has limitations 

and is influenced by many factors. Enzyme catalyzed reactions are very specific, e.g. 

polycaprolactone is efficiently degraded by certain lipases [8], while the degradation of 

poly(lactic acid) (PLA) is catalyzed the most efficiently by proteases [9,10]. Besides the 

type of enzyme, its concentration, temperature and the pH of the degradation medium also 

influence the rate and extent of degradation [11,12]. The formation of acidic reaction 

products further complicates the process, increasing acidity may lead to the denaturation of 
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the enzyme thus bringing degradation to an end. Accordingly, the thorough study of factors 

influencing degradation is essential for the use of biopolymers and the utilization of 

biodegradation in the elimination of bioplastic waste. 

 Because of its importance, the enzymatic degradation of PLA, the aliphatic polyester 

biopolymer produced and used in the largest quantities presently, has been widely 

investigated by various groups [13]. A wide range of enzymes was used as potential catalyst 

including cutinases, lipases, proteases and esterases [14,15]. The results of the experiments 

showed that the most efficient catalysts for the enzymatic degradation of PLA are the 

alkaline proteases [16,17] and the commercial product Proteinase K is extensively used for 

the purpose. The studies included many aspects of the enzymatic degradation of PLA 

including the effect of enzyme concentration [18], temperature [19], ion concentration of 

the buffer used as degradation medium [20], the molecular weight [21], stereochemical 

composition and crystallinity of PLA [22-24], even the effect of physical ageing on the rate 

of degradation [25] as well as the influence of various additives were studied to smaller or 

larger extent [26,27]. Unfortunately, the results of the experiments were evaluated only 

qualitatively, degradation kinetics has not been analyzed quantitatively by the use of 

appropriate models. Moreover, less attention was paid to the changing acidity of the 

degradation medium and to the occasional denaturation of the enzyme. 

 Accordingly, the goal of this work was to study the enzymatic degradation of PLA 

and to analyze the results quantitatively. Enzyme concentration, the temperature and volume 

of the degradation medium as well as the molecular weight of the polymer were changed in 

order to determine the effect of these factors on the rate of degradation. Two different 

approaches were also compared, i.e. degradation was carried out with the daily change of 

the degradation medium and also without a change, i.e. it was done in the same degradation 

medium until degradation stopped. The rate and extent of degradation was compared for the 
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two cases. Experimental results were evaluated quantitatively with the help of models 

developed earlier. Quantitative analysis allows comparison and also prediction and the 

planning of the degradation protocol. The consequences of the results for practice are also 

mentioned briefly at the end of the paper. 

 

2. EXPERIMENTAL 

2.1. Materials 

 Five PLA polymers were in the experiments with different molecular weights and 

D-lactide contents. All was produced by Natureworks, USA. The molecular weight and D-

lactide content of the samples is collected in Table 1. The Proteinase K from Tritirachium 

album was supplied by Sigma-Aldrich. The activity of the enzyme was 30 U/mg. MilliQ 

distilled water (Millipore, ρ > 18.2 Mcm), tris(hydroxymethyl) aminomethane (tris) 

(Molar Chemicals, 99.5 %), and hydrochloric acid (HCl) (Molar Chemicals, 36.67 %) were 

used as received. 

Table 1 Molecular weight and stereoregularity of the Ingeo PLA grades used in this study 

Grade Mn 

(g/mol) 

Mw 

(g/mol) 

Mw/Mn D-lactide 

(%) 

3260 HP 44600 86000 1.93 0.5 

3251 D 50700 89000 1.76 1.2 

3100 HP 63500 125900 1.98 0.5 

2003 D 64800 129000 1.99 4.3 

4032 D 85700 167100 1.95 2.0 

 

2.2. Sample preparation 

 The buffer (pH = 8.6, I = 12 mM) was prepared by dissolving 50 mmol (6.057 g) tris 

in 900 ml MilliQ water and the pH of the solution was adjusted by the addition of HCl, 
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finally the solution was diluted to 1 l in a measuring flask. 

 The PLA granules were dried under vacuum at 110 °C for 24 h before processing 

and then they were compression molded into 1 mm thick plates at 175 °C for 5 min.  The 

plates were cut into small specimens of 10 x 10 mm dimensions for the degradation studies. 

