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Abstract

Scaffolds from chitosan and its combinations with 
other polymers are widely used for tissue engineering 
application. This is due to the favourable biological 
properties of chitosan such as antimicrobial activity, 
biocompatibility, biodegradability, cell adhesion and 
proliferation, etc. The aim of the study was the crea-
tion of 3D porous scaffolds based on pectin/chitosan 
polyelectrolyte complexes and study the influence of 
components ratio on their physico-chemical proper-
ties, as well as degradation behaviour in solutions 
modelling the media of the human body. Porous 
“sponge-like” polysaccharide films were produced 
using freeze-drying technique from gel-like pectin-chi-
tosan polyelectrolyte complexes. The weight ratio of 
chitosan:pectin in complexes was varied in the range 
from 1:1 to 1:2. Obtained samples were characterized 
by infrared spectroscopy and scanning electron mic-
roscopy. It has been shown that pectin-chitosan films 
turned out to have sponge-like structure with highly 
interconnected pores with the size about 50-300 μm. 
It has been determined that all samples regardless 
of the chitosan:pectin ratio possess high swelling 
properties. The degradation profile of scaffolds in 
different media was studied. It has been determined 
that the largest weight loss is observed in water and 
reaches more than 80% after 1 day, while in NaCl 
and PBS solutions weight loss is approximately 
50-60% after 25 days. For samples with different 
chitosan:pectin weight ratio, weight loss slightly rise 
with increasing amount of pectin. It has been shown 
that mesenchymal stem cells adhered to the surface 
of obtained pectin:chitosan porous scaffolds in viable 
state. Hence, it can be served as a potential material 
for tissue engineering applications. 

Keywords: chitosan, pectin, 3D scaffold, degradation
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Introduction

The preparation of polyelectrolyte complexes (PECs) 
is an actual trend in modern material science due to their 
possible application in pharmaceutics, tissue engineering, 
food industry, for water purification, etc. [1-6]. Polyelec-
trolyte complexes possess unique properties, which are 
significantly different from those of the initial components. 
Polyelectrolyte complexes are products of intermolecular 
reactions of complementary polyelectrolytes and, depend-
ing on the preparation conditions, can be obtained in the 
form of nano- and microparticles, gels, films, membranes, 
porous structures and fibrous materials [2-7].

Currently, tissue engineering is an actively developing 
direction and important therapeutic strategy for present and 
future medicine. According to this strategy, tissue engineer-
ing scaffolds are used for the formation of new viable tissue 
for a medical purpose. Tissue engineering scaffolds have 
to include cells, scaffolds and growth factors. Hence, one 
of the main directions in tissue engineering is designing  
a suitable scaffold. The scaffold should have the following 
properties: biocompatibility, biodegradability, non-toxicity, 
non-immunogenicity, desired mechanical strength. The mor-
phology of scaffolds should be suitable for cell attachment 
and allow providing the possibility of transporting nutrients, 
signal molecules, metabolites. For this reason, highly po-
rous films are very attractive materials for use as scaffolds.  
It should be noted that the rate of scaffolds biodegradability 
has to be corresponding to the one of new tissue formation. 
There are a lot of biodegradable polymers that can be used 
for scaffolds creation, but one of the promising types among 
them are biopolymers (polysaccharides, proteins, etc.) due 
to their biological and chemical similarities to natural tissues. 

In recent years, scaffolds based on polyelectrolyte 
complexes of chitosan (CS) with various anionic natural 
polyelectrolytes, such as alginates, carrageenans, gelatin, 
have attracted increasing attention for tissue engineering 
application due to their porous structure and beneficial 
biological properties [4,8-10]. Chitosan is a linear polyca-
tionic polysaccharide composed of randomly distributed 
β-(1→4)-linked D-glucosamine (deacetylated unit) and  
N-acetyl-D-glucosamine (acetylated unit). It possesses 
such favorable biological properties as antimicrobial activity, 
biocompatibility, biodegradability, non-toxicity, cell adhesion 
and proliferation, as well as mucoadhesive behaviour. Com-
bination of chitosan with other polymers allows to achieve 
improved physicochemical and permeability properties of 
material in use. For example, PECs on the basis of chitosan 
and pectin (Pect) have properties that overcome the limita-
tions of individual polymers (stability, mechanical strength, 
sustained release of the entrapped substance, controlled 
degradation rate, etc.) [11,12]. Fabrication of highly porous 
scaffolds based on pectin/chitosan PECs are also gaining 
more attention due to anti-inflammatory activity of pectin, 
as well as simplicity of PECs formation from these two 
oppositely-charged polysaccharides. Pectin is a branched 
anionic heteropolysaccharide, which is rich in galacturonic 
acid. The residues of α-(1-4)-D-galacturonic acid partially 
etherified with methanol form the main chain of pectin. 

The stability in solutions and the degradation rate of PECs 
strongly depends on pH, temperature, charge density and 
ionic strength, as well as other conditions [13]. Degradation 
of scaffolds is the key parameter for their application in tis-
sue engineering, because scaffolds should degrade as new 
tissue formation takes place [14]. Therefore, it is important 
to establish the factors by which the biodegradation rate of 
scaffolds can be controlled. The key parameter for film based 
on PEC may be the ratio of components in it, especially if one 
of the component is water soluble. Thus, the aim of this work 
was the creation of 3D porous scaffolds based on pectin/
chitosan polyelectrolyte complexes and study the influence 
of components ratio on their physico-chemical properties, 
as well as degradation behaviour in solutions modelling the 
media of the human body.
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Materials and Methods

Low-molecular chitosan (Mν ~ 3.4·105, the content of 
NH2 group = 74.8%) and citrus low methoxylated pectin  
(Mν ~  1.4·105, the content of  COOH group = 19.6%) used for 
this study were obtained commercially from Sigma-Aldrich.

