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Abstract 

In the field of biomedical materials, conventional approaches to tissue engineering and 
wound healing face limitations that encourage the exploration of innovative treatments. 
This work presents multifaceted exploration of piezoelectric polylactic acid (PLA) films 
intended for biomedical applications, from the optimization of the conditions for efficient 
film preparation to the investigation of the degradation processes, the development of 
nanotextured (NT) PLA films, and presents the evaluated performance for wound healing 
as an applicative view of use.  

The study firstly presents the polymer physical, chemical and piezoelectric properties 
and behavior at different temperatures to successfully optimize the preparation of 
piezoelectric polymer film by uniaxial tensile stretching. As part of this study, piezoelectric 
measurements of the whole film were directly correlated to the newly formed properties of 
the polymer, such as crystallinity and orientation, and more importantly, how additional 
modifications (annealing and surface etching, topography) affect piezoelectricity through 
modified method of measurements. The surface was additionally alkali etched due to poor 
hydrophilic properties, which noticeably improves the surface. Accelerated degradation 
using proteinase K reveals that enhanced surface hydrophilicity alters the degradation 
process from bulk to surface-oriented erosion, maintaining mechanical stability and, 
consequently, piezoelectric properties for extended durations. 

The study also introduces a template-assisted method for preparing NT PLA films. The 
nano-sized topography significantly enhances piezoelectric properties, offering promising 
biological responses. A new method for assessing piezoelectric properties which employed 
the decomposition of an organic dye as a measure was proposed, which enables a complete 
evaluation of piezoelectric properties by considering materials with complex surface texture. 

The antibacterial effects of piezoelectric PLA films on both Gram negative and Gram 
positive bacteria were explored. Notably, the research identifies (piezo)electric stimulation, 
activated externally via ultrasound (US), to lead to bactericidal effects for bacteria in 
contact with piezoelectric NT film. The study also dismisses concerns of toxicity to non-
adherent (red blood cells) or adherent cells (epithelia skin cells), establishing the films as 
promising candidates for antibacterial agents or wound healing applications.  

Cellular (keratinocytes) and immune response (macrophages) to piezoelectric and non-
piezoelectric PLA films were also investigated. Mechanical stimulation through US 
activates (piezo)electric stimulation on cells and reveals improved cell attachment, 
enhanced actin filament production, improved cell-to-cell connections, and indicates 
towards improved cell differentiation. The immune response, evaluated through monocyte 
differentiation into macrophages, suggests minimal immune reaction towards the PLA 
polymer films, with different polarization responses observed for different film types. 

In conclusion, this comprehensive exploration establishes the potential of piezoelectric 
PLA films in biomedical applications. The findings offer valuable insights into the 
material's degradation, antibacterial properties, and cellular responses, providing a 
foundation for future advancements in electro-stimulated regeneration and wound healing 
technologies.
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Povzetek 

Na področju biomedicinskih materialov se konvencionalni pristopi k tkivnemu inženirstvu 
in celjenju ran soočajo z omejitvami, ki spodbujajo raziskovanje inovativnega zdravljenja. 
To delo predstavlja večplastno raziskovanje piezoelektričnih filmov PLA, namenjenih 
biomedicinskim aplikacijam, od optimizacije pogojev za učinkovito pripravo filma do 
raziskovanja procesov biorazgradnje, razvoja nanoteksturiranih (NT) PLA filmov in 
predstavlja ocenjeno učinkovitost za celjenje ran kot aplikativni pogled uporabe. 

V študiji so najprej predstavljene fizikalne, kemijske in piezoelektrične lastnosti PLA 
ter obnašanje polimera pri različnih pogojih za uspešno optimizacijo priprave 
piezoelektričnega polimernega filma z enoosnim raztezanjem, saj isti polimer z manjšo ali 
večjo molekulsko maso različno reagira na temperaturo in pogoje vlečenja. V tej študiji so 
piezoelektrične meritve celotnega filma neposredno povezane z nastajajočimi lastnostmi 
polimera, kot sta kristaliničnost in orientacija, in še pomembneje, kako dodatne 
modifikacije (segrevanje pri visokih temperaturah in površinsko jedkanje, topografija) 
vplivajo na piezoelektričnost, izmerjeno s predelano merilno metodo. Zaradi slabih 
hidrofilnih lastnosti je površina filma dodatno kemijsko jedkana, kar opazno izboljša 
površinske lastnosti. Pospešena razgradnja z uporabo encima proteinaze K razkriva, da 
izboljšana površinska hidrofilnost spremeni proces razgradnje iz globinske v površinsko 
usmerjeno erozijo, zaradi tega film ohranja mehansko stabilnost in posledično 
piezoelektrične lastnosti dlje časa. 

Študija prikaže tudi metodo priprave NT filmov s pomočjo templata z definiranimi 
nano porami. Topografija nano velikosti znatno izboljša piezoelektrične lastnosti in ponuja 
obetavne biološke odzive. V delu je predstavljena tudi nova metoda za ocenjevanje 
piezoelektričnih lastnosti, merjeno preko razgradnje organskega barvila, ki omogoča 
celostno oceno piezoelektričnih lastnosti materialov s kompleksno površinsko topografijo. 

Raziskovan je antibakterijski učinek piezoelektričnih PLA filmov na Gram negativne in 
Gram pozitivne bakterije. Raziskava identificira predvsem (piezo)električno stimulacijo, 
aktivirano od zunaj z ultrazvokom, da vodi do baktericidnega učinka na bakterije v stiku 
s piezoelektričnim NT filmom. Študija prav tako zavrača pomisleke o toksičnosti za ne-
adherentne (rdeče krvne celice) ali adherentne celice (epitelijske kožne celice), kar filme 
uvršča med obetavne kandidate za antibakterijska sredstva ali aplikacije za celjenje ran. 

Raziskani so bili tudi različni odzivi celic (keratinociti) in imunski odziv (makrofagi) na 
piezoelektrične in ne-piezoelektrične PLA filme. Mehanska stimulacija z ultrazvokom 
aktivira (piezo)električno stimulacijo na celice in pokaže izboljšano pritrditev celic, 
povečano proizvodnjo aktinskih filamentov, izboljšane povezave med celicami in nakazuje 
na povečanje celične diferenciacije. Imunski odziv, ovrednoten z diferenciacijo monocitov v 
makrofage, kaže na minimalno imunsko reakcijo proti polimernim filmom PLLA, z 
različnimi polarizacijskimi stanji makrofagov (vnetna ali protivnetna polarizacija). 

Skratka, ta celovita raziskava predstavlja potencial piezoelektričnih PLA filmov v 
biomedicinskih aplikacijah. Ugotovitve ponujajo dragocen vpogled v razgradnjo materiala, 
antibakterijske lastnosti in celične odzive, ki zagotavljajo osnovo za nadaljnje raziskave pri 
elektro-stimulacijski tehnologiji regeneracije in celjenja ran. 
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Chapter 1 

1 Introduction 

In the modern world, medical practice is still limited to conventional standardized methods 
of treating a wide variety of medical conditions, especially tissue engineering and wound 
healing. These methods with their own limitations may affect the effectiveness of treatment 
in certain cases and could be addressed using innovative treatment procedures, which are 
intensively researched today. Given my interest in specific topics such as wound healing, 
tissue engineering and antibacterial properties of biomaterials, some new materials and/or 
new treatment methods have already been proposed, but are in a state towards the clinical 
practice. External physical stimuli such as magnetic field, electric field, mechanical 
stimulation are new and interesting methods that showed some advancement towards 
accelerating the healing process. The piezoelectric property of the material provides one of 
the aforementioned stimulations, which is electrical stimulation, and can aid in wound 
healing. 

Piezoelectricity, as a property of materials to accumulate an electric charge as a 
response to mechanical deformation, is a well-known property of inorganic materials, 
mostly used in electronics. However, some of the organic materials (including polymers, 
proteins, DNA, etc.) can also exhibit piezoelectric properties, which are usually with at 
least one order of magnitude smaller strength and are relevant for interactions that exist 
inside the living organism [1]. For wound healing, electrical potential gradient at the wound 
site is a mayor signal for cells to start regeneration [2]. Following this natural phenomenon, 
the critical role of electrical signals in regeneration can be effectively used to design a new 
generation of biomaterials for tissue engineering. A particularly interesting class of 
materials are organic piezoelectric biomaterials. As piezoelectric coefficients of polymers 
are more comparable to the piezoelectric properties of organic materials than to ceramic, 
and their mechanical properties are significantly compliable to soft human tissue, in 
interactions with human cells they can promote their growth, which classifies them as 
promising biomaterials for use in wound healing stimulation [3]. 

In addition to stimulating human cell growth, piezoelectric stimulation has also a 
potential for targeting bacterial infections, particularly during wound healing and tissue 
regeneration. Bacteria respond to electric potential in different ways, including damaging 
cell wall which leads to bacterial cell death, inhibition of growth or changing the surface 
potential leading to surface repulsion [4]. As currently used medical protocols are based on 
excessive use of antibiotics to prevent or fight bacterial infections which may lead to 
bacterial resistance to frequently used antibiotics and decreasing their efficacy, novel 
approach based on piezoelectric stimulation has a large capacity to offer significantly more 
effective alternative.  

According to the presented aspects, I focused my dissertation on the investigation of 
piezoelectric polymer, specifically polylactic acid (PLA) and its possible generated 
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piezoelectric potential on the surface to benefit human keratinocyte cells, exhibit 
antimicrobial properties or some other possible uses due to mechanical/electrical properties 
of the polymer, hydrophobic/hydrophilic surface, biodegradability and biocompatibility.  

1.1 Wound Healing and Electrical Potential 

Every tissue scarring results in an immediate response of the organism, starting with the 
inflammatory phase which initiates a healing process, proceeding with proliferation (repair) 
and maturation phase (remodeling) [5]–[7]. Fig. 1a (adapted from the article [6]) 
demonstrates the wound healing process over a period of time. In the first hemostasis 
phase, which starts immediately after the injury, the initial blood clotting occurs. It is 
caused by accumulation of released platelets adhered on collagen fibers which come from 
blood vessels to the wound site, stop further bleeding and limit a spread of pathogens into 
the blood system [5], [8]. Generated signals from platelets and wound debris (growth 
factors, chemical mediators) recruit immune cells to the wound site, starting the 
inflammation phase, which usually lasts for a few days. In this phase, injury-causing agents 
are neutralized (due to dilution) and tissue's normal physiological state is restored [5], [8]. 
Chemical mediators, which promote wound healing and prevent infections, are usually 
released in low concentrations by macrophages (cells of the immune system), lymphocytes 
(provide body with immune capabilities), fibroblasts (produce collagen and elastin) and 
plasma cells [5]. During this phase, some tissue is already formed, however tissue does not 
regain normal functional strength yet. After removal of tissue debris and pathogens, cell 
proliferation is initiated in the following phases (repair and remodeling processes), which 
last much longer (weeks to months) than prior steps and result in new tissue formation [7]. 
Repair, also called proliferation phase, is important to determine the necessary properties 
of the scaffolds used to support, rebuild or stimulate damaged tissues. In this phase the 
wound defect is filled with granulation tissue (highly vascular connective tissue), the 
process of angiogenesis (formation of new blood vessels) occurs and epithelization 
(migration of cells towards wound closure) over the vascular wound surface, the 
extracellular matrix (ECM) is formed to fill the gap when needed and main cell proliferation 
and migration occur, which usually ends with scar tissue [8], [9]. During the remodeling 
phase, which can possibly last a year or more, the old or damaged ECM is degraded by 
fibroblast regulation in proteolytic events (cleavage of proteins into smaller components) 
and replaced by the formation of a new one, during which the tensile strength increases, 
but usually not more than 80% of the strength of the intact tissue [9]. 

 



1.1. Wound Healing and Electrical Potential 3 

 

Figure 1: Image shows (a) steps during the tissue repair process (hemostasis, inflammation, 
repair and remodeling) in chronological order, adapted after ref. [6]; (b) altered endogenous 
electrical potential formed after the tissue damage, where direct current is generated 
towards the wound area, adapted after ref. [10]; (c) the use of direct inside electrical 
stimulation for broken leg, which is an invasive method that uses cathodes directly at the 
wound site, labeled C, connected to an energy source and electrode (labeled E), located on 
the outside of the leg, adapted after ref. [11]. 

Prior factor in wound healing processes and tissue regeneration is endogenous electric 
field, as a directional electrical potential that guides migration of macrophages, 
keratinocytes, neutrophils (type of white blood cells) at the wound site [12]. This field is a 
natural electrical potential formed in epithelia layers composing the epidermis of 
surrounding organs, which generate steady voltage across themselves. And in case of 
disruption, lateral electric field has been measured around 40-200 mV/mm, demonstrated 
in Fig. 1b, leading to initial reaction on the cells, which have the ability to detect electric 
field and respond with migration towards the wound [13]. The local electric field also 
stimulates cellular activity through the opening of ion channels via inducing intracellular 
calcium transients, resulting in better cell proliferation and differentiation [14]. Similarly, 
an electric field applied through an external material (nanogenerator or piezoelectric [14]) 
could modulate cellular activity and thus mimic the natural healing process. 

Tissue gradually assumes normal functions, however complete recovery is rare [8], 
therefore it can result in chronic wound (incomplete repair and remodeling stage). Any of 
the phases can be suppressed due to the bacterial infection, diseases, systemic problems, 
therefore, some new methods or materials that can activate or accelerate healing process 
in different stages are welcome/needed to continue delayed or unfinished healing. One of 
the researched methods is the use of growth factors which cause many additional 
complications (including low availability, high instability, short half-life, dose-related 
complications), where optimization is required for each particular wound [15]. The other 
already used but invasive method is electric current wound healing of injured tissue, 
schematically presented in Fig. 3c. Its invasiveness is primarily related to the requirement 
of surgically implemented cathode that can be a source of infection, mechanical mismatch 
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with surrounding tissue, toxicity and formation of oxidation-reduction products [11]. 
Therefore, the passive stimulation of endogenous electric field is required for noninvasive 
method, and it can be achieved through novel functional/smart materials. The alternative 
noninvasive method is the use of piezoelectric material at site to trigger the voltage 
difference, when the material is mechanically deformed by body movement or externally 
by applied ultrasonic field [16]. By choosing the appropriate biocompatible and piezoelectric 
material, their noninvasive nature (self-sufficient powering as lack of needed wires to induce 
electricity), great biocompatibility and in case of biodegradable properties no removal is 
needed after their use, have great potential for use in the wound healing process. 

In medicine, electrotherapy is already established and daily used practice in 
physiotherapy for improved blood circulations, acceleration of bone fracture healing, 
stimulates the peripheral nervous system, for chronic pain, muscle disorders, as a stress 
reliever, which mainly has analgesic, anti-inflammatory and tissue-forming effects [17], [18]. 
Therefore, the use of electrical stimulation inside the body, directly at the wound site, is a 
promising idea for the regeneration of chronic wounds. 

1.2 Piezoelectricity  

Piezoelectricity of some natural crystals was discovered in 1880 by Curie brothers and it 
was named after a Greek word ˝piezein˝ which literally means pressure. Some ceramics, 
polymers and composites, which lack a macroscopic center of symmetry in their crystalline 
structure [15], have piezoelectric properties (Fig. 2a). Piezoelectrics are described as 
anisotropic dielectric materials, where the applied stress triggers internal polarization (the 
arrangement/orientation of ions in the non-centrosymmetric crystal structure) and causes 
an electric field to develop across the material boundary, known as direct piezoelectricity 
[19]. In the case of indirect piezoelectric effect, electric field causes mechanical deformation 
on material [20]. A dielectric material has no free electrical charge in basic (random dipole 
orientation), so external electrical field is usually applied to orient electric dipoles, due to 
the interaction of the electrical field with the dielectric structure, also called poling or 
polarizing the material, presented in Fig. 2b [20].  

Piezoelectricity is demonstrated with piezoelectric tensor dij, i defined as the direction 
of generated electric polarization in the material in response to applied mechanical stress 
in direction j [19]. Also important but usually not mentioned is piezoelectric voltage 
constant gij, defined as the electric field generated by a piezoelectric material per unit of 
mechanical stress applied, with units Vm/N [19]. We encounter several ways of stimulating 
piezoelectric property in material, due to the many possible different crystalline structures, 
known as longitudinal (d33, direction of mechanical deformation and measured generated 
voltage graphically presented in Fig. 2c), transverse (d13, Fig. 2d), and shear (d14) 
piezoelectricity. They can act as actuators (doing mechanical work), where d constant is 
important, or sensors (sending the electrical signal after deforming), where g constant is in 
focus. 
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Figure 2: (a) Non-centrosymmetric crystal structure with direction of natural polarization, 
adapted after ref. [20]; (b) changes in direction of polarization after poling of dielectric by 
application of high electric field, adapted after ref. [20]; showing the direction of mechanical 
deformation and the responding voltage in (c) parallel d33 and (d) longitudinal d31 direction, 
adapted after ref. [19]. 

Polymers are long organic chains, composed of chemically bonded series of monomers. 
Most polymers are considered insulators, which is true for non-polar polymers. These 
polymers have tightly and covalently bonded electrons to the center of a long main chain 
with evenly distributed electrons (unavailability of free electrons to create conductivity) 
[21]. However polar polymers, with slight imbalance in the electronic charge, can be 
dielectric, therefore also piezoelectric [21]. In order to have piezoelectric properties, 
polymers need some structural properties including: the presence of permanent molecular 
dipoles, ability to orient molecular dipoles, ability to sustain achieved dipole alignment and 
ability of material to undergo large strains upon mechanical stress (polar semi-crystalline 
polymers) [19]. Semi-crystalline polymers act similarly as piezoelectric ceramic materials, 
where the polar groups are arranged in crystalline form, allowing for a change in 
polarization with applied mechanical stress. To enhance the piezoelectricity in semi-
crystalline polymers, orientation of crystalline parts is necessary, achieved usually through 
poling [19]. Poling is done by application of high electric field at the working temperature 
above the glass transition temperature (increased moldability), where polymer can change 
shape and dipoles can effectively be aligned with the applied electric field, and then 
quenched to lower temperatures to maintain most of the orientation [19]. To simplify, only 
the crystalline parts in oriented semi-crystalline polymer are most affected by mechanical 
stress, so it contributes the most to the piezoelectric properties. 