 

2.3. Methods and characterization 

 The pH of the buffers was determined using a Metrohm 827 type apparatus with a 

combined glass electrode. Gel permeation chromatography (GPC) was used for the 

determination of the molecular weight of the polymers studied. The GPC system was 

composed of a Waters 515 HPLC pump, a column system of 2 Waters Styragel HR columns 

(HR1 and HR4), a Jetstream thermostat and an Agilent Infinity 1260 Differential 

Refractometer detector. Tetrahydrofuran was used as eluent with a flow rate of 0.3 mL/min, 

and the measurements were carried out at 35 °C. The chromatograms were evaluated by the 

PSS Win GPC software based on calibration with narrow distribution polystyrene standards. 

 

2.4. Degradation studies 

 The samples cut from the compression molded plates were placed into vials and the 

enzyme solution or the buffer (reference) was measured onto the specimens. The vials were 

shaken at 150 rpm and 37 °C in an incubator afterwards. Individual samples were 

investigated in each case. In the experiments, the samples were taken from the vial after a 

certain degradation time, washed with water, wiped and weighed. Enzyme concentration 

was 0.01, 0.02, 0.04, 0.08, 0.1, 0.2, 0.3, 0.4 and 0.5 mg/ml in the first series of 

measurements. The volume of the degradation medium was 5 ml in this and in all other 

series except in which the volume of the degradation medium was changed. In another series 

degradation was done at various temperatures, at 23, 37, 45, 50 and 65 °C. The 
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measurements were done twice at 37 °C in order to check their reliability. Enzyme 

concentration was 0.2 mg/l. The same enzyme concentration was used in the series in which 

the influence of degradation volume was studied; volumes of 5, 10, 20, 30 and 40 ml were 

used in the experiments. The degradation medium was changed daily in a series comparing 

the effect of changed/unchanged medium and also in the series studying the effect of 

molecular weight on the rate of degradation. 

 

3. RESULTS AND DISCUSSION 

 The results are discussed in several sections. The theoretical background and the 

models used for the quantitative analysis of the results are introduced in the first and then 

the effect of various factors (enzyme concentration, temperature, volume) is presented in 

subsequent sections. The influence of changing degradation medium is compared to that 

obtained without change next followed by the analysis of the effect of molecular weight and 

D-lactide content on the rate of degradation in the last section of the paper together with 

comments on the practical relevance of the results.  

 

3.1. Background 

 In order to analyze degradation properly and determine its rate quantitatively, a 

model is needed which describes degradation kinetics. The most frequently used model for 

the description of the kinetics of enzymatic reactions was proposed by Michaelis and 

Menten [28]. Unfortunately, the model was developed for homogeneous reactions, and 

usually it is used only for the description of experiments carried out for a short time, in the 

linear section of the reaction [29]. In our case, the reaction is heterogeneous, and degradation 

is carried out for a long time. Under such conditions, enzymatic degradation proceeds in 

three steps. The first step of the process is the adsorption of the enzyme on the surface of 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



8 

 

the substrate. This is followed by the degradation of the polymer, which may be described 

by the original Michaelis-Menten approach. Finally, after longer times, the denaturation of 

the enzyme may take place and the reaction slows down.  

 The model describing the kinetics of enzymatic degradation quantitatively must 

consider all three steps. However, since the first step, the adsorption of the enzyme on the 

substrate is completed in a short time, we ignore it here in order to simplify the treatment. 

Such a model has been developed in our lab recently and was successfully used to describe 

the enzymatic degradation of polycaprolactone and PLA [20,29]. If we follow degradation 

by the loss of sample weight, the rate of degradation in the linear stage, as predicted by the 

Michaelis-Menten model [28], can be described by first order kinetics. However, we must 

take into account the denaturation of the enzyme as well, which results in the decrease of 

degradation rate. We assume that denaturation proceeds also according to first order kinetics 

and after the necessary mathematical operations, we obtain the correlation describing the 

time dependence of degradation, i.e. weight loss in the following form 

𝑚(𝑡) = 𝑣𝑑  𝜏 [1 − exp (−𝑡/𝜏)] (1) 

 

where vd gives the initial rate of degradation at zero time,  is a time constant which is related 

to the rate of denaturation, and the pre-exponential term A = vd equals the loss of mass at 

infinite time, i.e. the amount of polymer degraded by the enzyme. If denaturation is absent, 

like in the case of changing degradation medium, mass loss changes linearly with time, it is 

constant in the linear regime of degradation as proposed by the original Michaelis-Menten 

model [28]. 