Pectin/chitosan scaffolds in the form of porous “sponge-
like” films were prepared by the freeze-drying of insoluble 
polyelectrolyte complexes formed by these two polysac-
charides in an aqueous solution. For this, 5 mg/ml solution 
of chitosan in 1% acetic acid was added dropwise into  
5 mg/ml water solution of pectin under vigorous shaking 
on the vortex to obtain a solution with a whole polysac-
charide concentration 5 mg/ml (1.7-2.5 mg/ml chitosan,  
2.5-3.3 mg/ml pectin). Mass proportions of the two polysac-
charides (CS:Pect, w/w) was in the range from 1:1 to 1:2. 
The resulting gel-like complexes were left for 1 h to complete 
the formation of PECs, maintained at -20°C for 20 h  and 
freeze-dried (Labconco FreeZone 1.0.) for 8 h. 

The structure of pectin/chitosan PECs was studied by 
scanning electron microscopy (SEM, Jeol JCM-6000 Plus, 
Japan). Films were placed on a graphite tape, attached 
onto a metal support, and coated with platinum on Smart 
Coater (Neo Coater). SEM was also used for analysis the 
surface of pectin/chitosan films after culturing mesenchymal 
stem cells on them. The scaffolds, incubated with the cells  
(24 hours), were rinsed with PBS and fixed with glutaralde-
hyde (2.5% in PBS) for 10 min. Then films were dehydrated 
in graded ethanol of 70, 80 and 90% for 10 min each, frozen 
and freeze-dried. Finally, the obtained samples were coated 
with platinum (Smart Coater) and their morphology was 
investigated by SEM.  

The infrared (IR) spectra of the initial polysaccharides 
and PECs were recorded on a Tensor 37 FTIR spectrometer 
(“Bruker”, Germany) in the range of 4000-400 cm-1. Samples 
for the study were prepared in tablets with KBr. To compare 
the intensity of the selected characteristic peaks of pectin 
and pectin/chitosan PEC, baseline correction of them was 
carried out before data analysis. Automatic baseline correc-
tion procedure was conducted using Bruker OPUS 6.5.97 
Software.

The yield of pectin/chitosan films was calculated from the 
masses of chitosan and pectin used initially in preparation 
and the mass of the formed samples:

where m is the mass of pectin/chitosan film, mPect and 
mCS are the respective initial masses of pectin and chitosan 
used for PEC film formation.

The swelling behavior of scaffolds was investigated at 
37ºC by exposing them for 1 h to solutions with different pH 
and ionic strength: distilled water, 0.9% NaCl (pH 5.5, ionic 
strength 0.17 M), Dulbecco’s phosphate buffered saline 
(PBS, 8 g/L NaCl, 0.2 g/l KCl, 0.2 g/l KH2PO4, 1.15 Na2HPO4 
g/l, pH 7.0-7.4, ionic strength 0.15 M). The wet weight of the 
scaffold was determined by first blotting the scaffold surface 
with filter paper, to remove the excess surface water, and 
then weighed immediately. The percentage of water uptake 
(W) by the scaffold was calculated from the equation [12]:

where m0 is the mass of the initial dry sample (mg) and 
mt is the weight of the hydrated sample (mg). 

Degradation behavior of scaffolds was investigated by 
immersion them into solutions with different pH and ionic 
strength (distilled water, 0.9% NaCl, PBS) with weight loss 
determination during 25 days. For this, samples of porous 
pectin/chitosan films were dipped into 10 ml of a model 
solution and incubated at 37°C (LOIP LB-140 water bath, 
Russia) for 25 days. The samples were removed within 1, 
7, 14 and 25 days, carefully washed with distilled water to 
remove low molecular weight electrolytes, frozen, freeze-
dried for 8 h and finally weighed. For each kind of scaffolds, 
ten samples were tested. Data were plotted as mean ± SD. 
Stability of scaffolds was estimated as weight loss (WL, %):

where m0 is the mass of initial dry sample (mg) and m1 
is the mass of sample after aging in the test medium and 
dried at time t (mg). 

Rat mesenchymal stem cells (3rd passage) obtained from 
adipose tissue were used to assess the possibility of applica-
tion the obtained porous pectin/chitosan films as scaffolds. 
The viability of cells taken off from the surface of scaffolds 
was evaluated using 0.4% trypan blue solution.

Results and Discussions

Chitosan (polycation) and pectin (polyanion) are elec-
trostatically complementary to each other and form PECs 
by mixing their solutions due to electrostatic interactions 
between their ionized amino (NH3

+) and carboxy groups 
(COO-), respectively. The resulting PEC can be also sta-
bilized by hydrophobic and van der Waals interactions, 
as well as hydrogen bonds between the different groups 
in polymer-polymer complexes. Chitosan and pectin are 
weak polybase and polyacid respectively, so the optimal pH 
range in the reaction mixture for the formation of PECs is 
between the values of their pKa when the macromolecules 
are charged. For pectin the value of pKa is ~ 2.9 [15], 
therefore, at a lower pH its carboxyl groups are unionized 
and the charge density of macromolecules is insufficient 
to form a complex. The amino groups of chitosan will be 
ionized at pH <6.5 (pKa = 6.5 [16]) and are able to interact 
electrostatically with COO- groups of pectin. Therefore, in 
this work the formation of complexes was carried out in 
acetic acid medium at pH ~ 4-5.

The formation of pectin/chitosan PECs was confirmed by 
IR spectroscopy. The IR spectra of pectin (FIG. 1) contain 
characteristic bands: the band identified at 1750 cm-1 cor-
responds to the stretching vibrations of the carbonyl group 
(νС=O) of the methyl ester (COOCH3) or in the undissociated 
carboxyl group, and the one at 1627 cm-1 deals with the 
asymmetric stretching vibrations of the dissociated carboxyl 
(COO-) group [17-19]. In the spectrum of chitosan, there 
are overlapping bands at 1670 cm-1 and 1660 cm-1, corre-
sponding to stretching vibrations of the νС=O of the amid 
group of the acetylated units of chitosan (Amid I band) and 
deformation vibrations δN-H of the primary amine (Amid II 
band) [17,20]. The main changes in the IR spectra of pectin/
chitosan PEC are in the region between 1800 and 1400 
cm-1 and associated with the formation of intermolecular 
ionic salt bonds between chitosan and pectin (FIG. 1). 
Thus, a decrease in the intensity of the band at 1750 cm-1, 
associated with the νС=O vibration of the non-ionized car-
boxyl group, is observed. Also, a hypsochromic shift to the 
short-wave region and intensification of the band at 1620 
cm-1, assigned to the stretching vibrations of the νС=O of 
the dissociated carboxyl (COO-) group, were determined.  