In general, ceramic materials have 1-2 orders higher piezoelectric values compared to 
biologic or polymer piezoelectrics. However, g constant of polymers is similar or higher 
compared to ceramic, therefore are more suitable for sensor application (generating charge 
due to small mechanical deformations), which is also the property of interest studied in 
this work. Polymers which possess piezoelectric properties are polyvinylidene fluoride 
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(PVDF, d33= 20-28 pC/N, already commercially available in different forms) and its 
copolymers (addition of trifluoroethylene enhances the crystallinity, d33= 25-38 pC/N), 
polyimide (PI, d33= 5-16 pC/N), poly-L-lactic acid (PLLA, d14= 10 pC/N) and some with 
lower values (polycaprolactone, polyurethane, polyhydroxybutyrate [22], nylon) [23]. 
Among the piezoelectric polymers, PLLA is the polymer with the highest piezoelectric 
coefficient among the biodegradable and biocompatible options. It has a similar spiral or 
helix crystal structure as biological polymers (collagen). Fig. 3a illustrates the proposed 
molecular dipole orientation of collagen (red arrows) in helix structure and Fig. 3b shows 
generated charge on collagen surface after the bone is compressed [23].  

Biological materials usually have a spiral structure at different levels of organization, 
so almost all biological matter possesses piezoelectric properties because spirals do not have 
a center of symmetry [24]. It was accepted by many researchers that crystallization of 
material and growth of living tissue are similar phenomena since periodic pattern formation 
is expressed in crystals and also observed in living organisms (additional units are 
continuously added with growth, so they orient depending on the previous state) [24].   

 

 

Figure 3: (a) Schematic illustration of permanent polarization in α-helix, demonstrated 
with red arrows; (b) presentation of generated surface charges as a response to applied 
stress (F) on bone (collagen fiber with calcium hydroxyapatite), adapted from ref. [23].  

1.3 Piezoelectric Poly-L-Lactic Acid Polymer 

PLA is a bio-based (biologically derived and biodegradable) thermoplastic polymer, which 
exists in three conformations, depending on the monomer optical isomer condition (L- 
clockwise rotation and D- counterclockwise rotation), which are semi-crystalline poly-L-
lactic acid, poly-D-lactic acid or amorphous poly-DL-lactic acid [25], [26]. The most 
preferred/mentioned stereoisomer of PLA for use in medicine with the highest piezoelectric 
properties is semi-crystalline poly-L-lactic acid (PLLA) [27]. PLLA is a synthetic, 
biodegradable and biocompatible polyester (monomer presented in Fig. 4a) with α left-
handed helix crystal structure, characterized by shear piezoelectric responsiveness. It is 
also approved by Food and Drug Administration (FDA) and European Medicines Agency 
(EMA) as appropriate for medical applications [28]. Piezoelectricity in PLLA originates 
from orientation of C=O molecular dipoles. Due to helical structure and lack of center of 
symmetry in the crystal structure (a chiral center in monomer) polymer exhibits shear 
piezoelectricity in all crystal forms, including α, β, and γ [29]. The most stable structure of 
PLLA is α with orthorhombic unit cell and 103 helix conformation, illustrated in Fig. 4b. 
It is formed upon crystallization above 120°C [25]. Its unit cell contains two antiparallel 
chains [30]. Frequently observed is also α’crystal form, which has disordered packaging of 
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103 helix conformation, with pseudo-hexagonal unit cell [30]. An α’ is formed with 
temperature crystallization under 120°C. 

Shear piezoelectrics act differently compared to parallel, therefore methods for 
measuring piezo coefficients are more complicated, poling is not necessary since all 
conformations of PLLA are piezoelectric due to chirality. When PLLA polymer is 
mechanically deformed, C=O groups (carriers of charge) around the polymer backbone 
orient in the same direction which creates molecular dipole through the whole polymer 
chain [29], schematically illustrated in Fig. 4c. Crystallites still need to be oriented in the 
same direction to exhibit charge on the bulk polymer surface upon deformation, otherwise 
generated charges are canceled out inside the bulk polymer film. Therefore, the magnitude 
of the piezoelectric constant of PLLA polymer is proportional to the degree of orientation 
of molecular chains and crystallinity [31]. Because of low dielectric constant value (ε=2.7) 
[3], PLLA films have a small charge (d) but high voltage piezoelectric coefficient (g). This 
means that its sensitivity is very high, therefore small changes instantly invoke charge 
generation on the surface.  

 

Figure 4: (a) Monomer unit of PLLA; (b) typical 103 helix conformation of α crystalline 
PLLA, adapted after ref. [32]; (c) dipole orientation after mechanical stretching, adapted 
after ref. [33]. 

The main drawback for the mentioned polymer is mostly its hydrophobic and inert surface 

[28]. PLA polymers do not contain functional groups through the main chain, such as 

carboxyl (COOH) and hydroxyl (OH) groups, which increase surface hydrophilicity. These 

groups are present only at the long ends of the polymer chain, therefore the polymer 

exhibits more hydrophobic properties. However, surface hydrophilicity can be improved to 

be more attractive for cell attachment by surface modification/functionalization such as 

plasma etching [34] or alkali etching [35], [36], functionalization by attaching 
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macromolecules (improves biocompatibility and biomaterial integration in vivo [37]), 

changing the topography [38]. During my research, I have shown that the use of chemical 

surface etching (alkaline etching) of the PLLA polymer surface results in an increase in 

surface roughness and improved hydrophilicity due to the surface degradation of 

amorphous polymer chains into short chains with more exposed polymer hydrophilic end 

groups on the surface, without deterioration of mechanical properties [39]. Also, PLA is 

characterized with slow degradation rate, which can be beneficial or not, depending on the 

proposed application. When I investigated the degradation of PLLA polymer, I found that 

despite the rapid degradation in the presence of enzymes, the piezo-properties do not 

decrease immediately but are preserved for some time, so that they can still support certain 

critical levels of regeneration [40]. 

1.3.1 Methods to prepare piezoelectric poly-l-lactic acid films 

A simple and efficient method to impart orientation and crystallinity into the polymer is 
uniaxial drawing of polymer films or fibers above the glass transition temperature [41], [42]. 
Drawing process leads to the molecular orientation of crystalline and amorphous regions, 
which also influences mechanical properties, and induces structural changes such as 
crystallinity and orientation, due to the strain-induced crystallization [43]. Mechanism of 
stretching process is schematically illustrated in Fig. 5a. The additional post-processing 
heat treatment can improve crystallinity, and consequently also piezoelectric properties. 
The largest value of piezoelectric coefficient d14 for oriented polymer film (bulk) is 10 pC/N, 
[44], however, I mostly encounter lower values in the literature for differently prepared 
samples (micro or nano fibers). Using a tensile-like stretching machine to draw the 
amorphous PLLA polymer film, I optimized conditions such as draw ratio, draw speed, 
stretching temperature, preheating time to achieve the maximum chain 
orientation/relaxation ratio, stretched at temperature above the glass transition with 
confirmed and measured piezoelectric properties [39]. 

Another method for producing piezoelectric films, however with a much different 
morphology (nanotextured (NT) surface), is the template-assisted method. Anodized 
aluminum oxide plate (AAO) with well-defined nanosized pores is used as a template, in 
which polymer is imprinted from the melt or the solution [25], [45]. When using AAO 
template, oriented and slightly crystalline nanofibers are achieved on a polymer substrate. 
With this approach, stretching of the polymer fiber occurs due to capillary flow inside the 
tube in a template, therefore orientation in longitude direction was observed [45]. Polymers 
in the form of liquid have low-energy surface and spread rapidly on high energy surfaces 
(solid material), therefore pore walls are wetted instantly, while the complete filling of the 
pore takes much more time [46]. After solidification of the polymer (cooling below the 
crystallization or glass transition temperature for melt or by evaporation of solvent for 
solutions), tubes or pillars are formed [46]. Crystallinity can be improved with annealing. 
Due to the selected conditions (time, temperature, pressure, solvent), nanorods or 
nanotubes with different lengths can be formed [45], [47]. Due to the template properties 
(pore size, pore length, spacing between pores), different NT films are formed, where 
properties are just as different (mechanical, antibacterial) [48]. Fig. 5b presents a principle 
of template-assisted method (pressing the template on to polymer melt, polymer protected 
with aluminum (Al) foil and glass slides, compressed between two metallic blocks, heated 
near the melting temperature of the polymer) and proposed appearance of the exposed NT 
polymer film after template removal [45]. I was able to prepare a NT film as nanotubes 
attached to a polymer surface after the AAO template was chemically removed, without 
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the use of toxic organic solvents, with confirmed and improved piezoelectric properties 
compared to stretched PLLA film and with confirmed bactericidal properties against Gram 
negative and Gram positive representatives [49]. 

Interesting and frequently used methods for producing polymer fibers/films are also 
electrospinning and melt-drawing of polymer. Electrospinning is a cost-effective method of 
producing nano or micro fibers, when using the conductive collector to attract/catch fibrous 
mesh. The mechanism behind electrospinning is using the electric field (15kV) to drive 
positively charged polymer solution which emerges from the tip of the needle towards the 
negative charged rotating or static collector, drying the polymer solution and producing 
the fibers [50]. For melt spinning or melt drawing, polymer melt is extruded on the 
substrate and is air quenched at the exit, later being drawn using a series of heated rotating 
drums to improve crystallinity and orientation of the microfibers [51]. Using an extruder, 
thin films or fibers with more uniform mechanical properties over the sample are prepared, 
and additional stretching of the extruded samples greatly improves the mechanical 
properties of the polymer films [51], [52]. With electrospinning, soft films are obtained with 
poor crystallinity and orientation, which is then improved in the post-processing steps by 
annealing and stretching. Similar with the melt-spinning, where additionally, large amounts 
of polymer are required for continuous production of large samples, therefore unable to 
prepare small specific samples (hard to simultaneously extrude and draw small samples) 
for easier optimization or modifications of the polymer preparation process. 

Piezoelectric properties and preparation conditions of differently prepared films, using 
electrospinning [28], melt-drawing [29], and template-assisted method [19] for PLLA were 
already researched. However, direct correlations of bulk piezoelectric properties through 
direct measurements with processing conditions are rarely presented, piezoelectricity is 
mostly concluded through improved crystallinity and orientation characteristic of the 
prepared films.  

 

 

Figure 5: (a) Schematic illustration of how stretching of amorphous polymer film elicits 
orientation of long polymer chains and therefore also crystallinity within the amorphous 
matrix (strain-induced crystallization, adapted after ref. [42]); (b) presentation of the 
template-assisted method: PLLA granules are compressed with two metal blocks on hot 
stage between AAO and Al foil, protected with glass slides, later on the AAO template is 
removed by phosphoric acid (H3PO4) to expose NT polymer film highlighted with red 
border (adapted after ref. [45]). 
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1.4 Prospective Applications of Piezoelectric Polymers in 

Medicine 

Although polymers, specifically PLLA, have been intensively applied in many areas of 
biomedicine, including designing implants for tissue regeneration (meshes, patches, 
plasters, scaffolds), forming tools for surgery, as a drug delivery system or only as coatings 
[53], [54], piezoelectric property of PLLA for biomedical applications is very poorly 
explored. Because of the biodegradability of PLLA in water (which takes place for the 
period of up to three years and depends on many properties including polymer crystallinity, 
molecular weight, chain size polydispersity, crosslinking, etc.), no later removal from inside 
the body is needed [55] which presents important advantage of PLLA in comparison to 
other biocompatible piezoelectrics. 

Preparing and modifying PLLA biodegradable polymer films with different piezoelectric 
properties leads to many uses, as for therapeutic use for improved wound healing (placing 
film in the form of piezoelectric patch (PZP) on wound surface, presented in Fig. 6a or for 
antibacterial properties.  

1.4.1 Using piezoelectric polymers for wound healing 

There is much evidence in the literature on how electrical stimulation improves healing 
and affects cell behavior (cell proliferation, migration, differentiation or increases 
protein/growth factor production [55]–[58]) through imitations of the natural process of 
wound healing, where small electric fields are already present. In case when a piezoelectric 
patch was used in in vivo study on mice (patch put on artificially created wound, presented 
in Fig. 6b), significantly smaller wound size was observed compared to non-treated wound 
after 10 days of stimulation/piezo-activation by mouse movement, presented in Fig. 6c 
[58]. Previous findings suggest that piezoelectric potential induces intracellular signaling 
pathways (phosphorylation of protein kinase B (Akt), phosphoinositide 3-kinase (PI3K) 
and extracellular signal-regulated kinase (ERK ½), determined with western blot analysis) 
to direct cell migration and proliferation in keratinocyte cells, schematically presented in 
Fig. 6d [58]. In general, cells in close contact with piezoelectric material can also respond 
to electrical stimulation through changes in voltage-gated channels (Ca2+ influx affecting 
cytoskeleton changes to direct cell migration [59]) and with additional activation of 
signaling pathways [60], improved cell migration, proliferation or differentiation is 
observed. For keratinocytes, suppressed proliferation was also observed as a result of 
mechanical/electrical (5V) stimulation at the expense of improved cell differentiation, 
activated by changes in transepidermal extracellular calcium gradient, which plays a key 
role as a regulator for cell maturation and differentiation [61], [62]. When observing the 
effect of electrical stimulation on keratinocyte cells in my study, a significant effect was 
observed mainly on the increased formation of F-actin filaments and altered cell shape into 
more elongated filopodia-like shapes on piezoelectric PLLA films, both important in cell 
adhesion and cell migration during wound healing. 
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Figure 6: (a) Presentation of PZP on artificially created wound; (b) artificially created 
wounds on mouse and the coverage with PZP film; (c) changes in the area of wound 
reduction after 10 days of stimulating PZP film for mice with or without the patch; (d) 
proposed signaling pathway activated due to electrical stimulation, where electric field 
activates ERK and Akt signals to increase actin polymerization, resulting in increased cell 
migration and proliferation. 

However, in the case of biodegradable PLLA, only recent studies have been focused on 
exploiting piezoelectric properties as the main beneficial property of the polymer aimed at 
enhancing wound healing. Most literature regarding the piezoelectric polymers is done for 
PVDF piezoelectric scaffolds [12], [33], [38], however the excitation of piezoelectricity is 
different for PLLA (shear vs. parallel piezoelectric), therefore the mechanism of charge 
generation and excitation in combination with cells needs some more detailed explanation. 
Fig. 7a presents crystal structures of PVDF polymer (α, β, γ), with piezoelectric β phase 
(polarity due to the strong electro-negativity of fluorine atoms on one side and electro-
positivity of hydrogen on the other side) with highest piezoelectric properties and difficult-
to-achieve γ piezoelectric phase [63]. Since molecular dipoles are uniformly oriented through 
the chain, which can be achieved mostly through poling, the crystal can exhibit a non-zero 
dipole moment [63]. Fig. 7b presents the two classes of polymer piezoelectrics, divided by 
the type of necessary treatment to achieve polarization (Class 1- high electric field; Class 
2- uniaxial mechanical stretching) [64]. PVDF belongs to class 1 with oriented dipoles 
(upon polarization), presenting point group C∞v in crystallography and PLLA belongs to 
the second class of polar chiral molecules, presenting helix chains (point group D∞ in 
crystallography) [64]. I believe that upon mechanical deformation in case of twisting the 
film, constant positive charge is present on positive side of poled PVDF film, due to 
polymer dipole polarization, when compared to oriented PLLA, charge is shifting from 
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positive on stretched and negative on compressed side, due to shear piezoelectric properties 
(Fig. 7c). 

 

 

Figure 7: (a) Schematic representation of the chain conformation for the α, β and γ phases 
of PVDF with the added electro-active potential of fluorine or hydrogen atoms of the most 
piezoelectric β-phase (adapted from ref. [63]); (b) two classes of oriented polymers, 
according to the type of necessary treatment, where the first class presents orientation of 
molecular dipoles with application of high electric field (poling) associated with C 
symmetry and the second class presents orientation imparted by uniaxial mechanical 
drawing of chiral polymers, associated with D symmetry (adapted from ref. [64]); (c) 
schematic understanding of charge generation upon mechanical twisting of PVDF and 
PLLA thin film. 

Fig. 8a illustrates attached cell on thin piezoelectric film, where due to close contact, 
the cell can feel electrical stimulation activated through mechanical deformation of the 
film. For the attachment of the material with cells, the topography of the material is also 
extremely important, as it serves as the first interaction with the biomaterial. By using NT 
material (displayed pores, fibers or ridges in the nanometer scale), mimicking the natural 
ECM with nanosized topography is achieved, improving the initial cell attachment [65], 
[66]. ECM, usually conducted from nanosized immobilized biomacromolecules (collagen, 
glycoproteins, glycosaminoglycans and proteoglycans), serves as structural support and 
provides together with signaling molecules the cues for cell adhesion, migration, 
proliferation and differentiation [65]. Due to the NT morphology, many advantages can be 
expected, such as improved cell adhesion due to mimicking ECM, increased specific surface 
area, and additional antimicrobial properties (discussed in Chapter 1.4.2). In case of 
nanosized pillars on polymer surface (Fig. 8b), cellular weight can be enough to activate 
piezoelectric properties of polymer fibers [20].  

 



1.4. Prospective Applications of Piezoelectric Polymers in Medicine 13 

 
Figure 8: (a) Cell seeded on polarized piezoelectric film, mechanically triggered to activate 
electric stimulation on cells, adapted after ref. [15]; (b) cell seeded on nanotubes triggers 
polymers PLLA piezoelectric properties (adapted after ref. [48]). 