 

3.2. Enzyme concentration 

 The concentration of the enzyme in the degradation medium obviously influences 
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the rate of degradation. Numerous studies investigated the effect and researchers came to 

the conclusion that an optimum concentration exists, which depends on the component, 

composition and the conditions of degradation [12, 18, 19, 26, 30-32]. The weight loss of 

the specimens immersed into the degradation medium is plotted against time in Fig. 1 

together with the change of pH for two enzyme concentrations (0.01 and 0.5 mg/ml). The 

time dependence of degradation shows the usual picture; weight loss increases steeply first 

then degradation slows down and reaches a final value [20]. The pH of the degradation 

medium decreases at the same time, slower at the smaller enzyme concentration, while faster 

at the larger one. pH reaches a very low value in the latter case, around pH = 4, which 

definitely leads to the denaturation of the enzyme and the halting of the degradation process. 

In the other case, at 0.01 mg/ml, however, pH remains high, around 7, thus only a limited 

degree of denaturation may take place in this case. Nevertheless degradation seems to stop 

even in this case indicating the loss of enzyme activity. Apparently, denaturation takes place 

even in this case or some other factor leads to the loss of enzyme activity. 
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Fig. 1 Kinetics of the enzymatic degradation of PLA at two different enzyme 

concentrations. Polymer: Ingeo 2003 D, volume: 5 ml, temperature: 37 °C. Symbols: (,) 
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0.01 mg/ml, (,) 0.5 mg/ml; full symbols: weight loss, empty symbols: pH. 

 

 Eq. 1 was fitted to the results of all the experiments and its parameters were 

determined for the quantitative evaluation of the degradation process. The rate of 

degradation and the time constant of denaturation are plotted against enzyme concentration 

in Fig. 2. The rate of degradation increases steeply up to about 0.1-0.2 mg/ml concentration 

and then does not change any more indicating that the addition of a larger amount of enzyme 

is superfluous, degradation rate cannot be increased any more. Optimum enzyme 

concentration must depend on the surface area of the specimens used in the degradation 

study, but also on the volume of the degradation medium. The surface for the adsorption of 

the enzyme molecules is defined by the size of the specimen, but at large concentrations 

enzyme molecules may also interact with each other thus decreasing activity. The effect of 

specimen surface area and the interaction of enzyme molecules should be studied more in 

detail in the future. 
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Fig. 2 Effect of enzyme concentration on the rate of degradation and denaturation. 

Polymer: Ingeo 2003 D, volume: 5 ml, temperature: 37 °C. Symbols: () degradation rate, 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



11 

 

() time constant of denaturation. 

 

3.3. Temperature 

 The catalytic activity of enzymes is known to have an optimum as a function of 

temperature. Enzyme activity has been investigated in a wide range, from 23 to 60 °C, but 

experiments are conducted mostly at 37 °C in the case of Proteinase K [22-17, 32, 33]. We 

adopted this approach and value, but wanted to check the effect of temperature on the rate 

of degradation and denaturation. We refrain here from the presentation of primary 

experimental values, but show only the results of the quantitative analysis.  

 The rate of degradation and the time constant of denaturation are plotted against the 

temperature of the degradation medium in Fig. 3. At room temperature, 23 °C, the 

degradation is very slow, while the time constant of denaturation is large, i.e. both processes 

proceed at a slow rate. Both degradation and denaturation accelerates with increasing 

temperature as expected. The increasing rate of denaturation is the consequence of faster 

degradation, the accumulation of the degradation product, lactic acid, in the degradation 

medium and the consequent strong decrease of pH. The rate of degradation seems to be 

maximal at around 50 °C, but the values obtained above 37 °C are very close to each other 

and the scatter of the points is considerable, thus further experiments are needed to confirm 

the existence of the maximum. The temperature selected for the majority of the experiments, 

i.e. 37 °C, is adequate for the purpose, and degradation is sufficiently fast at this temperature. 
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Fig. 3 Dependence of the rate of degradation and denaturation on the temperature of the 

degradation medium. Polymer: Ingeo 2003 D, enzyme concentration: 0.2 mg/ml, volume: 5 

ml, temperature: 37 °C. Symbols: () degradation rate, () time constant of denaturation. 