Yield, % =
mPect + mCS ∙ 100%

m

W, % = mt + m0 ∙ 100%
m0

WL, % =
m0 – m1 ∙ 100%

m0
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In the IR spectrum of PEC also appears a band at 1413 
cm-1, corresponded to the symmetric stretching vibrations 
νC=O of the dissociated carboxyl (COO-) group [19], and 
a shoulder at 1544 cm-1, which is responsible for the sym-
metric bending vibrations of the protonated NH3

+ group [20]. 
 In addition, IR spectra of pectin/chitosan PEC in com-

parison with the spectrum of individual polysaccharides 
shows an increase in the intensity of the absorption band in 
the region between 3500 and 2900 cm-1, which is assigned 
to the superposition of stretching vibrations of NH groups 
of chitosan and free (3550-3500 cm-1) hydroxyl groups. 
It should be noted that a wide intense band at the 3500-
3200 cm-1 region also indicates the formation of intra- and 
intermolecular hydrogen bonds. The bands in the region 
of 950-1150 cm-1, related to the pulsation vibrations of the 
pyranose ring skeleton, remain unchanged [20].

The yield of PEC films based on chitosan and pectin is 
more than 100% (TABLE 1). It increases with the raise of 
pectin content in the complexes. This can be caused by 
the retention of small amounts of water by the sample due 
to the hydrophilic nature of pectin. The amount of retained 
water, indeed, raises with increasing weight fraction of 
pectin in PEC.

Highly porous structure is favorable for tissue engineer-
ing as interconnected porous and cavity structure have to 
ensure a biological environment conducive to cell attach-
ment and proliferation as well as tissue growth. Based on 
the observations of SEM micrographs, obtained pectin/
chitosan polyelectrolyte complexes turned out to have 
sponge-like structure regardless of the polysaccharides 
ratio in the complex (FIG. 2). The scaffolds present an 
irregular, highly porous structural form (from sheet-like 
to fibrous-like structures). Moreover, samples possess 
highly interconnected pores with the size about 50-300 μm  
(FIG. 2). Increases in pectin content in the films leads to 
smaller pores formation (FIG. 2). The porous structure of 
obtained films is due to the formation of ice crystals during 
freezing process. Their removing by lyophilization causes 
pores formation. Apparently, an increase in the content of 
pectin during the PECs preparing leads to the formation of 
a denser network of intermolecular bonds between polysac-
charide macromolecules resulting in smaller voids which are 
filled with the dispersion medium (water).

FIG. 1. IR spectra of chitosan (1), pectin (2) and polyelectrolyte complex pectin-chitosan (3).

Weight ratio of 
CS:Pect in PEC Yield, %

Water uptake, %

NaCl H2O PBS

1:1 108.2 ± 5.4 3000 ± 450 2900 ± 300 2200 ± 400

1:1.5 117.6 ± 4.3 3530 ± 290 2240 ± 100 2470 ± 220

1:2 119.3 ± 3.6 3230 ± 230 2310 ± 210 2250 ± 300

TABLE 1. Yield of PECs and their swelling behaviour in dependence of chitosan:pectin weight ratio in scaffolds.
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FIG. 2. SEM image of pectin/chitosan PECs. The weight ratio of CS:Pect are 1:1 (a), 1:1.5 (b) and 1:2 (c).

FIG. 3. Weight loss behaviour of the obtained scaffolds after submersion in NaCl, PBS and distilled water.  
The weight ratio of CS:Pect was 1:1 (a), 1:1.5 (b) and 1:2 (c).
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Swelling behaviour and structural stability of scaffolds 
are critical for their practical using in tissue engineering.  
It is well known that natural polymers swell readily in biologi-
cal fluids. Pectin/chitosan complexes are stabilized due to 
ionic interactions between positively charged chitosan and 
negatively charged pectin and exhibited ionic strength and 
pH-sensitive swelling (TABLE 1). So, the swelling behaviour 
of the scaffolds differed distinctly in used solutions (TABLE 1).  
The maximum swelling of films appeared for physiologi-
cal solution (0.9% NaCl): water uptake is 3000-3530%.  
Decrease in solution ionic strength while preserving the pH 
value results in slightly reduction in water uptake (up to 2240-
2900%). As swelling medium pH changes from 5.5 (NaCl) to 
7.4 (PBS), the water uptake decreases in approximately 1.4 
times (TABLE 1). From the data obtained by swelling tests 
for different scaffolds, it can be concluded that the addition 
of pectin does not influence on scaffolds’ swellable and all 
samples characterized by high swelling behaviour. 

The degradation profiles of the obtained pectin/chitosan 
scaffolds in different media are presented in FIG. 3. For all 
samples, the largest weight loss is observed in distilled wa-
ter, reaches more than 80% after 1 day, and does not change 
after 25 days regardless of the type of used films. Obtained 
scaffolds are less degradable in 0.9% NaCl. For films with 
weight ratio of CS:Pect = 1:1, weight loss in NaCl solution 
was about 40% after 1 day and does not vary significantly 
after 25 days. Increase in pectin content in the PEC leads 
to decrease in sample stability in NaCl solution (FIG. 3).  
For example, weight loss of scaffold with weight ratio of 
CS:Pect = 1:2 reaches approximately 60% within 1 day stor-
age in physiological solution. Another situation was observed 
for PBS: in this media the scaffolds decreases gradually 
with time. In PBS scaffolds showed reduction in weight 17-
26% and 45-55% after 1 and 25 days, respectively (FIG. 3). 
Weight loss occurs mainly due to the break of ionic interac-
tions, established between the chains of two polymers. The 
observed slowest destruction of scaffolds in PBS may be due 
to the interaction of chitosan chains with presented in the 
buffer hydrogen phosphate anions acting as additional physi-
cal crosslinkers that can lead to strengthening of the polymer 
matrix. So, it is known [21], that the addition of hydrogen 
phosphate anions to chitosan resulted in the gel formation 
at 37°C. The author [22] also shown, that chitosan fibers 
and films treatment with solutions containing phosphate 
ions resulted in samples’ mechanical properties enhance.  