1.4.1.1 Inflammatory response to implemented material 

In case of wound damage, monocytes provide the first line of defense. Monocytes are short-
lived non-proliferating cells which die after 1-2 days and are replaced with the new ones, if 
not recruited into a tissue for facing the danger [67]. For viruses, bacteria, foreign material 
implementation, tissue damage, non-adherent monocyte from blood differentiate into 
macrophages, which attach to specific material and try to digest it via phagocytosis, 
reactive oxygen species (ROS), nitric oxide, and inflammatory cytokines (cell signaling 
molecules that modulate the immune system response) in case of inflammatory response 
[67], [68]. In short, macrophages are differentiated from white blood cells (monocytes) which 
are present in blood stream, and for the injury or implementation they migrate to the 
wound area [69]. They play a vital role in immune response through different polarization 
states, including the proinflammatory (M1) or anti-inflammatory phenotype (M2) [69]. In 
case of implementation of the scaffolds (cell supporting biocompatible material), both types 
of responses can be triggered, an immune reaction against the material or activation of 
tissue repair mechanism of the injury [70]. In both cases, inflammation is essential to 
promote cell recruitment and initiate wound healing. Differentiation is activated with 
inflammatory signaling molecules after the injury. If the inflammatory response is not 
excessive, therefore implemented material is not rejected, macrophages enable the injured 
site to transition into healing phase by releasing growth factors which promote proliferation 
of fibroblast and blood vessel formation [69]. Therefore, macrophages can be mostly 
recruited from blood for inflammatory response, while after the differentiation into type 2 
polarization (M2) when re-establishment of tissue integrity is enhanced, the number of 
macrophages in this stage usually increases by proliferation of non-active tissue-resident 
macrophages (M0) rather than migration from the blood [67]. 

Proinflammatory response can be exploited for immunotherapy, mostly for 
cancer/tumor cells, for stem cell recruitment and differentiation, where proliferation and 
differentiation into M1 is beneficial to stimulate immune response [70], [71]. Using electric 
stimulation on seeded macrophages on piezoelectric PVDF film, enhanced gene expression 
of M1 markers was observed, as a result of changing Ca2+ influx through voltage-gated 
channels, compared to not stimulated samples [71]. Due to the biodegradability of PLLA, 
degradation products and the presence of monomeric l-lactic acid, which lowers the pH to 
an acidic microenvironment, can present a problem, as they lead to a reactive immune 



14      Chapter 1. Introduction  

microenvironment. Only with long-term exposure to monomeric lactic acid have the 
simulated degradation products been observed to remodel metabolism in cells, leading to 
elevated proinflammatory cytokines (signaling proteins to stimulate, recruit and proliferate 
immune cells) as an immune response [72]. Through change from M1 to M2 macrophage 
polarization it was shown that electric stimulation can be beneficial toward wound healing, 
since M2 differentiation increased for stimulated samples [73]. Otherwise, surface 
functionalization/modification can also improve biomaterial integration with the sample. 

1.4.2 Antimicrobial properties of piezoelectric materials 

The main problem we have been facing for some time is the excessive use of antibiotics, in 
case of preventive use or in large dosages or for treatment of chronic wounds, where 
continuous use is required. This leads to the development of bacterial resistance to 
antibiotics, which motivates researchers to seek new approaches to combat them. Also, the 
implementation of active substrate on the wounded tissue brings the possibility of infection 
when implants are inserted, which prolongs the healing process. Therefore, it is important 
to access the issue of bacteria present.  

An alternative method is to exploit electro-stimulation on bacteria through piezoelectric 
property of material (polymer, ceramic, composite). For material to gain antibacterial 
properties, three mechanisms are proposed, such as repelling effect (these surfaces resist 
bacteria attachment), leachable surface (surface is treated with antibacterial agents that 
are able to leach into the medium) or contact-kill surface [74].  

In the case of piezoelectric materials with a high piezoelectric coefficient (>100 pC/N, 
[75]), a toxic effect on bacteria is observed, which is mostly explained by the formation of 
ROS. ROS are highly reactive molecules and free radicals, such as hydroxyl radicals 
(·OH), superoxide (·O2

-), originating from molecular oxygen and water molecules [75]. 
Even though ROS are naturally present and are engaged in many cell activities (signaling 
for molecules to control normal cell physiological functions activates inflammation 
response), their overproduction causes damage to cell structures [76]. Piezoelectric barium 
titanite (BTO) nanoparticles, activated through US stimulation and forming ROS via 
redox reactions, show high antibacterial efficiency against Gram negative and Gram 
positive representatives [77], [78]. Powerful piezoelectric material produces ROS directly 
from water molecules through the reaction of generated charge on the material surface with 
water and oxygen present in surrounding medium, schematically presented in Fig. 9a [75], 
[77]–[79]. Overproduction of ROS leads to bacterial membrane damage (oxidizing 
membrane-bound protein), its fragmentation, leakage of intracellular material, damage to 
cell organelle (mitochondria and DNA), therefore leading to bacteria death [78], [79]. In 
this case, the contact between the bacteria and the material is not that important, since 
ROS is formed in molecules from the liquid. However, ROS are non-selective, therefore 
they attack bacteria and human cells at the same time, and they are therefore not 
appropriate for wound healing application. 
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Figure 9: (a) Schematic illustration of the piezo-catalytic generation of ROS from water by 
piezoelectric material and proposed mechanism for bacteria inactivation (adapted by the 
ref. [79]); (b) antifouling effect of bacteria due to electric polarization of piezoelectric film, 
activated by ultrasound (adapted after ref. [80]); (c) process of electroporation (pore 
formation), leading to cell death through irreversible electroporation due to the high electric 
polarization or reversible electroporation with a combination of antibacterial drug, where 
the drug is able to enter the cell due to pore formation (adapted after ref. [81]). 

Using polymers with much smaller piezoelectric coefficient, ROS production is usually 
not possible. In this case, for electro-stimulation, close contact between piezoelectric 
material and cells/bacteria is important since no active species are released into the 
medium, therefore the mechanism is fully contact-based. One observed effect (presented in 
Fig. 9b) as a response to electrical stimulation using US mediated PVDF film is antifouling, 
which prevents bacteria to attach on the surface [80]. Possible electrical-based killing 
mechanism is also irreversible electroporation (formation of pores in membrane, Fig. 9c), 
where cell membrane permeability is increased, which is possible when the induced voltage 
through piezoelectric exceeds the threshold transmembrane voltage (0.2-1 V) [4]. For 
materials exceeding the potential difference of 1 V, each bacterium undergoes 
electroporation, regardless of the type and size of cell [82]. Suppressed growth and death 
of the bacteria was observed for PLLA fibers, based on the electric field generated from 
piezoelectric polymer fibers [82], [83], which was explained as a result of electroporation. 
While using less powerful piezoelectrics with a combination of active agents (antibiotics, 
antibacterial nanoparticles, drugs), membrane depolarization (the electro-permeabilization 
effect as a response to electrostimulation) can boost the effect of agent, diminishing the 
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concentration of material needed to work (Fig. 9c) [4]. Even when I stimulated the PLLA 
piezoelectric polymer samples with ultrasound (US) to activate electric properties, there 
was no direct generation of ROS from water detected by the possible oxidation/degradation 
of the organic methylene blue dye [49]. Using the same procedure to determine ROS 
formation, the piezoelectric properties were compared between non-measurable NT and 
smooth samples when hydrogen peroxide was added to piezo-catalyze the formation of 
ROS, which degrades the MB dye, observed as a decrease in MB absorbance values 
measured spectroscopically. Comparing the piezo-catalyzed properties of films, a new 
method was presented to compare and confirm piezoelectric properties of surface-challenged 
samples [49]. 

1.4.2.1 Effect of topography  

Recent research shows that films without antibacterial properties prepared with NT 
pattern on the surface (effect of topography) mechanically disturb bacteria (cell rupture, 
membrane disfiguring), mimicking the natural antibacterial surfaces, like cicada-wing nano-
pillars or taller nano-structures of dragonfly wings [48], [84]–[86]. Bacteria can be in contact 
with nano-pillars by being adhered on the surface or suspended between the pillars, due to 
the bigger size of the bacteria (micrometer range) compared to the pillars. For strongly 
attached bacteria, nano-pillar movement stretch the cell membrane (mechanical effect), 
leading to membrane rapture, provoking the cytoplasm leakage, followed by the complete 
cell rapture [85], [87]. As observed, cell death is mostly dependent on the rigidity of the 
bacterial cell membrane, where it is less affective on rigid and smaller Gram positive 
bacteria (resistant to topography) compared to less rigid Gram negative bacteria strains, 
schematically presented in Fig. 10a [85]. Height of the structure is also important, since 
taller structures tend to bend, therefore bacteria strongly attach to nano-pillars, since more 
surface is exposed to bacteria, leading to membrane separation due to the effort of bacteria 
to move away from the material, increasing the antibacterial effect, with maximum 
stretching of bacteria on the top of the nano-pillar [85]. Also the shape of the pillars can 
affect bacteria membrane distortion, where the mechanism of killing for blunt and short 
pillars (Fig. 10b) is adhesion of bacteria followed by stretching of the membrane or piercing, 
in case of sharp and long pillars (Fig. 10c) [87], leading to complete cell rapture. The first 
step in killing the bacteria is attracting the bacteria to adhere to the surface, therefore 
material’s physical characteristics (hydrophilicity) are important. 
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Figure 10: (a) Schematic of interaction of Gram negative (a, b, e, f, g) and Gram positive 
bacteria (c, d, h, i) with NT surface of cicada-wing (a, b, c, d) or dragonfly wing (e, f, g, 
h, i) as representatives for natural defense against bacteria (adapted after ref. [85]); 
microscopic images of Gram negative bacteria (E. coli) at various stages of interactions 
with nano-structures with: (b) blunt and short pillars or (c) sharp and long pillars (adapted 
after ref. [87]). 

Using a simple method like “template wetting”, NT films can be prepared as 
piezoelectric pillars on the thin substrate. PLLA with NT form are also characterized by 
increased piezoelectricity due to a much greater active surface area. Consequently, it could 
be expected that charge-induced membrane deformation due to piezo-stimulation combined 
with mechanical deformation by specific morphology in NT PLLA surfaces will lead toward 
effective antimicrobial protections [49]. In my research, I rejected the effect of NT 
topography as the main effect of antibacterial properties, which may be due to too long 
and compressed nanotubes on the polymer substrate, which are not strong/sharp enough 
to penetrate the bacterial membrane. However, my research was the first study/evidence 
in the literature that directly confirms the harmful effect of electrical stimulation through 
an US-activated piezoelectric NT PLLA film against the membrane of bacteria in contact 
[49]. 

1.5 Excitation of Piezoelectric Property of Material 

Since electrical stimulation shows great promise in biomedical applications (regenerative 
medicine, neuromodulation, cancer treatment), controlled and external/wireless 
electrostimulation is highly desirable as a solution to connected electrodes or batteries, 
which dramatically hamper the translation of electrical stimulation [88]. By using 
piezoelectrics, electrostimulation on biomaterial in contact can be achieved through 
mechanical deformation of piezoelectric material. This piezoelectric property of material 
can be activated by mechanical forces to which the body is normally subjected 
(implemented inside body on bones or muscles by compression, vibrations, sounds), or 
externally triggered by using US, which is able to deeply penetrate biological tissue with 
low-energy attenuation [16], [89], [90]. By using US, wireless, local and minimally invasive 
electrical stimulation is achieved [88], which is possible due to its biocompatibility and 
deeply focused penetration into biological tissues [91]. The appropriate range of using US 
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for medical purpose is 1-3 MHz, which can provide an effective way for deep power 
transmission under FDA safety limits, since due to the weak acoustic scattering in soft 
tissues, activation of implemented piezoelectric devices is possible [91]. 

 Piezoelectric properties of polymers were successfully activated by using US bath 
within in vitro (PVDF, at 137 kHz, cells seeded on film, [16]) or low power US probe 
(1 MHz) in vivo studies (biodegradable piezo composites PLLA/KNN@PDLA or 
PHBV/PLLA/KNN, on mice [90], [92]). US is a mechanical wave which propagates through 
medium (water, tissue) with two main physical effects, thermal and mechanical, intensity 
of each depends on the parameters. Principle of mechanical deformation by using US bath 
and water as a medium is presented in Fig. 11a. Disturbance caused by US causes an 
oscillation (compression and expansion) in the ambient pressure, leading to bubble 
formation due to the present gases, which grow to the point of implosion with continuation 
of US, therefore bubbles release energy (temperature and light) [93]. Cavitation and 
temperature release are more frequent at low frequencies, when bubbles have time to grow 
(kHz). Typically, US baths are used for cleaning, so a high destructive power is desired 
with the resulting bubbles further increasing the destructive/heating effect [94], so some 
optimization (power reduction if possible) is required for the in vitro tests with cells. For 
in vivo therapeutic use, low intensity pulsed ultrasound (LIPUS) is used to reduce the 
thermal effect (heating of tissue) and still transfer the proper stimuli inside (oscillation of 
the particles), usually in 1-3 MHz frequency range, depending on the penetration depth 
needed [95]. Lower frequency (kHz) result in deeper penetration depth, usually used for 
drug delivery and palliative treatment (provide relief from pain of a serious illness), while 
higher frequencies (1-3 MHz) are used for therapeutic and diagnostic medicine [95]. The 
heating effect of US is closely related to intensity and also varies if an aqueous medium is 
used or if dense tissue is to be penetrated. 

Therefore, I believe that both stimulation methods, US bath and low power therapeutic 
US probe, are suitable for in vitro experiments with some optimization (time, frequency, 
cooling system), since the required penetration is not deep and a small piezoelectric output 
is desired, so even a lower stimulation power is sufficient. Fig. 11b illustrates the proposed 
behavior of thin polymer film excited with US bath, where the film is wrinkled/twisted 
(mechanically deformed). This excitation was successful for piezoelectric PVDF polymer 
with parallel piezoelectric properties [16]. I believe that using this method, due to the 
mechanical twisting of the film, shear piezoelectric can be properly deformed to generate 
charge on the surface. Fig. 11c demonstrates the idea of using such biocompatible 
piezoelectric polymers in vivo, where the film is externally mechanically deformed by US. 
Our group is the first to develop an US-active PLLA biomaterial, where we showed and 
measured the generated piezoelectric properties of stretched polymer films or composites 
using a frequency of 80 kHz (US bath) or 1 MHz (US probe) and tested for the interactions 
of our material with the cells during the mentioned stimulations [96]. 
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Figure 11: Demonstrating (a) the development of forming bubbles in water, as US 
stimulation continues, bubbles grow and when they reach the critical size, they collapse 
and release captured energy, adapted from ref. [93]; (b) the proposed behavior of polymer 
film in US bath; (c) external excitation of piezoelectric material in an in vivo test using an 
US transducer. 
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Chapter 2 

2 Objective and Outline of This Work 

2.1 Aim 

This dissertation focuses on acquiring novel knowledge in the area of biomaterials science 
related to designing and optimizing innovative organic piezoelectrics and their use in piezo-
stimulation as a novel tool in biomedicine applicable for healing and tissue engineering. 
The acquired knowledge is expected to allow predicting piezoelectric properties of organic 
polymers like PLLA characterized by shear piezoelectricity, identifying surface and bulk 
properties of organic piezoelectric films essentially needed for piezo-stimulation as well as 
tailoring their properties toward selective interactions with bacterial and mammalian cells 
that will stimulate human cell regeneration and eliminate infection. Piezo-stimulation is 
expected to be developed as a new noninvasive approach for wound regeneration, 
particularly during post-operative and post-traumatic recovery, able to offer minimized or 
eliminated antibiotic treatment. The latter is of the highest interest against the lack of 
effective antibiotics and developing resistant strains as one of the main global health threats 
as well as preventing chronic wounds toward better health and improved quality of life. 

The main goal of the dissertation is to design, optimize and evaluate PLLA films as 
innovative biomaterial tools applicable for piezo-stimulation. The aim of the doctoral work 
is on:  

(i) designing innovative organic piezoelectrics made of PLLA as biocompatible, 
biodegradable, and soft polymer, mechanically compliant to human cells and 
tissues; 

(ii) understanding the mechanism behind piezoelectric properties of PLLA polymer 
to be able to optimize the process of film preparation; 

(iii) optimizing mechanical deformation of PLLA film to obtain piezoelectric signal 
that will stimulate specific phases in cell life and finding the best way of its 
transfer from films surface to cells; 

(iv) understanding the influence of PLLA piezoelectricity on bacterial and human 
cells and the main mechanism behind them.  

 
For that purpose, in the proposed doctoral dissertation, I would like to answer the 

following questions:  
• Which are the critical properties of polymeric films that enable and regulate their 

piezoelectricity? 
• How to evaluate piezoelectricity of films with a complex structure? 
• How to stimulate piezoelectricity of films in a water environment? 
• Which ultrasound stimulation is appropriate not to damage human keratinocyte 

cells, red blood cells, or bacteria cells? 
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• How to improve close contact between the film and cells to achieve the best possible 
effect that the film can provide? 

• What kind of effect will be observed when films are in contact with bacteria cells? 
• How piezoelectricity influences red blood cells (suspended cells) and human 

epidermal cells (adherent cells)? 
• How do immune cells (macrophages) respond to the electric stimulation, smooth or 

nanotextured polymer film?  

2.2 Hypotheses 

Using the processes of high temperature-drawing and templating, PLLA can be processed 
into optimal piezoelectric films (high crystallinity, orientation, hydrophilicity, etc.) that 
could be mechanically deformed to provide piezo-stimulation with selective influence to 
mammalian and bacterial cells. 
 
Hypothesis 1: Optimizing piezoelectricity in PLLA films.  