 

3.4. Degradation volume 

 Most of the degradation experiments have been carried out at 5 ml volume of the 

degradation medium. The volume of the buffer solution, however, influences the rate of 

degradation considerably. Larger volume means larger buffer capacity and smaller 

concentration of the lactic acid formed during degradation and thus smaller extent of 

denaturation of the enzyme. The effect of these factors is amply demonstrated by Fig. 4 in 

which weight loss and the change of pH is plotted against the time of degradation. It is 

obvious from the figure that at larger volume pH changes to a smaller extent and the change 

is much slower as well. At the smaller volume, at 5 ml, the initial rate of degradation seems 

to be the same, but the degradation reaction stops much sooner because of the drastic change 

of pH of the degradation medium. 
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Fig. 4 Influence of the volume of the degradation medium on the kinetics of enzymatic 

degradation of PLA. Polymer: Ingeo 2003 D, enzyme concentration: 0.2 mg/ml, 

temperature: 37 °C. Symbols: (,) 40 ml, (,) 5 ml; full symbols: weight loss, empty 

symbols: pH. 

 

 The kinetics of degradation was analyzed quantitatively just as before. The rate of 

degradation and the time constant of denaturation are plotted against the volume of the 

degradation medium in Fig. 5. Interesting to note that the initial rate of degradation 

decreases slightly with increasing volume, although the concentration of the enzyme is the 

same in the degradation medium in all cases. The diffusion of the components may play a 

role at the larger volume, i.e. the diffusion of the enzyme to and its adsorption onto the 

surface of the specimen as well as the diffusion of the degradation products into the bulk of 

the degradation medium. The smaller concentration of the degradation products, mainly 

lactic acid, is clearly shown in the increase of the time constant of denaturation, this latter 

process slows down considerably with the increase of volume. Although the rate of 

degradation decreases with increasing volume, it is beneficial to use larger volume because 
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the amount of degraded polymer increases considerably due the increased lifetime of the 

enzyme. 
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Fig. 5 The rate of degradation of PLA and the denaturation of the enzyme plotted against 

the volume of the degradation medium. Polymer: Ingeo 2003 D, enzyme concentration: 0.2 

mg/ml, temperature: 37 °C. Symbols: () degradation rate, () time constant of 

denaturation. 

 

3.5. Change of the degradation medium 

 Using the same degradation medium is convenient, but as shown in the previous 

sections, it leads to a limited degree of degradation because of the denaturation of the 

enzyme. Accordingly the other frequently used technique is the regular change of the 

degradation medium [22-27, 32, 33], which will replenish the solution with fresh enzyme at 

a certain frequency. Experiments were carried out in this way at the lower range of enzyme 

concentrations studied. The results of the two different experiments, i.e. with daily change 

of the degradation medium and without it, are compared to each other in Fig. 6 at 0.08 

mg/ml enzyme concentration. Degradation rate remains constant in the case of daily change, 
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as expected, while the denaturation of the enzyme stops degradation as shown before. In the 

case of the daily change, the rate of degradation can be determined from the slope of the 

straight line in Fig. 6. Obviously, the entire polymer can be degraded if the degradation 

medium is changed regularly, but the technique is rather tedious and requires a considerable 

amount of enzyme and other chemicals. 
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Fig. 6 Comparison of the degradation kinetics of PLA in the case of daily change of the 

degradation medium and without its change. Polymer: Ingeo 2003 D, enzyme concentration: 

0.08 mg/ml, volume: 5 ml, temperature: 37 °C. Symbols: () no change, () daily change. 

 

 Degradation rates obtained in the two series of experiments are compared to each 

other in Fig. 7 and they are listed in Table 2 together with the other parameters obtained by 

fitting. It might be quite surprising first, that the rates obtained without the change of the 

degradation medium are larger than in the case of daily change. We must call the attention 

here to the fact that the rate determined by the fitting of Eq. 1 to the experimental results 

obtained without the change of the degradation medium are the initial rates of degradation. 

On the other hand rates obtained with daily change are average values. A considerable 
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amount of lactic acid forms during the degradation of the samples even in one day resulting 

in a smaller overall rate of degradation than the maximum rate calculated from fitting in the 

no-change case.  

Table 2 Rate constants determined by fitting the model of Eq. 1 to the kinetics of enzymatic 

degradation of PLA; effect of the change of the degradation medium 

Concentration 

(mg/ml) 

vd 

(%/h) 
 

(h) 

A 

(%) 

R2 vdc 

(%/h) 

0.01 0.24 48.8 11.7 0.9980 0.19 

0.02 0.35 40.9 14.3 0.9908 0.23 

0.04 0.46 27.9 12.8 0.9882 0.31 

0.08 0.68 17.1 11.6 0.9960 0.34 
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Fig. 7 Effect of enzyme concentration on the rate of degradation of PLA with and without 

change of the degradation medium. Symbols: () no change, () daily change. 