The obtained experimental data on the degradation of pectin/
chitosan scaffolds are in good agreement with the literature: 
the authors [13] also showed that percentage of weight loss 
in the pectin/chitosan polyelectrolyte complex scaffolds with 
higher pectin content was slightly superior compared to the 
one with less it amounts. They suggested that the weight 
loss is mainly due to the loss of pectin chains rather than 
to an equal loss of both polysaccharides and with time the 
scaffolds become rich in chitosan [13].

The possibility of application the obtained porous pectin/
chitosan complex films as scaffolds in tissue engineering 
constructions for cell culturing was investigated using mes-
enchymal stem cells as model culture. It has been shown 
that mesenchymal stem cells effectively adhered on the 
surface of films after 1 day of incubation. The data of scan-
ning electron microscopy after 1 days of stem cells seeding 
on the surface of pectin/chitosan films indicated the pres-
ence both individual and clusters or agglomerates of cells 
(FIG. 4). It has also been determined that adhered stem 
cells are in predominantly viable state: the viability of cells 
was >90%. According to the obtained data, the adhesion of 
mesenchymal stem cells to the surface of pectin/chitosan 
porous films doesn’t depend on the content of pectin and 
chitosan in the scaffold.

Conclusions

Highly porous “sponge-like” scaffolds were obtained 
based on pectin/chitosan interpolyelectrolyte complexes 
using freeze-drying technique. Formed pectin/chitosan 
films turned out to have sponge-like structure with highly 
interconnected pores with the size about 50-300 μm and 
theirs morphology depends on the weight ratio of CS:Pect 
in complexes. Increase in pectin content leads to the forma-
tion of a denser network of intermolecular bonds and results 
in smaller pores size. All obtained samples regardless of 
the chitosan:pectin ratio possess high swelling behaviour. 
The investigation of degradation profiles of pectin/chitosan 
scaffolds showed that the largest weight loss is observed 
in water and reaches more than 80% after 1 day, while in 
NaCl and PBS solutions weight loss is around 50-60% 
after 25 days. For samples with different CS:Pect weight 
ratio, weight loss slightly increase with improving amount 
of pectin. It has been shown that mesenchymal stem cells 
adhered to the surface of obtained pectin-chitosan porous 
scaffolds in viable state. Hence, it has been demonstrated 
that obtained pectin-chitosan scaffold have structure and 
possess properties which are favourable for their application 
in tissue engineering.
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Abstract

Wires used for orthodontic arches play a very im-
portant role in the process of orthodontic treatment.  
In combination with the lock attached to the tooth, they 
move and align the teeth along the set trajectories. 
Wires of stainless steel are commonly used in ortho-
dontics for several reasons: they are characterised by 
high resistance to corrosion, high strength and elasti-
city, formability and a possibility of obtaining defined 
properties through cold working and annealing during 
production process. The purpose of the research 
presented in the work is the analysis of differences 
of the selected structural properties in the context of 
corrosion resistance of the orthodontic wire material. 
The object of the research was edge arches of the 
0.016”x0.022” size made of the stainless steel type 
AISI 304, provided by two different producers: G&H 
Orthodontics and Adenta. The research methodology 
involved analysis of chemical and phase composition 
of the tested alloy, microscopic tests with application 
of the light and electron microscopy methods, as well 
as electrochemical direct current measurements.

The research presented in the work has shown sig-
nificant differences in structural and physical-chemical 
properties of the orthodontic wires made of AISI 304 
type stainless steel. Despite the fact, that the tested 
arches were manufactured of the theoretically the 
same materials, but by different producers, they sig-
nificantly differ in chemical composition, metallurgical 
purity, phase composition and corrosion resistance. 
In addition, it is worth noticing that the tested mate-
rials, in terms of structure, do not meet the normative 
requirements obligatory for biomaterials.

Keywords: stainless steel, orthodontics wire, micro- 
structure

[Engineering of Biomaterials 146 (2018) 8-13] 

Introduction

Orthodontics is one of the fields of dentistry, dealing with 
the diagnosis, prevention and correction of malocclusion 
[1-3]. Orthodontic treatment is primarily aimed at correcting 
the appearance of dentition, facial features, but also restor-
ing those activities that were incorrectly performed due to 
incorrect dentition, e.g. chewing food or correct pronuncia-
tion. Orthodontic tooth displacement results mainly from the 
application of force to the teeth [2]. The forces generated 
by orthodontic appliances are selected and activated by the 
orthodontist. Teeth, as well as supporting structures, react 
to exerted force through various biological responses and 
lead to tooth displacement in the supporting bone. Proper 
application of the principles of biomechanics leads to an 
increase in the efficiency of treatment through the improve-
ment of planning and carrying out orthodontic care.