It is well known that drawing polymer above the glass transition results in strain- 
induced crystallization, therefore film with high crystallinity and oriented polymer chains 
is achieved [42]. With additional annealing, crystallinity is improved and with this expected 
piezoelectric properties [39]. Such film is capable to produce piezoelectric effect upon 
mechanical stimulation. However, each polymer with a different molecular mass is 
responding differently to drawing and temperature conditions. Different optimization 
procedure is needed for preparing melt-drawn film or film with self-standing nanotubes on 
the surface. For high temperature-drawing, effect of temperature, draw ratio, draw rate 
and post processing annealing was correlated to final properties. For the preparation of NT 
film using the template-assisted method, process conditions (such as temperature, time, 
pressure and post-treatment annealing) were investigated to see how they affect the final 
properties of PLLA with 250 kDa molecular weight. I expect that with the precise 
optimization I can find the proper conditions under which the polymer would have optimal 
piezoelectric properties.  
 
Hypothesis 2: Piezo-PLLA films processed as hydrophilic surfaces.  

Hydrophobic property is the main drawback of otherwise often used PLLA for medical 
applications, since it can lead to poor cell attachment. PLLA is polyester, ending with 
carboxylic and alcohol end group on each side, with long hydrophobic polymer backbone 
in-between. Using alkaline etching, ester bonds can be hydrolyzed, resulting in shorter 
polymer chains with more hydrophilic end groups present. I expect that by using alkaline 
etching as post-treatment of prepared films, an obstacle such as hydrophobicity can be 
overcome to induce more hydrophilic carboxyl end groups on the surface and at the same 
time preserving piezoelectric properties. 
 
Hypothesis 3: Piezo-properties during polymer degradation in water or in 
enzyme solution as simulation of natural environment. 

PLLA polymer is insoluble in water, but it can swell in such conditions, however this 
process is very slow. If we simulate the actual situation in wound area, it is possible that 
enzymes capable of cleavage of ester bonds are present in such an environment. Proteases 
are present at the site of injury towards the end of healing. They are responsible for 
remodeling the extracellular matrix, clearance of damaged protein and destruction of the 
provisional matrix, facilitation of cellular migration to the wound area and granulation 
tissue formation [97]. Those enzymes are able to rapidly cleave ester bonds, resulting in 
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degradation of the polymer film at the contact. Therefore, it is important to approach the 
mechanism of degradation for PLLA polymer. Upon the bulk degradation of the polymer, 
it is expected to lose piezoelectric properties of the film with the rate of degradation. I 
expect unfazed piezoelectric property change of PLLA film in water medium, however 
increased degradation when the enzyme (proteinase K) is present. I researched the effect 
of changing the surface hydrophilicity of PLLA films prepared with melt-drawing and 
achieved that proteases are focused only on the surface, starting with the surface and edge 
erosion of the polymer, lowering the degradation rate. Due to additional modifications into 
more hydrophilic PLLA film on the surface I expect preservation of piezoelectric properties 
for a longer time since mostly surface is to be exposed to enzyme degradation. 
 
Hypothesis 4: Deforming film for efficient signal transfer to cells.  

For piezoelectric film to generate charge on the surfaces, mechanical deformation is 
needed. When considering the site of injury where the film would be placed, deformation 
can occur by body movements, cell seeding or using wireless stimulation from the outside 
using ultrasound. US can work with different frequencies and amplitudes, from which 
mechanical deformation on the film is dependent. It was shown that using US, piezoelectric 
effect of properly prepared PVDF film can be activated, therefore charge on the surface 
was observed [16], [80]. However, PLLA and PVDF have different forms of piezoelectricity 
(shear or transverse), therefore US can stimulate PLLA differently. I believe that using US 
as an exogenous mechanical wave can trigger piezoelectric effect for PLLA melt-drawn and 
nanotextured films. Optimization of US conditions is needed to discharge negative or 
positive effect of only US on bacteria or human cells, but still enough to mechanically 
deform PLLA. 
 
Hypothesis 5: Determining piezoelectric properties of polymer films with 
complex topography. 

Piezoelectric material can be used for catalytic redox reaction of hydrogen peroxide 
oxidation into ROS. Generated ROS species are able to decompose organic dies such as 
methylene blue (MB) [98], therefore through absorbance measurement, efficiency of piezo-
potential can be observed. I believe that through piezo-catalyzed organic dye (MB) 
degradation in the presence of hydrogen peroxide as a provider for ROS species, 
piezoelectric efficiency of PLLA stretched and nanotextured films can be compared and 
evaluated. 
 
Hypothesis 6: Interacting films with bacterial and mammalian cells (epidermal 
and immune cells). 

Physical stimuli as piezo stimulation affect bacterial life in a different, cell non-specific 
manner in comparison to biochemical stimuli (i.e. antibiotics), presenting an interesting 
alternative and preventing bacteria to develop resistance [4]. Piezo stimulation results in 
accumulation of generated charge on the surface of mechanically deformed film, which 
could affect the potential in the cell membrane, leading to destroying their membrane. 
Preparing PLLA in stretched and NT form, piezoelectricity differs between them, therefore 
different response on bacteria is expected. With predicting improved piezoelectricity for 
NT film combined with the negative effect of surface morphology, bacteriocidic properties 
are expected against bacteria cells. For piezoelectric materials, usually ROS are responsible 
for achieved antibacterial effect, however for that, high piezoelectric constant of the 
material is needed (>100pC/N) [75], therefore PLLA with at least one order of magnitude 
lower value is incapable of forming ROS by itself. I believe that the piezoelectric feature of 
the PLLA film is responsible for the bactericidal effect against Gram negative and Gram 
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positive bacteria due to the generation of charges on the surface upon mechanical 
deformation, affecting the cell membrane integrity. 

Literature shows many beneficial effects of piezo stimulation on mammalian cells (i.e. 
cell proliferation, differentiation or migration, increased specific gene expression), usually 
in combination with added stem cells, growth factors or using differentiation medium [99]. 
Some beneficial effects of using piezoelectric PLLA were already observed (PLLA rods 
inserted in fractured bone improve healing time [54]; improve wound closure due to 
maintaining moister microenvironment [100]; improve cell attachment [101]), however little 
was studied for PLLA in general in terms of the wound healing effect and its mechanism. 
I believe that using piezoelectric PLLA film in stretched and nanotextured form leads to 
improvement in cell attachment, proliferation or migration for human keratinocyte cells, 
as the most dominant cell type constitutes 95% of the epidermal cells which play multiple 
roles in skin repair. Beforehand, optimization of US conditions is needed to achieve 
optimum between mechanical deformation of the film and not damaging cells. Also, I do 
not expect any excessive immune response in case of PLLA film implementation inside the 
human body, therefore differentiation of non-adherent monocytes into adherent 
macrophages will be observed with or without electric stimulation activated by US. I 
believe that differentiation from monocytes into macrophage will be minimal and the 
material will act as biocompatible. 

2.3 Thesis Outline 

The thesis is divided as follows: a short introduction in Chapter 1, which presents the 
existing literature on the highlighted issues in this thesis, followed by a presentation of the 
purposes, goals and hypotheses in Chapter 2. In Chapter 3, I described the optimized 
preparation of piezoelectric PLLA stretched films, the characterization of the samples in 
detail, and the measurement system set up to measure the total piezoelectric properties for 
shear piezoelectric in the form of a thin film. The degradation process of the polymer film 
is followed by a comparison between the more hydrophilic (etched) and hydrophobic 
samples in water or in the enzyme system in Chapter 4, where the piezoelectric properties 
were preserved due to the displacement of the degradation to the surface for the more 
hydrophilic films. In Chapter 5, a new method was used for the preparation of 
piezoelectric films with a nanotextured surface, a new total piezoelectric measurement 
mechanism for samples with challenging surfaces was proposed, antibacterial properties 
were evaluated and linked to electrical stimulation or topography changes. Chapter 6 
presents the response of human epidermal and immune cells to smooth or nanotextured 
piezoelectric polymer films, related to potential medical applications. At the end, Chapter 
7 contains conclusions with final remarks and offers answers to the questions raised, opens 
a new discussion on future work, and suggests possible improvements and possibilities for 
further research. 
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3 Preparation and Characterization of 

Drawn Piezoelectric Polymer Film 

and Surface Modification 

This chapter provides an overview of optimization of operating conditions to achieve the 
most efficient tensile-drawn piezoelectric film from biodegradable PLLA polymer beads. In 
theory, crystallinity and orientation are the main factors for mentioned polymer influencing 
the piezoelectric properties. Therefore, the film was tensile-stretched into crystalline and 
oriented fibrous sheet. Film characteristics were observed by using X-ray diffraction 
(XRD), differential scanning calorimetry (DSC), Fourier transform infrared (FTIR) and 
Raman spectroscopy, showing semi crystalline (55%) and oriented structure of the film. I 
modified the method for piezoelectric measurements to measure shear piezoelectric 
properties (following a confirmed procedure by another research group) and I directly 
correlated piezoelectric measurements to the conditions of polymer stretching, and more 
importantly, how additional modifications (annealing and surface etching) alter 
piezoelectricity. PLLA is defined by specific hydrophobic properties. Since hydrophilicity 
is one of the main factors determining cell adhesion, surface modification such as alkaline 
etching was performed on prepared piezoelectric PLLA films. I designed piezoelectric PLLA 
film with high potential for strong interactions with cells in further biomedical applications. 
This study is the first in the literature to demonstrate the preserved piezoelectric properties 
of a stretched PLLA film with improved surface hydrophilicity. 

The changes on the polymer surface were later confirmed by a surface-sensitive X-ray 
photoelectron spectroscopy (XPS) method, where a comparison before and after surface 
etching confirmed a higher concentration of hydrophilic end chains on the PLLA surface 
(Appendix A1). 
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Figure 12: Showing the concept of using a drawing approach to obtain oriented and 
crystalline piezoelectric PLLA films and its combination with surface etching to release 
COOH groups on the surface and reaching hydrophilicity, image taken from the 
published article [39]. 

3.1 Towards Hydrophilic Piezoelectric Poly-L-Lactide Films: 

Optimal Processing, Post-heat Treatment and Alkaline 

Etching 
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Chapter 4 

4 Effect of Surface Hydrophilicity on 

Polymer Degradation 

This chapter provides an overview of the degradation process of polymer films with a 
hydrophobic or more hydrophilic surface as a result of alkaline surface treatment. 
Degradation in water was not observed for either type of sample, therefore the process was 
accelerated by adding the enzyme proteinase K (directed to cleave ester bonds) to the 
medium, where I observed the difference within 5 days of degradation. The improved 
surface hydrophilicity causes a change in the degradation process of the PLLA drawn film, 
from bulk to more surface-oriented erosion, maintaining mechanical stability and, 
consequently, piezoelectric properties for longer. The observed correlations are very 
important for further predictions during the interactions of piezoelectric PLLA films with 
living surroundings, particularly during electro-stimulated regeneration and wound healing, 
where the gradual loss of piezoelectric properties is beneficial. This paper is the first 
publication on the piezoelectric degradation of PLLA to show how the piezoelectricity 
changes with degradation, and the first to find that by increasing the hydrophilicity of the 
surface, the degradation moves from the bulk to the surface, preserving the piezo-properties 
typical for bulk polymer films [40]. 

 

 

Figure 13: Demonstration of surface modification of PLLA film after alkaline etching to 
release COOH groups on the surface and achieve hydrophilicity of PLLA (etched sample) 
which shifts degradation to surface erosion instead of bulk [40].  
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Chapter 5 

5 Preparation of a Nanotextured 

Polymer Film Using a Template-

Assisted Method and the Response of 

Bacteria or Human Non-Adherent 

Cells to Drawn or Nanotextured 

Piezoelectric Films 

This chapter provides an overview of a new method of preparation (template-assisted 
method) to prepare NT PLLA films. To obtain such films, the template is chemically 
etched, so some by-products may remain trapped inside and interfere with the results, but 
I subsequently confirmed the purity of the polymer using surface-sensitive XPS, shown in 
Appendix A1. Due to the nanosized topography on PLLA polymer film, piezoelectric 
properties are expected to improve significantly, consequently also the desired biological 
response. What is really missing from the fiber and complex surface structure of polymer 
films (NT topography on the one side), where the piezoelectricity is usually measured 
locally, on a single wire, is a piezoelectric measurement of the total contribution of the 
film. Many authors provide values for the individual fibers, so the overall piezoelectric 
properties may vary. Therefore, I proposed an alternative method for determining the 
piezoelectric properties of materials with a complex structure through the decomposition 
of an organic dye. Materials with a high piezoelectric constant (such as ceramics) can 
generate ROS from water molecules, but this is less possible for a polymer [102]. However, 
with hydrogen peroxide added, the piezoelectric polymer can act as a catalyst for the 
decomposition of peroxide into ROS species. ROS have been shown to successfully degrade 
MB or other similar organic dyes, so I used MB degradation to confirm and compare overall 
piezoelectric properties of differently prepared PLLA films (stretched, NT). 

I also observed the antibacterial effect of the polymer on Gram negative and Gram 
positive bacteria, originating from the piezoelectric properties of the film, and found US 
stimulation conditions that lead to proper piezoelectric excitation, resulting in a 
bactericidal effect for the NT samples. Toxicity to non-adherent cells was also discarded, 
making the films suitable for therapeutic use in the case of antibacterial agents or for the 
wound healing process. I obtained clear evidence that the piezoelectricity of PLLA induces 
antimicrobial activity in a manner that damages the bacterial cell wall, which is the first 
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reported in the literature [49]. This paper also clearly shows that ROS is not the reason for 
the antimicrobial activity as interpreted in the literature so far. The results were first 
presented at the Conference of the European Society for Biomaterials (ESB2021) and was 
then invited for publication in a journal. 
 

 

Figure 14: Demonstration of the preparation of a PLLA polymer film that acquires 
piezoelectric properties (smooth film: hot pressing to obtain an amorphous sheet, which is 
later stretched to a draw ratio of 5; nanotextured film: pressing a nanoporous template 
into a polymer melt and later removing the template), which was later ultrasonically 
deformed to generate a charge on the surface of the film/tube and observing a destructive 
piezo/electric effect on bacteria or a non-toxic effect on red blood cells [49]. 
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Chapter 6 

6 Interactions of Drawn and 

Nanotextured Piezoelectric Films 

with Human Adherent and Immune 

Cells 

This chapter provides an overview of the response of human adherent cells (keratinocyte, 
as representatives for human skin cellular response and macrophages derived from THP-1 
monocytes, as representatives of the immune response) when in contact with piezoelectric 
or non-piezoelectric, drawn or NT PLLA films. With mechanical stimulation through US, 
the film is deformed to exhibit its piezoelectric properties. A high-power US bath at a 
frequency of 80 kHz or a low-power US probe at 1 MHz is used for stimulation, which 
causes a greater or lesser piezoelectric response of the film, respectively (presented in 
Appendix A2). Firstly, cell attachment is improved for drawn and NT surfaces compared 
to the glass or just pressed smooth film, due to the rougher surface topography. For the 
cells seeded on the film, a good transmission of stimuli is expected, so the effect of 
electrostimulation can be observed. When working with cells, the films were never 
additionally coated with poly-L-lysine (PLL), as noted in many other papers as a method 
to improve cell attachment, as a comparison between the films and films coated with PLL 
did not result in greater cell attachment (presented in Appendix A3) or later the change 
in proliferation. For keratinocytes, improved proliferation was not observed, however a 
significant difference in the shape of the attached bacteria was seen, where more elongated 
cells were observed after (piezo)electric stimulation, an increase in actin filament 
production was enhanced, and improved cell-to-cell connections through formed filopodia. 
Cell migration towards wound closure was mostly enhanced by mechanical stimulation 
(US) compared to electrical stimulation. An interesting observation was made in cells 
attached to piezoelectric NT films and US stimulated by an US bath, where damaged cell 
membranes were observed, but not under milder conditions using US probe. This indicates 
the excessive piezoelectric properties of the US bath-activated NT film, which produces a 
much higher output voltage compared to the drawn film.  

Regarding the immune response, the differentiation of monocytes (white blood cells) 
into macrophages was near 25%, as determined by the viability of only adherent cells on 
the films. Subsequent stimulation did not result in increased cell proliferation compared to 
phorbol 12-myristate 13-acetatechemically (PMA) induced macrophages for control, 
pointing to a minimal immune response towards the PLLA polymer films, piezoelectric or 
not. When observing the morphology, M2 polarization of macrophages (towards wound 
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remodeling) was observed for the drawn film stimulated under mild conditions and more 
similar to M1 (inflammatory response) for piezoelectric NT samples, probably due to the 
nano size of the contact felt by the cells and due to the movement of the tubes under US, 
as macrophage fusion was observed. 

Overall, the most promising effect on cells regarding wound healing through 
(piezo)electric stimulation was observed for drawn piezoelectric films when stimulated 
under mild conditions (US probe, 1 MHz). 