 

 The comparison of rates listed in Table 2 for the two cases i.e. daily change (vdc) 

and without change (vd), confirms the conclusions described above. The table also shows 
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that the time constant of denaturation () decreases with increasing enzyme concentration 

indicating the acceleration of this process at larger enzyme content of the degradation 

medium. The maximum amount of polymer degraded (A) is rather small under the 

conditions used in these series of experiments (37 °C, 5 ml volume). Finally, the attention 

must be called here to the fact that the quality of fitting (determination coefficient, R2) is 

extremely good proving that the model expressed in Eq. 1 describes the processes taking 

place during degradation very well indeed.  

 

3.6. Molecular weight and stereoregularity 

 A limited number of studies has been carried out on the effect of molecular weight 

and stereochemistry on the enzymatic degradation of PLA [21-24]. The results indicated 

that both the increase of molecular weight and the number of D-lactide units in the chain 

decrease the rate of degradation catalyzed by Proteinase K. In this study, these experiments 

have been carried out with the daily change of the degradation medium. The weight loss of 

the samples was followed as usual and linear correlations very similar to that shown in Fig. 

6 were obtained in all experiments thus we refrain from the presentation of the primary 

results here. 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



18 

 

40 50 60 70 80 90
0.30

0.35

0.40

0.45

0.50

Molecular weight, Mn (kg/mol) 

D
eg

ra
d
at

io
n
 r

at
e 

(%
/h

)

 

Fig. 8 Correlation between the rate of enzymatic degradation and the molecular weight of 

PLA polymers. Enzyme concentration: 0.2 mg/ml, volume: 5 ml, temperature: 37 °C, daily 

change of degradation medium. 

 

 Molecular weights determined by GPC are listed in Table 1 together with the D-

lactide content of the polymers studied. The number average molecular weight covers a 

relatively wide range from approximately 45000 to 85000 g/mol, but D-lactide content 

changes only slightly from 0.5 to 4.5 %. Linear correlations were fitted to the weight loss 

vs. time lines and degradation rate was determined. The results are plotted against the 

number average molecular weight in Fig. 8. The rate of enzymatic degradation decreases 

slightly with increasing molecular weight in accordance with the results of other groups 

[22]. This result indicates that the enzyme attacks chain end units preferentially, degradation 

does not occur randomly along the polymer chain. The effect of D-lactide content on the 

rate of degradation is presented in Fig. 9. Apparently, the decrease of stereoregularity seems 

to slow down degradation thus indicating that Proteinase K preferentially cleaves L-lactide 

units in the chain, but the results must be treated with the utmost caution. The range of D-
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lactide content is narrow, as mentioned above, and the two values obtained at 0.5 % D-

lactide content differ considerably from each other. If we neglect the larger value as 

erroneous, degradation rates would be the same for all the rest of the polymers. More 

experiments in a much wider range of D-lactide content must be carried out in order to be 

able to determine the effect of this variable on the rate of degradation unambiguously.  
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Fig. 9 The rate of enzymatic degradation of PLA plotted against the D-lactide content of 

the PLA polymers studied. Enzyme concentration: 0.2 mg/ml, volume: 5 ml, temperature: 

37 °C, daily change of degradation medium. 

 

4. CONCLUSIONS 

 The quantitative analysis of results aimed at the determination of factors influencing 

the enzymatic degradation of PLA proved that Proteinase K degrades the polymer very 

efficiently. The rate of degradation increases considerably up to 0.1 mg/ml enzyme 

concentration, but remains constant at larger values. Temperature has an optimum at around 

50 °C that is somewhat higher than the 37 °C extensively used in the literature as the most 

advantageous value. If degradation occurs in the same medium throughout the process, the 
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formation of lactic acid results in the sharp decrease of pH and finally in the denaturation of 

the enzyme. The dropping of pH below 5 slows down and finally stops degradation 

completely. The daily change of the medium results in degradation with a constant rate and 

the entire amount of polymer can be decomposed mainly into monomer or smaller oligomer 

fragments. The most convenient way for the enzymatic degradation of PLA would be the 

continuous adjustment of the acidity of the medium, which can be done by various means. 

The molecular weight of the polymer influences the rate of degradation only slightly, 

degradation rate decreases with increasing molecular weight. The effect of stereoregularity 

on the rate of degradation could not be determined unambiguously because the range studied 

was not sufficiently wide. Nevertheless, the use of appropriate kinetic models allowed the 

quantitative analysis of the results and the unambiguous determination of the effect of 

several factors on the rate of the enzymatic degradation of PLA. 
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