One of the popular methods of treating malocclusion 
is the orthodontic fixed braces. The main elements of the 
apparatus are wires, called arches and fastening elements 
[3,4]. Fixing elements include rings, ligatures and various 
types of locks, fixed directly to the tooth surface. However, 
the most important element of the apparatus is the arch. 
The role of the orthodontic arch in the treatment process is 
both as a spring and as a conductor. The force that is re-
quired in the process of deflecting the wire to the slit of the 
lock, causes a certain amount of work, called the activation 
energy that causes the tooth to move [3,5]. Wires used for 
orthodontic arches have many applications in the orthodontic 
treatment process. In conjunction with the lock attached to 
the tooth, they are to move and align the dentition along 
the set trajectories. Wires with larger cross-sections serve 
as retainers, which are supposed to prevent the return of 
teeth to the original arrangement in the arch [4]. Materials 
commonly used for orthodontic wires are austenitic stainless 
steel of the AISI 302 and AISI 304 grades, nickel-titanium 
alloys called Nitinol, beta-titanium and cobalt chrome alloys 
[5-7]. Each of these types of orthodontic wires, due to its 
specific, desirable properties, is used in various stages of 
orthodontic treatment. Stainless steel wires are widely used 
in orthodontics for several reasons: they are characterized 
by high corrosion resistance, high strength and elasticity, 
formability and the ability to achieve specific properties by 
cold working and annealing during the production process, 
as well as low manufacturing costs. These materials also 
meet the condition of biocompatibility in tissues and fluids 
of the stomatognathic system, have the required high corro-
sion resistance, permanent aesthetic features and specific 
organoleptic properties [5,8-10]. AISI 302 stainless steel is 
austenitic steel, containing from 17% to 19% chromium, 8% 
to 10% nickel and about 0.15% carbon, is non-magnetic, 
extremely durable and plastic. It is one of the most popular 
chromium-nickel and stainless steels. Cold working dramati-
cally increases its hardness, and the range of applications 
ranges from stamping, broaching and forming wire to mould-
ing in various types of washers, springs and plates. AISI 304 
stainless steel is a non-magnetic alloy containing from 18% 
to 20% chromium, from 8% to 12% nickel and a maximum 
of 0.08% carbon content. The steel of this grade has less 
carbon, which minimizes the precipitation of carbide precipi-
tates. It is widely used in the production of equipment in the 
mining, chemical, cryogenic, food, dairy and pharmaceutical 
industries. High corrosion resistance in acidic environments 
makes 304 stainless steel ideal for medical applications. 
Stainless steel orthodontic wires began to be used already 
in the 1920s. The wire manufacturing processes improved 
its properties and enabled the production of various wire 
shapes, which in time convinced sceptical orthodontists.  
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A few years later Begg started using stainless steel round 
wires, and in the early 1940s, he started working with 
Wilcox, to produce a different type of stainless steel wire: 
the Australian stainless steel. Stainless steel has not been 
completely accepted in the physicians’ environment, to the 
point where Archie Brusse (founder of Rocky Mountain 
Metal Products) presented a few decades later in 1933 at 
the American Society of Orthodontics, complete clinical 
treatment on the first system made of stainless steel, which 
resulted in the fact that by 1950, the 300 series was used 
in most orthodontic materials [11-13].

Materials and Methods

Purpose of the research presented in the work is an 
analysis of differentiation of the selected structural proper-
ties in the context of corrosion resistance of the material of 
the orthodontic wire. The object of the research was edge 
arches of the 0.016”x0.022” size made of the stainless steel 
type AISI 304, provided by two different producers: G&H 
Orthodontics and Adenta.

The X-ray microanalysis of the tested orthodontic wires 
was performed with the use of the SEM-EDS method. The 
quantitative and qualitative analysis was performed with 
the use of Zeiss EVO Ma25 scanning electron microscope 
equipped with the EDS Quantax probe from Bruker. The 
measurements were conducted with the accelerating voltage 
of 20 kV at the areas of 110 μm x 150 μm, at the counting 
time 500 s. The percentage of carbon and sulphur in the 
steels was determined additionally using the Leco CS-444 
carbon and sulphur analyser, which uses the HF-400 induc-
tion furnace and measures carbon and sulphur by infrared 
absorption. Phase analysis studies were performed using 
an Ultima IV Rigaku X-ray diffractometer, in the range of 
angles 2θ from 40 to 90 with a step of 0.05. The resulting 
diffractograms were analysed using FindIt software using 
the Inorganic Crystal Structure Database Fiz Karlsruhe. 
The obtained results were presented using the OriginLab 
software. The assessment of the degree of contamination 
of steel with non-metallic inclusions was made in accord-
ance with the ISO 4967: 2013 standard, comparing the re-
corded metallographic specimens of wires in the non-etched 
condition, with a magnification of 100x with the standards 
included in the standard. The microstructure observations 
were conducted using the NIKON ECLIPSE MA200 light 
microscope with the use of NIS Elements BR software, im-
age recording was performed using the CCD Nikon DS.-Fi1 
camera at magnifications: 100x, 200x and 500x. The micro-
scopic tests were performed in the etched and non-etched 
states. As the etching agent, the 10% oxalic acid was used.  
The samples were electrolytically etched for 90 s with the 
5.4 V voltage and 1.4 A current. 

Determining the average number of carbide grains in 
the microstructure was performed with the application 
of quantitative metallography and the Jeffries’s method.  
The Jeffries’s method enables determining the average 
number of grains or precipitations at 1 mm2 of the sur-
face. A circle with a diameter of 79.8 mm and a surface of  
A = 0.5 mm2 should be applied to the photo taken of the 
microstructure. Next, the number of grains or precipitations 
lying completely inside the NW circle and the number of 
grains or precipitates cut by the Ni circle is calculated, where 
after the total number of grains or NT precipitations on the 
surface of circle A is calculated:

                                 NT = Nw + kNi                            (1)
where:
k – usually assumed as equal to 0.5.

The corrosion tests were performed with the use of the 
three-electrode system – the working electrode (WE), cre-
ated by a fragment of wire applied for orthodontic wire of 
the AISI 304 steel, calomel reference electrode (RE) and 
the platinum counter electrode (CE). For the measurements, 
the ATLAS 1131 potentiostat from EU&IA was applied.  
The corrosion resistance of the materials applied for ortho-
dontic wires was evaluated at the base of the polarisation 
curves run performed with the potentiodynamic method in 
the Ringer solution – NaCl + KCl + CaCl2·6H2O – (8.6 mg +  
0.3 mg + 0.33 mg)/ml, at the room temperature. The polari-
sation curves were recorded for the rate of potential change 
equal to 1 mV/s. 