 

Figure 15: Demonstration of initial attachment of skin (HaCaT) cells or differentiation of 
monocytic cells (THP-1) into macrophages, indicating an immune response and further 
mechanical/electrical impact on the cells activated by 80 kHz or 1 MHz US stimulation. 
Damaged cells are observed only on the nanotextured film with enhanced piezoelectric 
properties, only when stimulated using high power conditions (80 kHz), which also results 
in a larger piezoelectric response, while beneficial effects were observed for piezoelectric 
drawn films. 
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6.1 Contact-Based Electrical Stimulation via Biodegradable 

Piezoelectric Poly-L-Lactic Acid Polymer to Promote 

Wound Healing 

 
ABSTRACT: 
Electrical stimulation with biocompatible piezoelectric materials is a novel battery-free, 
externally controlled method for transmitting electrical stimulation directly on the wound 
side. The use of poly-l-lactic acid (PLLA) as a piezoelectric film that is mechanically 
deformed externally by ultrasound (US) to allow electrical stimulation of cells in close 
contact has the main advantage of biodegradability and more suitable piezoelectric 
properties than other ceramic or polymer piezoelectrics. I prepared drawn and nanotextured 
(NT) PLLA films with confirmed piezoelectric properties to observe changes in cell 
behavior using external mechanical deformation in the form of US. Improved initial protein 
binding and cell attachment to the NT and drawn smooth film were observed as a result 
of more rough morphology. Increased formation and orientation of F-actin filaments show 
a positive effect of contact-based electrical stimulation with piezoelectric drawn films, while 
for NT samples US and tube movement has a predominant effect on cell behavior. A 
reduced proliferation relative to a non-piezoelectric reference was observed for the 
piezoelectric drawn film, suggesting cell differentiation in response to (piezo)electrical 
stimulation activated by low-power US probe. Some immune response of prepared 
piezoelectric, non-piezoelectric, NT or smooth films was observed. Similar initial binding 
of monocyte (THP-1)-derived macrophages was observed on all samples, with 
morphological changes occurring after US incubation. On NT piezoelectric PLLA samples, 
I observed an inflammatory type of macrophages in the form of fused macrophages as giant 
cell, observed as a film-like structure over the tubes. But a promising indication for M2 
polarization was observed in cells attached on a drawn piezoelectric film. I have shown 
that the use of drawn piezoelectric film (DR5) made of PLLA provide contact-based and 
externally controlled electrical stimulation on cells which could promote wound healing 
with expected small initial immune response when inserted inside the body. 
 
Keywords: piezoelectric polymer, poly-L-lactic acid, HaCaT keratinocytes, wound 
healing, cell proliferation, contact-based mechanism, monocyte differentiation, macrophage 
fusion 
  

6.1.1 Introduction: 

Electric charges are present all around us and also inside the human body and give great 
importance to the connection and signaling of cells. Human body generates biological 
electrical fields by stress-generated potential which are also responsible for natural 
regeneration, such as endogenous electric field [59]. Therefore, one of potential stimulation 
to accelerate healing process is electrical stimulation, which has been shown in vivo and in 
vitro to improve cell proliferation, migration or differentiation [103].  

Wound healing starts with hemostasis to control bleeding, continues with the migration 
of inflammatory cells to the wound site, granulation tissue formation, collagen repair, 
vascularization and re-epithelization [104]. Briefly, when injury occurs and disrupts the 



90     Chapter 6. Interactions of Drawn and Nanotextured Piezoelectric Films with Human 

Adherent and Immune Cells  

endogenous electric field, electric current between 100-150 mV/mm is produced between 
wound site and undamaged area, which promotes directional flow of important biological 
material towards the wound [105]. Since most wounds take a week or two to heal or is even 
greatly prolonged in case of chronic wounds, electric stimulation could accelerate the 
healing process. Electric stimulation is mostly explained through effect on voltage-gated 
ion channels of Ca2+ ions, which increases intracellular calcium concentration and triggers 
many paths (such as ERK ½ and Akt pathway) that leads to direct cell activity through 
increased growth factor and actin filament production to promote cell polarization, 
proliferation, differentiation and/or migration [58], [59].  

Different cell response is expected when changing stimuli parameters or observing effect 
on different cells. Direct current (DC) treatment have high effect on directional cell 
migration [106], it can be replaced by pulsed current (PC) to reduce electrothermal and 
electrochemical hazards of DC [107]. Devendra showed that using alternating current, 
volume wound reduction was faster compared to DC simulated current for artificially 
created wound on rats and rabbits [108], therefore also appropriate to promote healing. 
Improper stimulation parameters such as high intensity electric stimulation (>100 V/cm) 
can cause membrane electroporation, increase in ROS, which induce cell apoptosis instead 
of wound healing [59]. How to impart electric stimulation is an important question, 
therefore to avoid invasive electrode implementation near the damaged tissue, electroactive 
materials are a suitable solution. They can convert different types of signals (mechanical, 
thermal, and magnetic) into electrical ones, which provides the opportunity to use them 
for the stimulation of cell growth in tissue regeneration [109]. One of such materials are 
piezoelectrics, which have no energy or power supply requirements to promote transient 
surface charge as response to mechanical deformation.  

Using piezoelectric material, electrochemical self-stimulation can be easily achieved 
through cell adhesion [110], body movement or using outside source such as US [89]. By 
using piezoelectric devices in combination with US, remote control is achieved. Since low-
voltage stimulation is required, piezoelectric biocompatible polymers are particularly 
suitable for such stimulation. Most promising material is PLLA due to its small 
piezoelectricity (d14 = 10 pC/N [44]) and most important its full biodegradability, leaving 
the advantage of not needed removal from the body.  

Electrical stimulation has been shown to be effective in the regeneration of mammalian 
cells, but the applicability of piezoelectrics in such case is still at the beginning of research. 
Most promising cells, responsive to electrical stimulation, in case of tissue regeneration are 
nervous, bone and muscle cells [89], in case of epidermal wound healing, fibroblast and 
keratinocyte also shows response to electric stimulation. Ceramic piezoelectric materials 
with high piezoelectric properties (boron nitride nanotubes, barium titanite nanoparticles, 
zinc oxide nanomaterial) are having problem with cytotoxicity (ROS production), 
cytocompatibility, hydrophobicity, non-degradability, therefore many authors tend to 
prepare composites with biocompatible polymers to improve cell -material contact [89]. 
Using polymer coating over piezoelectrics lowers the piezoelectric value, however the range 
of needed excitation in biology is very low compared to electronic devices, therefore 
sufficient electrical stimulation can be expected. Some studies confirm beneficial effect of 
electrical stimulation using organic piezoelectrics to promote stimulation, such as bone 
tissue promotion through osteogenic differentiation of stem cells and enhanced 
mineralization [99], [111], neuronal growth elongation and differentiation [16], enhanced 
proliferation of pre-osteoblastic cells [112], differentiation of keratinocytes [62], stem cell 
differentiation [113], enhance migration, adhesion and secretion of fibroblasts [56], [101], 
[109], [114]. Mentioned promotions of used piezoelectric polymers are presented in Table 1 
with information about stimulation of polymer to exhibit piezoelectric properties. Using 
biodegradable, biocompatible polymer piezoelectrics avoid many disadvantages of 
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electrostimulation, as reducing the electrothermal and electrochemical hazards which leads 
to cytotoxic effect [109].  

 

Table 1: Collected data on piezoelectric polymers, their stimulation to exhibit piezoelectric 
properties and observed effect on investigated cells. 

Application Material Stimulation of 

polymer 

Ref. 

Osteogenic differentiation of 

stem cells and enhanced 

mineralization (bone tissue) 

Electrospun poly(3-

hydroxybutyrate-co-3-

hydroxyvalerate) scaffold 

(PHBV-SiHA) / 

[111] 

 

Electrospun PLLA (output 

voltage 25-30mV) US: 40 kHz 

[99] 

Neuronal growth elongation 

and differentiation 

Polyvinylidene difluoride 

(PVDF) 

US: 132 kHz, 5 x 

per day for 10 min 
[16] 

Enhanced proliferation of pre-

osteoblastic cells 

Poled PVDF Mechanical 

stimulation using 

vibrational module 

at 1 Hz 

[112] 

    

Differentiation of 

keratinocytes 

Stimulated through carbon–

silicone electrodes 

PC current, 

4.8 kHz, 3 V, 

5 min per day 

[62] 

Enhance neurogenesis and 

osteogenesis (stem cell 

differentiation) 

Electrospun PLLA fibers 

(generate 0.5-10 mV) 

Cell-matrix 

adhesion through 

focal adhesion 

complexes 

[115] 

Enhance migration, adhesion 

and secretion of fibroblasts 

PLLA nanotubes Through cell 

attachment 
[101] 

 

Polyurethane/polyvinylidene 

fluoride (PU/PVDF) 

piezoelectric scaffolds 

Mechanical 

stretching with 

0.5 Hz for 24 h 

[56] 

 

Electrospun PVDF hydrogel 

patch 

Loudspeaker 

stimulation 

[109] 

 

Heparin bioactivated 

polypyrrol/PLLA conductive 

membranes 

DC electrical 

stimulation of 50 

or 200 mV/mm  

[114] 

 
When focused on epidermal wound healing effect, keratinocytes constitute 95% of the 

epidermal cells and play multiple roles in skin repair [116]. Usually they work in union with 
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fibroblast cells [117], where keratinocytes are the initiators and executors of the re-
epithelization process. They migrate, proliferate and differentiate to restore epidermal 
barrier. HaCaT cells are immortalized human keratinocyte cell line which is usually used 
as a model for the study of wound healing [118]. For keratinocyte cells, some report about 
the increased proliferation for cells, other showed no significant change or delay in 
proliferation, however in most of the studies, growth factor enhancement is observed [104], 
[117]. Arai et al. showed that for keratinocyte cells under PC stimulation (3 V), 
differentiation rather occur which slows the proliferation process [62]. Change was detected 
through increase in differentiation markers, such as keratin 10, involucrin and filaggrin, 
through increase in intracellular-free Ca2+ concentration and inhibition of proliferation [62]. 

An important aspect to consider is also the immune response of the body (white blood 
cells, macrophages) to the introduced material. Macrophages play a crucial role in wound 
healing and implementation as a key factor of determining the balance between 
inflammatory or remodeling response [69]. Macrophages are adherent cells, differentiated 
from non-adherent monocytes from peripheral blood, which occur when tissue is damaged 
and they attach on the damaged surface and acts against bacteria, viruses or implant 
present and trigger inflammatory response (M1 type) [67], [68]. Later on, macrophage can 
change polarization (differentiate into M2 type) to help with the regeneration, re-
establishing the tissue integrity, observed as macrophage proliferation [67]. A group from 
Germany observed in vivo that is possible that electric stimulation could shift the 
macrophage response to injury from healing/scarring to regeneration [73] after 7 days of 
stimulation. 

In this context, I have prepared biodegradable piezoelectric PLLA smooth films and 
films with introduced NT topography on the surface to observe and compare the changes 
in HaCaT cell behavior after mechanical stimulation to activate (piezo)electric properties 
of the film. Since keratinocyte HaCaT cells can sensitively respond to electrical stimuli 
[116], these cells were chosen for the cell model in this study of piezoelectrically induced 
electrical stimulation on cells. For the NT films, some cell attachment improvements were 
expected, since the texture reminds on extracellular matrix (ECM, randomly dispersed 
actin filaments) which should mimic the natural cell environment. I also evaluated the 
immune response of monocyte-derived macrophages as their numerical attachment to the 
film surface and observe morphology changes after US stimulation. 

6.1.2 Experimental 

Poly-L-lactic acid polymer (PLLA) L207 S (Evonik, Germany) was used to prepare 
piezoelectric polymer film samples in NT and smooth form. For non-piezoelectric NT films, 
Poly (D,L-lactide-co-glycolide; PDLLA) RG-505, 50:50 (Evonik, Germany) polymer was 
used as it is incapable of crystallization. Chemicals that were used in template assisted 
method for template removal are hydrochloric acid- HCl (J.T. Baker, Poland), copper (II) 
chloride- CuCl2x2H2O (Riedel-de Haën AG, Germany) and orthophosphoric acid 85% 
(VWR Chemicals BDH, France). 

For cell testing, HaCaT human keratinocyte cells were kindly provided by Biochemistry 
and Molecular and Structural Biology Department (B1) at Jožef Stefan Institute (ATCC 
PCS-200-011). Growth medium was prepared as mixture of Dulbecco's Modified Eagle 
Medium- high glucose (DMEM, Sigma-Aldrich, USA) supplemented with 10% Fetal Bovine 
Serum (FBS, Gibco, USA) and 1% of Penicillin-Streptomycin antibiotics 1:1 (Gibco, USA). 
Cells were washed using Dulbecco's Phosphate buffered saline (DPBS, Sigma-Aldrich, 
USA) and trypsinization by TrypLE select (Gibco, USA). PrestoBlue™ Cell Viability 
Reagent (PB, Invitrogen by Thermo Fisher Scientific) was used for cell viability 
observation and Live/Dead Viability/cytotoxicity Kit (L3224, Invitrogen, Life 
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technologies, USA) to optically observe cells. In all cases MIlliQ (Purelab Option-Q, Elga) 
clean water was used. 

Smooth piezoelectric film was prepared by uniaxially drawing amorphous sheet at the 
temperature above the glass transition (80°C) at 40 mm/min draw rate to draw ratio 5 
(DR5) (Fig. 16a) [39]. NT piezoelectric films were prepared by pressing polymer melt into 
well-defined nonporous anodized aluminum oxide template on aluminum substrate with 
200 nm x 30 µm pores (AAO, Topmembranes, China [80]) [49]. Film was afterwards 
annealed at 160°C for 1 h in template to increase crystallinity. To separate NT polymer 
film, template was chemically etched in 40% phosphoric acid, next in CuCl2/HCl (4%/2%) 
water solution and again in 40% phosphoric acid. At each step samples were washed with 
water (Fig. 16b).  

 

 

Figure 16: Schematic presentation of film preparation using (a) drawing (1. hot pressing 
and 2. drawing) or (b) template assisted method (1. AAO on polymer melt, 2. filled pores 
and 3. released nanotextured surface after chemically removed template). 

To observe protein binding from FBS at the surface of 1 cm2 of piezoelectric or non-
piezoelectric, smooth or NT samples, films were analyzed using procedure and calibration 
curve from bovine serum albumin (BSA) kit. Films were incubated in 200 µl FBS for 24 h 
at 37°C in polystyrene (PS) plate. In next step they were washed three times in DPBS. To 
quantify attached proteins, washed films were incubated in 1 ml of 2% SDS solution in 
DPBS for 24 h at room temperature to release the proteins from the surface. The amount 
of released proteins was measured in triplicate as optical density read at 562 nm, based on 
bicinchoninic acid (BCA) colorimetric detection of the cuprous cation obtained by protein 
Cu2+ reduction in an alkaline medium, as reported in detail in [34]. PS plate was used for 
control surface.  

To observe cell adhesion, proliferation or migration, HaCaT cells were initially cultured 
in recommended DMEM medium supplemented with 10% of FBS and 1% of antibiotic in 
humidified incubator at 37°C and 5% CO2. For cell attachment, supplemented DMEM 
medium was used to observe 50 µl of trypsinized cells (5x 10^5 cells/ml in medium) 
attaching to exposed films in 24 h. In this step (after 24 h), cellular cytotoxicity was also 
evaluated by measuring the PB of cells incubated with the films from the beginning. After 
cell attachment, films were moved to a new plate and 40 µl of PB was added in 400 µl 
DMEM mixture and incubated for 1 h to measure cell viability of attached cells on the 
film surface through fluorescence measurement of metabolized non-fluorescent resazurin 
reduced to the fluorescent resorufin (excitation at 535 nm, emission at 590 nm). Values 
were normalized to surface area of film piece. To observe cell cytotoxicity, 50 µl of 
trypsinized cells (80% confluent growth) were seeded on cell culture PS plates for 3 days 
and covered with 1 cm2 film sample in 400 µl cell medium for 24 h. Afterwards, PB was 
added to measure cell viability through fluorescence. To observe cell proliferation, 1 cm2 
films were immersed in cell solution in 24-well plate for 1 day for cells to attach. Afterwards, 
films were transferred into fresh medium and viability was measured daily using PB for 
the next 3 days with or without US stimulation. Each time PB was washed with DPBS 
and fresh medium was added. For US stimulation after the seeding, covered PS plate was 
additionally sealed with parafilm and sonicated each day in a) ultrasonic bath for 20 min 
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at 80 kHz (30% power), temperature not exciding 35°C and b) via ultrasonic probe for 
3 min, 1 MHz frequency, 1:10 s pulsed current and with power of 1.8 W/cm2 (schematics 
of stimulation presented in Appendix A2). For simplicity of understanding, Fig. 17a 
schematically shows the testing procedure on HaCaT cells to measure cytotoxicity, 
adhesion and subsequent cell proliferation. 

 

Figure 17: (a) Schematic of testing on HaCaT cells: initial incubation with film samples in 
24-well PS plate for 24 h to determine cytotoxicity via measuring PrestoBlueTM (PB) cell 
viability through cell metabolic activity reducing resazurin into resorufin, transferring the 
films with attached cells and measuring viability to determine cell adhesion, and US 
stimulating after washing the samples for the next 3 days, measuring PB viability daily to 
determine proliferation of cells; (b) presentation of a scratch assay to determine cell 
migration where a pipette tip creates a scar on confluent cells attached to a PS plate and 
observes cell migration towards wound closure with an optical microscope after 24 hours. 

To observe cell migration, after confluent growth in 96-well PS plate, scratch was made 
using pipette tip and non-adhered cells were washed using DPBS twice. In the next step 
round films were prepared by hole punch to cover the entire cell seeded region (tissue 
cultured 96-well plate) in FBS low medium (1% FBS and 1% antibiotic in DMEM) and 
incubated for 24 h with or without 30 min US (80 kHz) stimulation. Next day, live/dead 
imaging was performed according to the provider of the test. A 100 µl drop of a die mixture 
(green-fluorescent calcein-AM and red-fluorescent ethidium homodimer-1) was put on film 
and observed under fluorescence inverted microscope (Nikon Eclipse Ti-U inverted 
microscope). Pictures were automatically analyzed in ImageJ using processing from Venter 
et al. [119] to calculate area reduction as area after 20 h of incubation normalized to area 
at start. The schematic of the test is shown in Fig. 17b. 