Results and Discussions

The tests of the chemical composition of the orthodon-
tic wires were performed with the use of the SEM-EDS 
technique (TABLE 1). The content of phosphorus, sulphur, 
chromium and nickel tested in the orthodontic arches of the 
AISI 304 steel does not exceed the values specified in the 
standard. The content of chromium and nickel oscillates 
within the limits of minimum values given by the standard. 
Due to the fact, that nitrogen and carbon are light elements 
and are not easily detected in the EDS method, it was de-
cided to determine the carbon content by another method. 
The studies have shown that for light elements such as 
sulphur and carbon much better method of quantitative 
analysis of the elements is the method of combustion with 
the use of the infrared detector. The content of carbon in 
the tested arches slightly exceeds the permissible content 
given by the standard, however, this is the value in the 3rd 

decimal place, which can be considered as an admissible 
measurement error (TABLE 2). Orthodontic wires have an 
insignificant amount of sulphur in its chemical composition.

AISI 304 G&H Orthodontics Adenta
wt.% max wt.% wt.%

Si 1.00 0.83 1.10
Mn 2.00 2.10 2.16
P 0.045 0.000 0.000
S 0.030 0.030 0.010
N 0.11 0.00 0.01
Cr 17.0 19.5 17.85 17.86
Ni 8.00 10.50 8.64 8.56

TABLE 1. Comparison of alloy element contents 
in the tested orthodontic wires with reference to 
the standard AISI 304 [14].

AISI 304 G&H 
Orthodontics Adenta

chemical 
element

max 
wt.% [g] wt.% [g] wt.%

C 0.07
0.2752

0.07631
0.2946

0.07641

S 0.03 0.00061 0.00195

TABLE 2. Percentage contents of carbon and 
sulphur in the tested samples in reference to the 
AISI 304 standard [14].



10

Microscopic studies of the tested orthodontic arches ma-
terial in the non-etched state have shown the appearance of 
non-metallic inclusions in the form of oxides in the quantity 
not exceeding the standard number 2 according to the  
PN-64/H-04510 standard (FIGs. 1 and 2). Such large num-
ber of the non-metallic inclusions is not allowed in materials 
for medical applications. Moreover, the type of inclusions, 
their shape, quantity and the way of their deployment can 
have a huge impact on the anisotropy of the mechanical 
properties of the material [8,10]. Mechanical properties 
of the orthodontic wires are of great importance because 
they are the main factor determining the effectiveness of 
treatment [2,10]. 

Microscopic studies in the etched state have shown the 
presence of strongly deformed austenite structure, being 
the result of the arches forming process by cold drawing  
(FIGs. 3 and 4). The size and deployment of grains in the mi-
crostructure cannot be determined. In the microstructure of the 
tested wires, which is confirmed by subsequent studies, also 
the chromium carbide of the Cr23C6 type is found and notice-
able in the form of spheroidal, arranged in bands precipitations 
between grains of the deformed austenite. 

In order to determine the quantitative content of chro-
mium carbide present in the tested material, the quantita-
tive metallography method with the use of Jeffries method 
was applied (TABLE 3). The smallest number of the Cr23C6 

type carbide is in the wire used for the Adenta orthodontic 
wire, amounting to some 1330 grains/1 mm2. The G&H 
Orthodontics orthodontic wire has by 200 precipitations of 
the carbide more at the same surface. 

FIG. 1. Metallographic section of G&H Orthodon-
tics orthodontic wire. Non-Etched state. LM

FIG. 2. Metallographic section of Adenta orthodon-
tic wire. Non-Etched state. LM

FIG. 3. The microstructure of the G&H Orthodon-
tics orthodontic wire. Visible fibrous texture and 
precipitations of the Cr23C6 carbide arranged in 
bands. Etched state. LM

FIG. 4. The microstructure of the Adenta ortho-
dontic wire. Visible strongly crushed structure 
with precipitations of the  Cr23C6  carbide. Etched 
state. LM

Sample Ni Nw NT k NA

G&H 
Orthodontics 5 47 49 0.5 1560

Adenta 4 40 42 0.5 1332

TABLE 3. Quantitative metallography of the  Cr23C6 
type chromium carbide content with the use of  
Jeffries method.
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The phase composition analysis studies using the XRD 
method have shown that materials of the orthodontic arches 
have a three-phase structure. The reflexes corresponding 
to the phase γ, α` and Cr23C6 have been identified (FIGs. 
5 and 6). The primary phase of the type AISI 304 alloys is 
austenite (γ). As a result of the cold plastic working from the 
γ phase, the martensite induced by crushing is created, the 
so-called strain-induced martensite (α`). The Cr23C6 carbide 
is created as a result of annealing of the austenitic steel after 
cold plastic working at temperatures above 400°C. 

During plastic straining of metals and alloys with the A1 
lattice (regular wall centred) a microstructure is created, 
dependent mainly on such parameters as chemical composi-
tion, strain temperature and thermodynamic phase stability. 
The phase change taking place during plastic straining 
with the course γεα’ or γα’ causes strong material 
hardening, which can be verified by previously performed 
hardness tests. The bibliography gives that the AISI 304 
steel in the plastically undeformed state has the structure 
of equiaxed grains of the γ phase, characteristic, and in-
stead, after deformation of the steel with the crush of about 
50% – the structure of elongated austenite grains with the 
α’ martensite phase. The formation of the α’ phase causes 
the fragmentation of the structure and, as a consequence, 
its strengthening [15,16]. While analysing the X-ray diffrac-
tograms, the intensity of reflexes coming from martensite 
and comparing the images of microstructure in the etched 
states it is assumed that the material crush significantly 
exceeded 80%, and the dominating phase in the studied 
materials is martensite - α’.