For analysis of F-actin filament distribution in cells, I performed staining after 3-day 
incubation of cells, seeded directly on films. First, cells were fixed in 200 µl of 3.7% 
paraformaldehyde in DPBS (Sigma-Aldrich, Germany), washed twice in DPBS (200 µl) 
and permeabilized with 400 µl of DPBS containing 4 µl of 0.5% Triton X-100 (Sigma-
Aldrich Life science, USA), during 15 minutes for each step at room temperature, followed 
by washing in DPBS (200 µl) two times. Samples were then stained with DAPI (diamidino-
2-phenylindole, Biotium, Fremont, CA in Hank's balanced salt solution; 200 µl of stock, 
5 µl/ml) for nucleus observation and Rhodamine Phalloidin (RP, Invitrogen by Thermo 
Fisher Scientific, USA; 200 µl of DPBS with 1 µl RP stock 200 µl/ml) for F-actin filament 
observation. Fluorescence images were obtained by fluorescence inverted microscope using 
red and blue filters. Using microplate reader, fluorescence of DAPI and RP were measured 
after 1 h of staining at Ex/Em 355/346 nm and 584/562 nm, respectively, and presented 
as fluorescence of number of cells (DAPI) and actin filaments normalized per cell number 
obtained through RP/DAPI fluorescence measurement. 
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For evaluating immune response, acute monocytic leukemia (THP-1, ATCC TIB-202) 
monocytes were kindly provided from Department of Biotechnology (B3), Jožef Stefan 
Institute. Cells were grown under ATCC-recommended culture conditions prior to use. 
Cells were defrosted and incubated for 10 days, when normal growth and shape was 
observed for further implementation. Cells were incubated in RPMI-1640 medium, 
supplemented with heat-inactivated FBS and 1% penicillin/streptomycin (obtained from 
Gibco, USA) and medium was replaced every second- or third-day using centrifugation. 
One set of cells were stained with CFSE CellTrace™ dye (Invitrogen by Thermo Fisher 
scientific) to observe under fluorescence inverted microscope using green filter. For testing, 
5x10^4 monocyte cells per well were introduced with the material in 400 µl growth medium 
and incubated for 2 days. Non-adherent cells were washed and medium was replaced to 
observe attachment/differentiation into macrophages. For the control, THP-1 cells in 
presence of 100 nM phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich) were incubated 
for 2 days to initiate cell differentiation into attached macrophages. Viability was measured 
by PB same as for keratinocyte cells. After the attachment, films were subjected to US 
stimulation using same condition by US bath (80 kHz) and US probe (1 MHz) for 2 days. 
After the last stimulation, PB viability test was performed (value of empty PB dye in 
DMEM was subtracted from all measurements), actin filament and nucleus were stained 
and measured with the same protocol as for the keratinocyte cells and presented as F-actin 
production per number of nuclei. 

Characterization of the film and film/cell morphology was performed using a scanning 
electron microscope (SEM-JSM 7600F, Jeol) to observe morphology changes of gold 
sputtered samples (BAL-TEC SCD) using accelerated voltage of 5 (films) or 10 kV (films 
with cells). Films with cells were prepared in advance according to the following protocol: 
cells were incubated for 2 hours in 2.5% glutaraldehyde (25% aqueous solution, Sigma-
Aldrich, USA) and DPBS solution; washed with 3x DPBS and dehydrated with 
ethanol/water solutions (10%, 20%, 30%, 40%, 50%, 60%, 2x70%, 80%, 90% and 2x100%) 
for 5 minutes at each concentration; then a 50% hexamethyldisilazane (HMDS, Sigma-
Aldrich, Germany) solution in ethanol was added and after 2x 100% HMDS for 10 min and 
allowed to air dry. 

Statistics. The results were expressed as mean ± standard deviation. The statistical 
significance analysis of results between groups was carried out by one-way ANOVA at a 
confidence level of 95%. A probability value (p) of < 0.05 was considered to be statistically 
significant. 

6.1.3 Results and discussion 

The use of piezoelectric polymers, including PLLA, has been recently introduced for 
improved tissue healing. However, in most of these studies they included some additional 
factors to effect cell changes, such as growth factors, which in combination with electrical 
stimulation contribute to better cell differentiation [99]. The use of solely piezoelectric effect 
as the main stimulator to produce electrical stimulation on cells is still insufficiently 
researched. 

‘’Remotely controlled and battery-free biodegradable electrical stimulator’’ as Das et al. 
stated for theirs electrospun scaffolds [99], is in my case achieved by using prepared NT or 
drawn piezoelectric polymer films as contact-based mechanism of cell stimulation, remotely 
activated via US. In the tested human keratinocyte cells (HaCaT) as a model for wound 
healing, I mainly observed an effect on cell spreading, elongation and production of F-actin 
filaments in response to AC stimulation through drawn piezoelectric films (DR5) externally 
mechanically deformed by US with a promising indication towards cell differentiation and 
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for the immune response towards a healing type of macrophage polarization (M2) in the 
case of using 1 MHz US stimulation. 

6.1.3.1 Film morphology 

For PLLA to exhibit shear piezoelectric properties, main helix chains need to be oriented 
(similar C=O molecular dipole orientation after shear deformation results in generation of 
net charge on the surface) and crystalline (deformation can be imparted mostly on 
crystalline parts) [31], [39]. In both methods used for processing polymeric films, drawing 
and template assisted method, orientation and crystallization is induced via strain. In case 
of the drawn films they occur in drawing direction and for NT films in pore direction due 
to the capillary flow of viscous polymer melt inside the pores, as presented in more details 
in my previous studies [39], [49]. I also confirmed piezoelectric properties of both 
morphologically different films, with at least 10 times improved piezoelectricity for NT 
compared to drawn films (estimated values for US stimulation at 37 kHz are Vpk-pk> 1 V 
and 25 mV, respectively), using reference sample with known piezoelectric value, 
determined through indirect chemical method [49]. In this study, morphologically smooth 
(drawn DR5 films, Fig. 18a) compared to NT films (Fig. 18b) are being observed for 
interactions with human keratinocyte cells.  
 

 

Figure 18: Observation of film morphology using SEM for (a) drawn films DR5 with smooth 
but rough surface and (b) NT films with 200 nm thick nanotubes on polymer surface. 

6.1.3.2 HaCaT cell attachment 

The biological response to electric stimulation demonstrates first in protein absorption, 
which is also a first step in interaction of cells with surrounding material [103]. This step 
could mediate cells attachment and subsequently tissue growth. Surface of the cell 
membrane usually carries negatively charged groups (carboxylates and phosphates) [120], 
therefore positive surface charge of material can also improve cell adsorption. 
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Figure 19: (a) FBS protein binding observation for piezoelectric smooth (DR5) and NT 
films (NT ANN) and non-piezoelectric smooth (DR1) or NT films (NT PDLLA) compared 
to PS plate; (b) cell attachment observation normalized to surface area of the inserted film, 
compared to values for all cells (the dotted line indicates the lowest value for attachment, 
which is 68% of the starting cells). * indicating significant statistical value p < 0.05. 

Improved protein binding was observed for NT films (piezoelectric- NT ANN or non-
piezoelectric- NT PDLLA) from FBS solution (Fig. 19a), expecting improved material-cell 
interaction later. Improvement can be explained by the increased surface area and rough 
topography for the NT films. Main difference between NT PLLA and NT PDLLA is that 
NT PLLA is crystalline and piezoelectric, while compared to PDLLA which is amorphous 
and non-piezoelectric, therefore improvement for NT ANN films can be also due to assumed 
charge on the surface of piezoelectric nanotubes. It may also include suspected influence of 
electrostatic edges, as several edges are exposed on the NT surface due to the presence of 
tubes (fixation of the fluorescent dye intended for cell staining was observed on edges of 
piezoelectric drawn PLLA film and on the tube endings, but not on DR1 or NT PDLLA 
samples, indicating increased reactivity of the edges). Small improvement of cell adhesion 
was observed when films were immersed in cell suspension for 24 h (Fig. 19b), compared 
to non-piezoelectric smooth reference DR1. I suspect that mostly surface had initial effect 
on cell adhesion, since NT samples and rougher drawn film have similar cell attachment 
(Fig. 19b). Jun et al. and Yang et al. observed that nano- or micro-scale surface of scaffolds 
positively promote cell-matrix and cell-cell interactions, due to the resembling of natural 
ECM environment [65], [121]. In my case also drawn film (DR5) has rougher surface (Fig. 
18a) compared to non-drawn film (DR1), therefore a more favorable environment for cell 
adhesion. 

6.1.3.3 Cytotoxicity to HaCaT cells 

Cytotoxicity was evaluated for adhered cells on 24-well PS plate when they were covered 
with the films. It was compared to non-covered cells or cells covered with biocompatible 
microscopic slide glass used as a reference. No significant decrease was observed in cell 
viability when cells were covered with piezoelectric or non-piezoelectric, smooth or NT 
samples for 24 h (Fig. 20a). Even when cells were seeded directly onto the film (Fig. 20b), 
at least 80% of the cells survived. A small decrease in cell viability may be due to stress 
induced by the addition of new material or coverage. With continued US stimulation after 
(80 kHz), cell proliferation was similar in both cases, with films or not, as seen in optical 
images taken after 3 days of incubation of seeded cells on a PS plate (Fig. 20c) or drawn 
film (DR5, Fig. 20d), indicating confirmation of biocompatibility. 
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Figure 20: (a) Cytotoxicity of HaCaT cells seeded on PS plate and covered with PLLA 
film samples, (values of fluorescence measurement (Ex/Em:560/590 nm) normalized to 
values of non-covered cells); (b) cytotoxicity of HaCaT cells seeded directly on films, where 
dotted line indicate value for DR1 sample (83%); (c) optical image of cells seeded on PS 
plate after 3 days of incubation and (d) observed edge of cells seeded on DR5 film. 

6.1.3.4 HaCaT cell proliferation 

When testing with cells as living organisms, large fluctuations in behavior was expected, 
so in most cases direct interpretation does not have significant difference in values, but 
trends in behavior change can still be observed. In literature for this specific cells, small 
improvement in proliferation, migration or differentiation of HaCaT cells was observed in 
response to electric stimulation ([62], [68], [106], [118], [122]). When using US stimulation, 
a preliminary test (not presented) was performed to select the optimal conditions for 
stimulation, for example, for the US bath, a frequency of 80 kHz with 30% power of 
100 W/3L for 20-30 min stimulation was used, and for the US probe, frequency 1 MHz 
with power 1.8 W/cm2 in pulse mode 1:10 s. 

Cell proliferation (Fig. 21a) was observed for cells seeded directly on films and incubated 
for a further 3 days with or without US bath (80 kHz, high power) or US probe stimulation 
(1 MHz, low power). In non-stimulated samples, the difference in cell proliferation between 
piezoelectric (DR5, NT ANN) and non-piezoelectric (DR1, PDLLA NT) films is not so 
observed (Fig. 21a). A slower proliferation is detected for the NT samples compared to the 
smooth films, possibly due to some initial cytotoxicity (20-30%) observed at the beginning 
(Fig. 20b). Since there is no difference between piezoelectric NT films and non-piezoelectric 
ones, I assume that the effect is topographic/initial. For stimulation in US bath (80 kHz), 
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proliferation after 3 days for smooth piezoelectric or not (DR1, DR5) is smaller compared 
to unstimulated cell growth, while for NT films is similar. One possibility for slower cell 
growth for NT films stimulated via US bath is also that topography effect and tube 
movement having an environmentally stressed effect on cells, since later on quite 
stressed/damaged surface morphology of cells is observed at 80 kHz US stimulation (Fig. 
22e). For 1 MHz stimulation, after stimulation for the second day, number of cells is 
resting, which could indicate in cell differentiation, since differentiation and proliferation 
are mutually exclusive [62], however difference between piezoelectric or non-piezoelectric 
NT sample was not pronounced. An interesting observation was observed for the smooth 
films at 1 MHz stimulation, where fewer cells were observed on the piezoelectric films 
(DR5) compared to the non-piezoelectric reference (DR1), suggesting the possibility that 
electrical stimulation triggers cell differentiation, as the opposite behavior was observed 
where cells were not US stimulated. 

 

Figure 21: (a) Cell PrestoBlueTM viability normalized to fluorescence value of adhered cells 
obtained after seeding on films, continued with day 1, 2 and 3 to observe percentage of 
proliferation for non-drawn (DR1), drawn and piezoelectric (DR5), nanotextured 
piezoelectric (NT ANN) and non-piezoelectric (PDLLA NT) films with US stimulation of 
80 kHz, 1 MHz or without; (b) measured DAPI stained nucleus fluorescence values for the 
same samples and stimulation conditions but only for the last day of incubation; 
morphological observation of attached and 3 days stimulated cells at 80 kHz US on the (c) 
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non-piezoelectric film (DR1@80 kHz) and (d) piezoelectric drawn film (DR5@80 kHz), with 
marked cell boundary and pronounced cell outgrowths/filopodia for better adhesion, 
observed only for piezoelectric film. *indicating significant statistical value p < 0.05. 

When comparing the viability for the last day of stimulation/incubation (72 h) with 
number of cell nuclei (DAPI staining, Fig. 21b), very similar results were observed. With 
the same initial cell incubation at the beginning, the final number of cells on the DR5 films 
is higher compared to the DR1 film with 80 kHz US stimulation or without. Since I 
observed that the cells proliferate more on the DR5 films in both cases, US (80 kHz) or 
not, it is really difficult to suggest that this is actually the result of the (piezo)electric 
effect. However, at 1 MHz stimulation the situation is reversed, indicating possible cell 
differentiation in response to (piezo)electric stimulation. 

The decrease in the number of cells for US bath stimulated NT samples is more 
pronounced when observing nuclei, however difference between piezoelectric or non-
piezoelectric NT films was again not observed for no stimulated sample or using US bath. 
For NT films, the number of nuclei, therefore cell number is higher compared to smooth 
DR5 or DR1 films, which was the opposite when measured cell viability. It is possible, that 
stressed environment of nanotexture is slowing the cell metabolic activity, making cells less 
viable. Using US bath stimulation (80 kHz), combination of topography, tube movement 
and predicted high piezoelectric effect [49] results in smaller number of cells. The exception 
was again the 1 MHz stimulation, but in case of NT surface, proliferation is observed as a 
possible response to (piezo)electric stimulation (Fig. 21b).  

In the case of the piezoelectric NT film, quite large differences in piezoelectric properties 
were observed compared to the drawn film [49], so it is understandable to observe different 
effects in the cells (proliferation or differentiation), which is probably related to the 
different intensities of (piezo)electric stimulation to which the cells are exposed at low 
power 1 MHz frequency. 

6.1.3.5 Morphological changes of adhered HaCaT cells 

When observing morphology on US bath stimulated piezoelectric (DR5) and non-
piezoelectric (DR1) samples (80 kHz), no cell extensions are observed (Fig. 21c) in the non-
piezoelectric film indicating poor attachment. For the piezoelectric film (Fig. 21d), larger 
and flattened cells are observed, indicating on improved cell adhesion. Elongated filopodia 
(actin rich cell outgrowths with an important role in cell migration, cell adhesion and 
wound healing [123], indicated by the yellow arrows on Fig. 21d) are observed only on 
stimulated piezoelectric film (DR5) compared to stimulated non-piezoelectric film (DR1), 
indicating improved connection with the material, cell-to-cell connections and indicating 
on cell migration. Although no significant difference in cell proliferation was observed 
between the piezoelectric sample and the non-piezoelectric reference, the DR5 piezoelectric 
film shows improvements in cell attachment and cell-to-cell connections compared to the 
non-piezoelectric film. 

If I observe morphological changes on cell surface on piezoelectric smooth sample DR5 
with or without US mechanical stimulation in more detail, difference is observed (Fig. 22). 
(Piezo)electrically stimulated cells look more deflated, larger, more spread and attached 
(Fig. 22 b, c) compared to no US stimulated (Fig. 22a). Similar was observed from Mojena-
Medina et al. who showed SEM images for well attached cells as more spread and deflated 
in case of colonial growth of HaCaT cells [122]. Compering between stimulations, using US 
baths creates visible stress on the cell (observed round shapes on the cell surface, marked 
with a blue arrow on Fig. 22b) compared to using US probe with lower power, where larger 
and healthy cells are observed (Fig. 22c). 
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When comparing piezoelectric NT films (NT ANN: Fig. 22d, e, f) with non-piezoelectric 
(PDDLA NT: Fig. 22g, h, i), difference is mostly observed for 80 kHz US bath stimulation, 
where for piezoelectric sample, damaged and stressed cell surface is detected (Fig. 22e), 
which resembles the necrosis of cells (damaged membrane with large holes [124]). Many 
round shapes are observed on the piezoelectric NT surface, believed to be due to stress-
related vacuolization, marked with a blue arrow, or start of the apoptosis (natural 
programmed cell death). When stimulated with 1 MHz US probe, the cells on both films 
are observed to be healthy (Fig. 22f, i). In all cases, the cells established good connections 
with both drawn and NT patterns, marked on the images with green arrows. Surface 
microvilli, indicated by white arrows in the images, are observed in all smooth and NT 
films, also for piezoelectric NT films stimulated at 80 kHz, when observed the other parts 
of the sample. It is also interesting that on NT piezoelectric film, cells are observed mostly 
on the surface of the tubes, while on the non-piezoelectric NT PDLLA sample, cells are 
also observed between the tubes. (Fig. 22i). This may be due to the greater flexibility of 
the long amorphous PDLLA tubes compared to the crystalline and less flexible PLLA 
tubes. 
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Figure 22: Images of piezoelectric drawn (PLLA DR5: a, b, c), nanotextured (PLLA NT 
ANN: d, e, f) and non-piezoelectric nanotextured films (PDLLA NT: g, h, i) showing the 
morphological changes of the cell surface, when the seeded cells were just incubated for 3 
days (a, d, g), or stimulated with US bath (b, e, h) or US probe (c, d, i). Arrows showing 
good cell-material connections and cell outgrowths (green arrows), surface microvilli (white 
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arrows) and stress-related vacuoles (blue arrows) indicating the initial phase of apoptosis, 
observed on the cell surface. 

6.1.3.6 Actin filament production of adhered HaCaT cells 

Observation of actin filament alignment also indicate on cell morphology, polarization, 
adhesion and mostly directs cell migration in response to changes in calcium voltage gated 
ion channels [125]. As a result of electric stimulation, even small one (<10 V/cm), increased 
ion flow trigger cytoskeleton remodeling mostly to induce cell migration and has a 
significant effect on cell alignment [59]. When detecting actin filament production per cell 
as possible response of cells towards electric stimulation, in my case achieved by 
piezoelectric biodegradable PLLA polymer smooth or NT films, a noticeable difference was 
observed for US stimulated cells on drawn piezoelectric DR5 films compared to non-
stimulated samples (Fig. 23a). Cells were seeded directly on films and incubated/stimulated 
for 3 days before fluorescence staining. Trend in increase of actin filament production per 
cell is observed for piezoelectric samples (DR5 and NT ANN) when stimulated via US bath 
(80 kHz), compared to the lower values observed when 1 MHz stimulation (US probe) was 
used. In optical observation using a fluorescence filter, compressed and small cells are 
observed for the non-piezoelectric sample (DR1) ultrasonically stimulated at 80 kHz (Fig. 
23b) compared to larger and elongated cells stimulated on the piezoelectric smooth sample 
(DR5, Fig. 23c), with even more pronounced stretching at 1 MHz (Fig. 23d). I believe that 
on DR5 films, more spread actin filaments indicate better cell adhesion, elongated shape, 
where for DR1 sample rounded shape only around the nucleus indicate poor adhesion and 
limited spreading. Similar was observed from Xue et al., who demonstrated through F-
actin staining improved cell adhesion and spreading for piezoelectric PVDF films when 
hydrophilicity was improved [110]. A possible related effect for cell stretching could also 
be the surface topography achieved by drawing the film, which gives it the specific 
unidirectional texture observed on the film surface (Fig 18a). 

Increased actin filament production was observed for non-piezoelectric NT film (PDLLA 
NT) compared to piezoelectric NT film if stimulated or not. When analyzing fluorescence 
images for 1 MHz stimulation, actin filament was produced around the cell in all direction 
on crystalline nanotubes (Fig. 23e), probably due to the rigidity of the tubes, and tube 
movement in response to US deformation, limiting the stretching of the cell. However, for 
the non-piezoelectric NT PDLLA sample, I observed that the cells are elongated, probably 
because they are also located between the tubes and therefore can stretch in the created 
channels between the tubes (Fig. 23f). This is also probably the reason for more F-actin 
production per cell, since migration between the flexible tubes is easier, compared to 
crystalline piezoelectric sample where cells were mostly observed only on the surface.  
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Figure 23: (a) Ratio between fluorescence measurements of Rhodamine Phalloidin (RP) F-
actin staining compared to diamidino-2-phenylindole (DAPI) nuclei staining for the smooth 
and NT piezoelectric and non-piezoelectric samples after 3 days of stimulation/incubation, 
presented as ratio between produced actin filaments per number of nucleus (cells); images 
of F-actin and nucleus for US stimulated at 80 kHz for (b) non-piezoelectric (DR1) and (c) 
piezoelectric (DR5) film, (d) piezoelectric DR5 film stimulated at 1 MHz; and images of f-
actin and nucleus for US stimulated at 1 MHz for NT (e) piezoelectric (NT ANN) and (f) 
non-piezoelectric (NT PDLLA) film. 
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6.1.3.7 HaCaT cell migration 

Usually cell migration is directional and observed in case of direct current stimulation, 
therefore I am not expecting much improvement due to the way of expected electric 
stimulation through prepared films. It is important that we understand that source of 
stimulation I use is US, therefore we do not have directional current but more possible like 
alternating current (US generates alternating charge on the surface of the film, since due 
to shear piezoelectricity, upper bended part has positive charge and the lower part has 
negative charge, which shifts with film bending). Due to the limitation of making scratch 
directly on NT films (removal of polymer tubes from the surface) migration was observed 
for cells seeded on PS plate and covered with prepared films. Fig. 24a presents images of 
area reduction from the start and after 20 h for smooth and NT samples, piezoelectric and 
for their non-piezoelectric references. A high power 80 kHz US bath was used to produced 
highest piezo response of the films as they are not in direct contact with the cells. Using 
PLLA films on top of the scratched area, I observed that the influence of US prevails over 
the influence of (piezo)electrical stimulation, since no significant difference was observed 
between piezoelectric NT or smooth films compared to non-piezoelectric (Fig. 24b). I 
believe that the lack of firm contact is the reason I do not see a clearer difference. The 
effect of US alone was also confirmed, as US stimulation also increased cell migration by 
approximately 20% greater area reduction even when no film was added on the surface. 

 

 

Figure 24: (a) Comparison of wound progression from start (optical images) and after 20 h 
(fluorescence images) for piezoelectric (smooth- DR5, and nanotextured- NT ANN), non-
piezoelectric samples (smooth- DR1 and nanotextured- NT PDLLA) and for the well 
without the film on top, with or without external US@80 kHz stimulation; (b) graph 
showing the reduction in surface area of mentioned samples to observe changes for cell 
migration. 

Using a piezoelectric drawn film (DR5), an improvement in cell migration was observed 
where no external mechanical stimulation was applied (Fig. 24b). This could be explained 
one way by the effect of surface-oriented topography parallel to the drawing direction, as 
I believe that piezoelectricity is difficult to activate without US in the case of drawn films 
or because of the DR1 film itself, as it is thicker and therefore heavier and exerts more 
unwanted pressure on the cells. For NT films, the migration is comparable to that of no 
covered cells and is enhanced when US is applied to either piezoelectric or non-piezoelectric 
samples, so the influence of US predominates. 
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6.1.3.8 Monitoring the immune response to a piezoelectric polymer film  

I observed the immune response of monocyte-derived macrophages by analyzing the 
viability of attached cells on film using induced macrophagization (added PMA medium) 
only for the control sample. I understood that the monocyte cells, when in contact with 
the film, differentiate into macrophages as an immune response to the new material and 
attach to the surface. Over time, however, polarization of macrophages from inflammatory 
to non-inflammatory should occur. I observed that 26% of monocytes differentiated into 
macrophages when piezoelectric or non-piezoelectric, smooth or NT samples were added, 
compared to theoretically all differentiated monocytes when PMA medium was added 
(THP-1/PMA), presented in Fig. 25a. Optical observation of stained macrophage cells 
using CFSE dye show attachment of control sample on polystyrene plate (Fig 25b1 and b2) 
and small number of attached cells on piezoelectric smooth (Fig. 25b3 and b4) and NT film 
(Fig. 25b5 and b6). For NT sample, due to the thickness and loss of transparency, cells are 
not seen just by using optical microscope (Fig. 25b5), however by using stained cells with 
fluorescent CFSE dye, attached cells are clearly observed under UV light and green dichroic 
filter (Fig. 25b6).  

 

Figure 25: (a) Cell viability measurement of attached differentiated macrophages for 
piezoelectric samples (DR5, NT ANN), non-piezoelectric references (DR1, PDLLA NT) 
and control (THP-1/PMA, plate); (b) optical observation of attached cells after 2 days of 
incubation with THP-1 monocytes on PS plate (THP-1/PMA; b1), piezoelectric smooth 
(DR5, b3) and nanotextured films (NT ANN, b5) and observation of CFSE stained 
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monocytes using green filter for control (b2), piezoelectric smooth (b4) and NT sample (b6). 
**** indicating significant statistical value p<0.0001. 

Viability of macrophages using PB was measured at the end of a 3-day incubation after 
initial attachment where they were stimulated with an US bath (80 kHz) or an US probe 
(1 MHz). Samples were also stained at the end to observe actin filaments production per 
cell and the number of cells. When observing proliferation after 3-day incubation of 
attached macrophages, no significant changes were observed among macrophages attached 
to PLLA polymer films. However, the observed proliferation was lower compared to the 
reference sample seen in Fig. 26a. When looking at cells alone, less proliferation was 
observed with 80 kHz stimulated samples compared to 1 MHz or unstimulated samples, 
similar was observed for smooth films (DR1, DR5) but not for NT samples, where both US 
stimulations slightly increased proliferation. When observing the number of cells whose 
nucleus was stained to represent the number of macrophages attached to the surface (Fig. 
26b), a significant difference in the number of cells on the NT surface compared to the 
smooth films was observed, regardless of the piezoelectric properties. A pronounced increase 
was observed in non-piezoelectric NT sample (PDLLA NT). These results could just 
emphasize the small increase of initial attachment at the start of incubation for NT samples 
(Fig. 25a), since proliferation during the 3-day incubation was similar for all samples. 
Interestingly, highest proliferation was observed in the US probe-stimulated samples 
(1 MHz) compared to the US bath-stimulated or non-stimulated samples in all cases when 
films were involved. 
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Figure 26: (a) Macrophage proliferation after 2-time (piezo)electric stimulation activated 
via US bath (80 kHz), US probe (1 MHz) or without US after 3 days of incubation after 
initial differentiation for piezoelectric drawn (DR5) or nanotextured film (NT ANN) or 
non-piezoelectric smooth (DR1) or nanotextured (PDLLA NT) samples, compared to cells 
attached on PS plate (THP-1/PMA); (b) fluorescence measurement of DAPI stained 
macrophages, indicating number of cells and (c) measured fluorescence for F-actin filament 
formation per number of cells (RP/DAPI). *** indicating significant statistical value 
P<0.0002. 

When observing the actin filament production per cell (Fig. 26c), increased F-actin 
production per cell was observed for piezoelectric drawn film (DR5), especially for US 
stimulation at 1 MHz, compared to non-piezoelectric sample (DR1). The opposite was 
observed for NT samples, where piezoelectric NT ANN films show lower actin filament 
production compared to non-piezoelectric sample, when 80 kHz or 1 MHz US stimulation 
was used. Increase in actin filament production could mean migration, increased 
inflammatory response (M1 macrophage polarization) [126] or due to a fusion of many 
macrophages resulting in M1 or M2 macrophage polarization [127]. For piezoelectric NT 
film, a similar production of F-actin was observed with or without US stimulation, which 
may be due to the more crystalline and therefore stiffer tubes that are less mobile under 
US (combined mechanical effect), or possibly due to the piezoelectric properties, since some 
small decrease is observed when NT film were US stimulated. The opposite was observed 
for non-piezoelectric NT PDLLA sample when US stimulation increased actin filament 
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production per cell, which can again be attributed to a combined mechanical effect 
(combination of US and larger tube motion), whereas the effect of ultrasound alone was 
not pronounced in the DR1 sample. 

6.1.3.9 Morphological observation of monocyte-derived macrophages 

In the literature, direct observation of morphology was performed using an electron 
microscope between non-activated (M0), activated M1 or M2 polarization of macrophages, 
and a clear difference was observed in M1 activated samples compared to the other two 
types [128]. In M1 polarization, a more irregular and elongated shape of macrophages are 
observed compared to M2, where a similar round shape remains as in non-activated M0 
initial macrophages [128]. Fig. 27 represents the observation of the morphology of 
monocyte-derived macrophages attached to a piezoelectric or a non-piezoelectric film with 
smooth or NT topography, using US stimulation or not. It should be noted that there were 
usually very few cells found on the film, so the general observation was difficult to assess.  

However, in all cases of stimulation, on non-piezoelectric smooth samples (DR1, Fig. 
27a1, a2, a3), macrophages remain round with some outgrowths (white arrows), indicating 
an attached but presumably inactive form of macrophages. Since no changes were observed 
on the non-piezoelectric sample with or without US stimulation, I can state that US itself 
has a minimal effect. For the piezoelectric drawn sample (DR5, Fig. 27b1, b2, b3), a 
difference in shape is observed after US stimulation, where more elongated (Fig. 27b2) and 
irregular shapes (Fig. 27b3) are observed compared to the unstimulated sample, where 
macrophages remain round (Fig. 27b1), indicating on piezoelectric effect. The change in 
morphology was more pronounced for US bath stimulated sample (80 kHz), which I believe 
resulted in M1 polarization of the macrophages, whereas at the 1 MHz stimulated film, the 
macrophages are more like the M2 type, which is beneficial for wound healing applications. 

For the non-piezoelectric NT film (PDLLA NT, Fig. 27c1, c2, c3), macrophages are 
generally still round, but some macrophage fusion is observed when harsh 80 kHz US 
stimulation was used, and some indication towards the merging when stimulated at 1 MHz. 
A similar change was observed for actin filament production per cell for NT PDLLA 
sample, so I believe that tube movement under US is the main factor to activate 
macrophage M1 polarization and increase F-actin production. For crystalline piezoelectric 
PLLA samples with or without US stimulation, giant fused and flat macrophages are 
observed (Fig. 27d1, d2, d3). Macrophages are thought to fuse with other macrophages to 
form the characteristic multinucleated giant cells as indicators of chronic inflammation 
[127], thus M1 polarization of macrophages is assumed. However according to their study 
of signaling pathways and cytokine detections of giant cells (fused macrophages), both 
inflammatory and anti-inflammatory type of giant cells can be formed from monocyte-
derived macrophages with clear difference in number of merged macrophages (much higher 
number for inflammatory type) when incubated for longer time (7-10 days) [127]. In my 
case, macrophages probably appear in different stages, since fusion of more macrophages 
are observed from initial connection between two macrophages (Fig. 27d1), close contact 
between 3 or more macrophages (Fig. 27d2, d3), and fusing the membrane together and 
creating film like appearance over the nanotubes (Fig. 27c2). For both NT samples 
macrophages are also observed on the tube surface and between the tubes, creating craters 
in the NT topography (Fig 27 c1). None of mentioned macrophage fusion was observed on 
smooth samples. 
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Figure 27: Microscopic observation of monocyte-derived macrophages after 3 days of 
incubation attached to: (a) non-piezoelectric PLLA films (DR1) without US stimulation 
(a1) or stimulation using an US bath (a2) or US probe (a3); (b) DR5 piezoelectric drawn 
film without (b1) or with US stimulation via US bath (b2) or US probe (b3); (c) non-
piezoelectric NT PDLLA film without (c1, with the general morphology of the film 
represented in the white rectangle) or with US stimulation via the US bath (c2 with an 
additional image of the different morphology of the observed macrophage, represented in 
the white rectangle) or the US probe (c3); (d) piezoelectric NT ANN film without (d1) or 
with US stimulation via US bath (d2) or US probe (d3) with additional images in white 
squares presented the different observed morphology of macrophages.  

6.1.4 Conclusion 

Electrical stimulation is a novel tool for regulating cell behavior and shows a great potential 
in wound healing and tissue engineering. In theory, using piezoelectric biodegradable 
polymer such as PLLA, stimulation of cell proliferation and cell orientation can be achieved 
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without any additives which improve the wholesome healing process without any invasive 
therapies by only using US. 

With previously confirmed piezoelectric properties of drawn and NT films, the effect of 
electric stimulation through them while mechanically stimulated with US was observed for 
cell behavior as cell attachment, proliferation and migration. Improved cell attachment 
was observed for all samples with rougher surface (NT and DR5) compared to non-
piezoelectric smooth film (DR1). I observed no cytotoxic effect of piezoelectric or non-
piezoelectric, smooth or NT films, and all further incubation resulted in cell growth, 
comparable to cell behavior without the films. No significant improvement was observed 
for proliferation under US stimulation, however clear improvement was observed in cell 
attachment. For drawn films, US bath and US probe are sufficient stimulation to activate 
piezoelectric properties and improve cell attachment, spreading and making connections. 
F-actin staining and microscopic images show better cell-to-film and cell-to-cell connection 
via increased number of filopodia for smooth films, cells are also more stretched and 
flattened, again indicating good connection and migration, but only when the films are 
piezoelectric (DR5) and US stimulated. Interesting observation for drawn piezoelectric 
films was for 1 MHz stimulation, where proliferation is noticeably less on the DR5 
piezoelectric film, indicating differentiation as a possible response of the cells to 
(piezo)electric stimulation, which was not observed on the non-piezoelectric DR1 sample. 
However, for crystalline NT film with much improved piezoelectric properties, damaged 
morphology is clearly observed when using powerful US bath, but not for non-piezoelectric 
NT sample. I believe that high piezoelectricity with combination to crystalline tube 
movement under US is leading to observed cell necrosis. This is not observed when more 
mild 1 MHz stimulation via US probe was used, where cells morphology was intact and 
indicated towards increase in cell proliferation (DAPI staining). Mechanical stimulation 
using US bath creates stronger stimulation, producing a higher output voltage for drawn 
films, which is also assumed for NT films, compared to 1 MHz with low-power US probe 
stimulation, measured and validated on the stretched DR5 sample and PVDF reference, 
presented in Appendix A2. In the observation of cell migration, US plays a dominant role 
in enhancement, as I believe that the poor contact between the cell and the material is a 
reason for the cells to not sense the generated charge on the film surface to increase the 
response, as the cells are seeded on the plate and not directly on the films. In all cases with 
rougher surface, the cells established good associations with both NT samples and drawn 
oriented film, without the need to improve surface since cells attach to the samples in the 
same number as to film treated with cell-friendly poly-L-lysine, presented in Appendix A3. 