The higher values of the reflex coming from martensite 
indicate for the higher degree of the material crush [15]. The 
higher contents of the ferromagnetic phase α’ will adversely 
affect the system, where orthodontic wires will stay possibly 
causing magnetothropism of blood components and form the 
corrosion centres. It is believed, that the carbide of the Cr23C6 
type was created as a result of the metallurgy process and was 
not dissolved in the matrix, so that its small amounts remained 
in the orthodontic wire material, and the temperature of the 
annealing process after cold working exceeded 500°C, 
which causes precipitation of chromium carbide along the 
grain boundaries with simultaneous depletion of  chromium  
within the grain [17]. 

Corrosion of orthodontic apparatus in the oral environ-
ment has for some time been a common topic among 
clinicians. These concerns focus on two main issues: 
whether the corrosion products, if they are manufactured, 
are absorbed by the body and cause local or systemic  
effects, and what are the effects of corrosion on the physical 
and clinical operation of orthodontic appliances. Due to the 
fact that the three-phase structure observed in the tested 
arches is particularly unfavourable because of the corrosion 
resistance, and the presence of the Cr23C6 carbide favours 
the intercrystalline corrosion, the electrochemical constant 
current measurements were performed and the potentiody-
namic polarisation curves were determined.

At the base of the obtained study results it has been 
noticed that the orthodontic wires of stainless steel in the 
environment of the Ringer solution are not characterised by 
ability to passivation over the whole sample surface – no 
flattened current characteristics was observed at the graphs 
in the anodic range, which is confirmed by low abilities of the 
AISI 304  material in the above conditions to creating the sta-
ble passive layer (FIGs. 7 and 8). It has been observed that 
during exposal of the G&H Orthodontics orthodontic wire to 
the activity of the Ringer solution, the created passive layer 
is unstable, which increases the risk of ions flows favouring 
the development of the pitting corrosion. In the case of the 
Adenta orthodontic wire, the course of the curve indicates 
for typical pitting corrosion appearing at the material sur-
face. The material of the arch No. 2 is characterised with 
the higher value of the corrosion potential (Ecorr = -0.075 V)  
than the arch No. 1 (Ecorr = -0.126 V), which indicates for 
better corrosion resistance (TABLE 4).

FIG. 5. X-ray radiation spectrum with marked re-
flexes coming from individual phases contained 
in the tested alloy of the G&H Orthodontics arch.

FIG. 6. X-ray radiation spectrum with marked re-
flexes coming from individual phases contained 
in the tested alloy of the Adenta arch.
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Conclusions

The chemical composition tests have shown that the 
orthodontic wires from various producers differ in contents 
of individual alloy elements, as well as they exceed the 
contents of permissible manganese and sulphur values 
allowed by the standard. However, it could be stated, that 
the information provided by the producers that the wires are 
made of stainless steel of the AISI 304 type are confirmed.

Evaluation of the metallurgical purity degree has shown 
considerable diversity in terms of deployment and appear-
ance frequency of non-metallic inclusions in the orthodontic 
wires from different producers. The research has shown 
that presence of the non-metallic inclusions in the tested 
materials is equal to the standard No. 2, according to the 
ISO standard, which is unacceptable for materials applied 
in the living body. 

Microstructure of the tested wires applied for orthodon-
tic arches have shown appearance of strongly deformed 
structure of austenite (the fibrous texture along the drawing 
direction). Between strongly deformed grains of austenite 
the clear initial etchings around other  microstructures have 
been observed. The XRD analyses have shown occurrence 
of austenite in the microstructure of martensite induced by α’ 
draft, as well as chromium carbide of the M23C6 type. The 
three-phase structure is particularly unfavourable due to the 
corrosion resistance, as presence of the M23C6 carbide in 
the tested material will favour the intercrystalline corrosion. 
Instead, presence of martensite, the ferromagnetic phase 
will adversely affect the body the orthodontic wires will be 
in, possibly causing magnetotropism of blood components 
and additionally be a source of corrosion.

The corrosion of orthodontic wires is closely related to 
the acidic environment of the mouth and the presence of 
fluoride ions, prophylactic agents and mouthwash solu-
tions. Due to the thermic, microbiological and enzymatic 
properties aspects, the mouth environment is favourable 
in terms of biodegradation of metal and their alloys aspect, 
resulting in releasing metallic ions in the mouth. Along with 
the release of ions from metals or alloys the corrosion of 
orthodontic wires may lead to increase in surface rough-
ness and their weakening, which can seriously impact the 
material strength, leading to mechanical damage or even 
fracture of the orthodontic materials. Based on the obtained 
test results of the orthodontic wires of the same geometry 
coming from two different producers it has been observed 
that in the environment of the Ringer solution they do not 
show the ability to passivate. At the polarization curves in 
the anodic area only the clear dissolution area is noticable. 
At the surface of the orthodontic wires also the phenomena 
of pitting corrosion take place, which is confirmed by the 
course the anodic curves. Moreover, it has been found that 
content of non-metallic inclusions and carbides occurring 
in the material microstructure definitely lowers corrosion 
resistance of the material.

The research presented in the work have shown sig-
nificant differences in structural and physical-chemical 
properties of the orthodontic wires of the AISI 304 type 
stainless steel. Despite the fact, that the tested arches were 
manufactured of the theoretically the same materials, but 
by different producers, they significantly differ with chemical 
composition, metallurgical purity, phase composition and 
corrosion resistance. In addition, it is worth noticing that 
the tested materials, in terms of structure, do not meet the 
normative requirements obligatory for biomaterials.
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FIG. 7. The potentiodynamic polarization curve of 
the wire applied to the G&H Orthodontics ortho-
dontic wire - the Ringer solution.

FIG. 8. The potentiodynamic polarization curve of 
the wire applied to the Adenta orthodontic wire - 
the Ringer solution.