I also observed the immune response to the prepared films, as PLLA can create a 
different microenvironment on the cells, due to the degradation of PLLA (decrease in pH), 
electrical stimulation, the appearance of small polymer shavings that could activate the 
immune response. In the literature, it is stated that, due to the environment, M0 
macrophages are later activated into an inflammatory M1 or anti-inflammatory M2 
polarization state, which is oriented towards attacking/healing or towards regeneration, 
respectively [67]. I observed some immune response for all samples, since 26% of monocyte 
differentiated into macrophages and attached on the films. After US stimulation, no 
changes were observed on macrophage morphology attached to the non-piezoelectric sample 
with or without US stimulation, therefore the effect of US can be discarded. For drawn 
piezoelectric film, indication towards M1 macrophage polarization was assessed due to the 
more elongated cell morphology, however M2 polarization could be result of 1 MHz 
stimulation, since cell stay more rounded. For NT samples I believe that tube movement 
under US and nanotexture topography is the main factor to activate macrophage M1 
polarization, since macrophage fusion was observed in all cases of stimulation, more 
pronounced for piezoelectric sample (NT ANN). In all cases, I observed good macrophage 
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attachment/connection with the films as the cell outgrowths/filopodia extend towards the 
polymer tubes or rough surface of the drawn film. Kong et al. observed that piezoelectric 
effect (piezoelectric β-PVDF activated by US) enhances M1 polarization of macrophages, 
which in their case is favorable for cancer treatment [71]. However, another in vivo study 
showed that low voltage direct current electric stimulation can shift the immune response 
from healing/scaring to regeneration [73]. Therefore, it is important that in further studies 
using the as-prepared piezoelectric PLLA films, the differentiation of macrophages in 
response to electrical stimulation is more clearly determined, as currently a greater M1 
polarization is indicated for the NT samples when stimulated with US and M2 for the 
drawn piezoelectric film, when 1 MHz frequency is applied. 

In this study, I prepared piezoelectric drawn or NT polymer films that demonstrate a 
fully contact-based mechanism of providing electrical stimulation to cells activated 
externally via US. Drawn biodegradable piezoelectric film (DR5) shows the most promise 
for wound healing applications, given the observed improvements in cell behavior in 
response to electrical stimulation achieved using mild 1 MHz US stimulation. The most 
pronounced effect was on cell shape showing good attachment and improved actin filament 
production, indicating the improved cell-to-cell connection and migration. With further 
investigation, I believe that more favorable effect on cell behavior such as cell 
differentiation/maturation and contact-based migration will be confirmed when researching 
piezoelectric PLLA films further. 
  



   113 

 

Chapter 7  

7 Final Conclusions 

During my study of the presented topic, I designed, optimized and evaluated PLLA drawn 
and nanotextured films as an innovative biomaterials tool, applicable to wireless piezo-
stimulation by using ultrasound and found some of the important, previously unknown, 
answers on their properties and the way how they interact with bacterial and mammalian 
cells. 

Which are the critical properties of polymeric films that enable and regulate 
their piezoelectricity? The critical parameters for piezoelectricity of PLLA are chain 
orientation and crystallization. When PLLA is stretched (oriented) and semi-crystalline, it 
can exhibit piezoelectric properties, which can be externally/wirelessly activated by using 
US (mechanical stimuli). 

How to evaluate piezoelectricity of films with a complex structure? Exploring 
the piezo-catalytic activity of PLLA provides a possibility to correlate its ability to degrade 
organic dye (like methylene blue) indirectly with its piezoelectric properties and quantify 
it by comparison with piezoelectric standard. It leads to the unique method for measuring 
bulk piezoelectric properties of complex PLLA structures (like NT PLLA films) and enables 
a broader look from their local to bulk piezoelectricity. 

How to stimulate piezoelectricity of films in a water environment? If the 
surface of the PLLA films is changed from inert hydrophobic to active hydrophilic, the 
degradation is transferred from the bulk to the surface, which keeps the PLLA 
piezoelectricity active for a long time even in an aqueous environment with hydrolytic 
enzymes. Films were successfully stimulated wirelessly using US in water/growth medium. 

Which ultrasound stimulation is appropriate not to damage human 
keratinocyte cells, red blood cells, or bacteria cells? High frequency and low 
intensity US is found to be appropriate for stimulating cells without harmful effects directly 
induced by US waves. Their application in deforming drawn PLLA films is also not toxic 
for non-adherent (red blood cells) and adherent cells (keratinocytes). Deviations are 
noticeable for US-deformed NT PLLA films which can be assigned to a difference in their 
surface and piezo-stimulation capacity. 

How to improve close contact between film and cells to achieve the best 
possible effect the film is providing? The piezostimulation was found to have contact-
based mechanism. Therefore, growing cells directly on the films surface is found to lead to 
the most pronounced effects to their behavior.  

What kind of an effect will be observed when films are in contact with 
bacteria cells? Piezoelectric stimuli imparted on bacteria through NT PLLA film and 
using US bath stimulation can depolarize and fibrillate the bacteria membrane or 
mechanically rapture the membrane, which leads to bacteria death. 

How piezoelectricity influences red blood cells (suspended cells) and human 
keratinocyte cells (adherent cells)? Human cells can show some improvement in case 
of piezostimulation with drawn PLLA films (better cell attachment, increased actin 
filament production, proliferation/differentiation), however mechanical and piezoelectric 
signal overlap and it is hard to point to just one, and significant difference was not clear 
(trend is observed). 



114      Chapter 7. Final Conclusions  

How do immune cells (macrophages) respond to the electric stimulation, 
smooth or nanotextured polymer film? Macrophages do attach and slightly 
proliferate on drawn or NT samples, however promising differentiation into M2 is 
emphasized for the most promising drawn PLLA films, beneficial to enhanced wound 
healing.  

7.1 Final Remarks 

Exploiting the piezoelectric properties of the chiral PLLA polymer and explaining the 
mechanism is challenging because the charge on the seeded cells moves from positive to 
negative with the US frequency, compared to the mostly investigated PVDF, where the 
charge is fixed on one side of the film, so the cells are exposed to the same electrical stimuli 
continuously. Therefore, the observation of the cell's response to the shear piezoelectric 
stimulation may differ from what is expected. Through detailed characterization and 
process optimization, piezoelectric drawn and nanotextured PLLA films were successfully 
prepared. 

Using piezoelectric force microscopy (PFM) combined with finite element simulations 
and numerical analysis to determine the piezoelectric character on a single nanofiber is a 
common method used in research for determining piezoelectric properties [19], but it tells 
us little about the bulk properties of such films. The films with complex structures 
(electrospun fibers, NT film) affect the cells as a whole and not as individual fibers, so it 
is interesting to investigate the film’s overall piezoelectric properties as well. I demonstrated 
a measurement method to compare changes in nanotexture or drawn PLLA films by 
measuring the piezoelectric properties of the entire film as their total piezoelectricity. 

Due to the mentioned antibacterial effect of electrical stimulation, a number of 
antibacterial tests were carried out to determine whether the films were antibacterial. In 
most of the published literature, the antibacterial effect is presented in the percentage of 
cell viability (commonly as 60% lower number of bacteria in the presence of electrical 
stimulation compared to bacteria without the presence of stimuli (2x10^8)), but this is still 
an enormous number of surviving bacteria (still 10^8). Therefore, my research was more 
focused on investigating if the electrical potential could be the cause of bacterial death, so 
I performed the tests in physiological solution where bacterial growth is limited. Therefore, 
I directly confirmed that bacterial membrane fibrillation occurs due to electrical stimuli in 
NT films, where the piezoelectricity is higher.  

Piezostimulation using PLLA is not a standard procedure for stimulating cells and very 
limited information without optimized protocols is available in the literature. Using 
ultrasound, I managed to develop an applicable experimental set up, standardize 
stimulation protocols and find optimal conditions for cell stimulation. However, I still 
intend to continue with biological testing on my samples to confirm a different hypothesized 
effect such as differentiation (the calcium gradient in the epidermis represents one of the 
most important triggers of keratinocyte differentiation) and to observe the behavior of 
different cells (like dermal fibroblasts) to electrical stimulation, as with the improvement 
of the equipment and by expanding my expertise, I can additionally contribute to 
solidifying knowledge in this area of research.  

7.2 Proposed Improvements and Future Work 

PLLA films developed in this work can serve as a basic platform, where I already set a 
starting point parameter and achieved good response from bacterial and mammalian cells 



7.2. Proposed Improvements and Future Work 115 

 

to piezoelectric stimulation. I believe that it can be further tailored and enhanced with 
upgrades or additions to strengthen the impact. 

The idea of modifying or improving the prepared films, depending on the applications, 
is to add novel antibacterial particles, which were prepared in our group in a related 
research in which I also participated ([129], [130]), to the surface, which will improve the 
antibacterial properties, or by adding functional calcium phosphate biomaterials, working 
similarly as growth factors and would increase bone regeneration [130]. Some modifications 
should be incorporated onto the PLLA surface, such as surface plasma treatment or surface 
alkaline etching, to increase the number of possible attachment/reactive points. 

By understanding the method of preparing a nanotextured surface, the literature shows 
that playing with the topography (size, length, shape of the nanopillars) can drastically 
change or create antibacterial properties. It would be interesting to use a template with 
different characteristics (pore depth, radius, spacing between pores) to prepare PLLA 
nanotubes, considering that this method achieves sufficient orientation and thus 
piezoelectric properties. 

Due to its low piezoelectricity, I believe that the PLLA polymer can also be used as a 
sonoporator, where, in combination with an active component, it can allow the active 
material to enter the cell through an electrically created temporary hole, which greatly 
improves the effectiveness of antibiotics and reduces the required concentration. 

The piezoelectric properties of stretch-prepared PLLA can be improved by adding a 
filler, which can be piezoelectric or not, where the first proposal would increase the 
piezoelectricity due to its properties, if possible for the filler to be activated by US. The 
next proposal would increase the orientation and crystallinity of the starting piezoelectric 
polymer during drawing or would cause increased deformation on the polymer during 
external US stimulation, resulting in increased piezoelectric properties of the film. The idea 
of adding a small amount (1wt.%) of high aspect ratio particles to affect orientation and 
crystallinity of the polymer was validated (20-fold higher voltage output) and researched 
within our group [96].  

These possible upgrades open up new ideas about the use/model of such films, so there 
is still plenty of room for further exploration. 
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Appendix A  

Appendix A Additional Information for the 

Experimental and Characterization 

Methods  

A.1 Observing Surface of the Nanotextured, Smooth and 

Hydrophilic Films by Using XPS 

Additional surface analysis of prepared materials showed some new information relating to 
the surface modification by using a very surface-sensitive device, X-ray photoelectron 
spectroscopy (XPS). XPS spectra were recorded with the Versaprobe 3 AD (Phi, 
Chanhassen, US) using a monochromatic Al-Kα1 X-ray source. Spectra were acquired on 
a 200 µm spot size with the charge neutralizer turned on, as the films were put on a non-
conductive double tape. The spectrum survey was acquired at 280 eV pass energy. The 
high-resolution core lines (C1s, O1s) were acquired at 55 eV pass energy, energy resolution 
of 0.2 eV. Spectra were analyzed with PHI MultiPak software, ESCA. First, linear-type 
background was subtracted, then the spectra were fitted using a non-linear least-squares 
fitting program adopting a Gaussian–Lorentzian peak shape. Due to air exposure, the C1s 
peak included environmental impurities. Therefore, after deconvolution of the C1s core 
line, the main peak at 285 eV, corresponding to hydrocarbon contamination combined to 
polymer backbone chain (C-C), was used as internal reference to correct the shift due to 
charging effects. 

Surface analysis results showed some Teflon residue on the drawn and undrawn films, 
as Teflon foil was used for the initial hot-pressing process prior to drawing (Fig. 28a). A 
few Si ions are also observed, which are most likely impurities from the adhesive tape 
transferred with the tweezers. After surface etching of drawn PLA film (DR5) with Ar-
cluster gun as a possible function of depth profiling, Teflon was not observed at all after 
the first cycle (Fig. 28b), therefore I confirmed that it came from the sheet used for initial 
hot pressing. Even though any response of bacteria and cell to Teflon was not observed. In 
the future, I will try to use a different foil (amide) for hot pressing polymer beads into 
uniform sheets. After observing NT films, no residues of the template or chemically 
removed aluminum oxide layer in contact (Al- or Cu-compounds) were indicated, therefore 
extracted NT polymer films were very clean (Fig. 28a).  

After observing the alkali-etched and non-etched film surface, the ratio of COOH vs 
COH peak changed, additionally confirming the higher concentration of polymer 
hydrophilic end groups sticking out on the surface, which improved hydrophilicity of the 
polymer film (Fig. 28c, d). The analysis of spectra for the determination of surface 
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hydrophilicity was determined with the help of this article [34], where the surface was 
modified using plasma deposition and further treated using 1,2-diaminopropane (to add 
amino groups (NH2)) or acrylic acid (to add carboxylic groups (COOH)). For the C1s 
region, not much difference is observed, other than lower C=O and C-OH intensities 
compared to the non-etched sample (Fig. 28c). More pronounced changes were observed 
for the O1s region after deconvolution of the peak. The intensity of the hydrophilic COOH 
peak increased greatly for the etched samples compared to non-etched (DR5), indicating 
improved surface hydrophilicity (Fig. 28d). 

 

 

Figure 28: XPS spectra of nanotextured (NT), drawn (DR5) and additionally alkali-etched 
(DR5 etched) films present: (a) energy scan to identify elements, present on the surface; 
(b) Ar- surface etching of DR5 sample (2 cycles) to observe depth profiling, where clearly 
Flour disappear after the first etching cycle; (c) XPS spectra of C1s region, labeled with 
corresponding functional groups, and (d) XPS spectra of O1s region, labeled with 
corresponding functional groups for drawn sample (DR5) and drawn-etched sample (DR5 
etched). 
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A.2 Comparing kHz and MHz Sound Stimulation on 

Possibility to Mechanically Deform Poly-L-Lactic Acid 

Film to Reveal Electric Potential 

Piezoelectric measurements and following experiments on bacteria or human cells took 
place in an US bath with a manually controlled temperature that never exceeded 37°C 
(water flow while maintaining the water level). The usual excitation parameters for the 
measurements were a frequency of 37 kHz, 100% power of the US bath, while a frequency 
of 80 kHz (30-50% power) was used for the experiments with cells/bacteria, where the 
mechanical effect was less powerful (less bubble formation). 

Less powerful 80 kHz range using US bath was used as it was mechanically more gentle 
for sensitive cells for near range excitation (cells/bacteria inside polystyrene sterile plate), 
but in real applicable use, the 1-3 MHz range is already used for therapeutic and diagnostic 
applications. 

Table 2: Presented values of output potential in response to applied frequency excitation 
with US bath (37 or 80 kHz) or US probe (1 MHz) for piezoelectric (DR5) non-piezoelectric 
(DR1) films and the reference sample (PVDF). 

ΔV Ultrasonic bath Stimulating probe 

Frequency: 37 kHz 80 kHz 1 MHz 

Drawn PLLA 
(DR5) 

65 mV 25 mV 20 mV 

PLLA DR1 0 mV 0 mV 0 mV 
PVDF reference 1200 mV 400 mV 200 mV 
 
By using US bath (Elmasonic P), presented in Fig. 29a, isolated films were immersed 

in a water-filled US bath and stimulated at different frequencies (37 or 80 kHz). Films were 
connected with electrodes to amplifier and to oscilloscope (Kaysight MSOX3034T) at the 
end, where generated voltage and responding film frequency was recorded. Through 
frequency measurement on the film, which corresponds to frequency of US bath, 
measurement method and material response was confirmed. For MHz stimulation, new 
machine (1 MHz US therapy machine Dynosound) was purchased and measurement was 
modified to be appropriate for later cell plate stimulation through water media. Fig. 29b 
presents the setup, where the stimulating probe is inserted under the glass petri dish, where 
a gel is used for better stimuli transfer and film or plate are in the water field petri dish, 
electrodes connected to the same oscilloscope in Fig. 29a.  

Table 2 confirms that the film responds to both frequencies, kHz and MHz, and values 
for 80 kHz and 1 MHz are quite similar for PLLA, therefore using 80 kHz should be a good 
model to estimate the expected response of the cells if tested in vivo. 
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Figure 29: (a) Piezoelectric measurement/stimulating setup where the film (for 
measurement of piezoelectric properties) is submerged in water or the plate with cells (for 
testing) floats on water while the film is submerged in cell media inside a well, and 
sonicated, presented with named mechanical parts (ultrasonic bath, oscilloscope, amplifier); 
(b) MHz measurement setup using water as a medium to transfer the signal to the plate 
while stimulating with a probe touching a glass petri dish with gel applied in between for 
better stimuli transfer. 

 



121 

 

A.3 Observing Initial Attachment of Cells Due to Surface 

Modification (Alkaline Etching, Poly-L-Lysine Coating)  

 
An improved hydrophilicity was observed for the surface-etched samples compared to the 
just drawn films, but the difference in cell attachment was not as pronounced as expected. 
Fig. 30a shows cell viability by PB absorbance measurements normalized to the surface 
showing a slight but not significant increase in cell attachment after 1 day of incubation 
compared to unetched samples, therefore post-etching was not used as a surface 
modification prior to testing.  

Poly-L-lysine (PLL) is usually used in the literature as a standard method to improve 
the affinity of cells to the material. It is even used for polystyrene test plates intended for 
cells. In the presented case, the hot-pressed PLLA film was immersed in a prepared 0.01% 
sterile PLL solution (BioReagent, Sigma Life Science, UK) for 3 days and washed with 
DMEM before use. A cell solution (10^4 cells/well) was then added to the well, incubated 
for 1 day, and then the films were moved to a new well to measure the PB viability of the 
adherent cells alone. Values presented in Fig. 30b were normalized to surface area. DR1 
film was chosen because it has the worst initial cell attachment, as this could emphasize 
the difference if observed. However, no difference in cell adhesion was observed when 
comparing the coated sample with the initial DR1 sample (Fig. 30b). 

 

Figure 30: Comparison between PB cell viability normalized to surface area for (a) drawn 
(DR5) and surface-etched drawn films (DR5 etched), where the films achieved similar 70% 
adhesion compared to cells attached to the plate (dotted line); (b) PLLA DR1 sample and 
same sample coated with poly-L-lysin (DR1@PLL), where the films achieved similar 60% 
adhesion compared to cells attached to the plate (dotted line). 

According to the results obtained, no post-etching or PLL coating was applied to the 
films prior the use with cells, as this does not provide any added value and the cell responses 
were observed in a shorter time, where polymer degradation does not yet occur.
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