Sample E0 (V) Icorr
(A/cm2)

Ecorr
(V)

G&H 
Orthodontics -0.117 5.54·10-8 -0.126

Adenta -0.099 7.05·10-8 -0.075

TABLE 4. Summary of results of the polarization 
curve analysis (the Ringer solution).
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Abstract

Collagen is the main component of connective tis-
sue – it represents 30% of total proteins in the animal 
body. This protein occurs in a wide range of tissues, 
e.g. in bone, skin, tendon, ligaments and cornea.  
It provides structural integrity, strength, resistance 
to tensile stress and elasticity. Due to its excellent 
biocompatibility and controlled biodegradability, col-
lagen has found diverse application in the biomedical 
field such as wound dressing, drug carrier and tissue 
engineering. However, concerns about contamination 
of mammalian collagen have stimulated the search 
of another source of this biopolymer. Fish wastes 
are thought to be an attractive and safe new source 
of collagen. Fish and mammalian collagen differ in 
physical and chemical properties. 

The aim of this work was to examine the influence 
of collagen extracted from different sources (rat tail 
tendons, fish scales of northern pike (Esox lucius) 
and fish skin of Brama australis) on skin parameters 
such as hydration, colour, pH and skin’s barrier quality.  
The measurements had been taken on the skin surfa-
ce before as well as after application of the collagen 
solutions. 

The most harmful effect on skin parameters was 
observed after application of rat tail collagen solution. 
Collagen extracted from scales of Esox lucius showed 
the most favourable effect on the skin parameters.

The source of collagen has a significant influence 
on its effectiveness. The greatest virtues for human 
body were observed in the case of fish collagen  
extracted from Esox lucius scales. 

Keywords: fish collagen, Brama australis, Esox  
lucius, rat tail tendons, skin parameters
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Introduction

Collagen, as the main component in the extracellular 
matrix and connective tissue, it is the most abundant protein 
in mammals – it constitutes nearly 30% of total proteins in 
the animal body [1,2]. During the last years, several different 
collagenous proteins have been isolated and characterized, 
which lead to expanding the collagen family to at least 29 
types of collagen. They are marked as types I - XXIX [3,4].  
The various types of collagen differ in amino acid sequence, 
structure and function. 

Collagenous proteins are characterized by a triple-helix 
structure in which three left-handed polypeptide chains 
are supercoiled into a right-handed triple helix [5,6].  

Each polypeptide chain consists of about 1000 amino acids 
and they are formed of a repeating triplet: Gly-X-Y, where Gly 
is glycine, X is generally proline and Y is hydroxyproline [4].  
This sequence stabilizes the triple helix and is responsible 
for its specific shape. Proline and hydroxyproline are het-
erocyclic amino acids containing a nitrogen atom, which 
causes a significant effect on the structure of the triple 
helix. Collagen helix also contains polar amino acids, such 
as lysine, arginine, glutamic acid and aspartic acid [7].  
The collagen comprises non-helical fragments, i.e. telopep-
tides, which are located at the ends of the collagen molecule 
or are embedded in the superhelix [8].

This biopolymer is the main structural protein responsible 
for the structural integrity of the connective tissue of many 
multicellular organisms. A wide range of tissues from ten-
dons and ligaments to skin, cornea, bone and dentin have 
divergent mechanical requirements. Some of them need to 
be elastic and other require to be stiff and tough. Therefore, 
collagen as a building material shows a broad versatility -  
it provides mechanical stability, toughness, tensile strength 
and elasticity [9,10]. The skin contains mainly type I, III and 
V collagen, which determine the tension, elasticity, durability 
and hydration of skin [11].

Type I collagen is distributed in bone, skin, tendon, liga-
ments, cornea and other organs [1]. For that reason, the 
most common raw materials for collagen extraction are skin, 
bones, tendons and cartilage [12]. Due to the potential risk 
for viral and prion contamination of collagen derived from 
animal tissues, non-mammalian sources of this protein are 
sought. Collagen extracted from fish wastes presents an at-
tractive new source of collagen as it is a by-product of food 
production. Mammalian and fish collagens differ in thermal 
stability and the amino acid composition – fish collagen is 
characterised by a lower proline and hydroxyproline content 
and a lower denaturation temperature [13-15].

The paper focuses on comparing the influence of collagen 
extracted from different species (rat tail tendons, fish scales 
of northern pike (Esox lucius) and skin of Brama australis) 
on skin parameters such as hydration, colour, pH and skin’s 
barrier quality.

Materials and Methods

Collagen from rat tail tendon [16] as well as collagens 
from fish tissues – scales of Esox lucius [15] and skin of 
Brama australis [17] were prepared in our laboratory.

Afterwards, 0.1% solutions of each collagen were 
prepared and applied on the forearm skin of voluntarily 
probants. Then, the evaluation of skin condition after the 
application of collagen solutions was made, including hy-
dration, pH, colour and skin’s barrier quality. The measure-
ments were conducted with the participation of five probants 
(women, aged 22 years).

The hydration level of the skin surface (stratum cor-
neum) was determined using Corneometer CM 825 
(Courage+Khazaka, Germany). Skin’s pH was tested 
using pH-meter (Elmetron, Poland), skin’s barrier quality 
(TEWL - Transepidermal Water Loss) was examined using 
Tewameter TM 300 (Courage+Khazaka, Germany) and 
skin colour was measured by Skin-Colorimeter CL 400 
(Courage+Khazaka, Germany).

The measurements had been taken on the skin surface 
in three places before application and after 10, 20, 30, 60, 
120 and 180 min from application of the collagens solutions. 
The results of these measurements were averaged and the 
standard deviation was calculated. All measurements were 
performed in the laboratory in controlled temperature and 
humidity conditions (20-22°C, relative humidity 40-60%).
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Results and Discussion

The results of evaluation of skin condition after the ap-
plication of collagen solutions are shown in FIGs. 1-4. 

The application of obtained collagen from rat tail tendons 
and fish tissues (marine Brama australis and fresh water 
Esox lucius) had initially deteriorated the skin’s barrier quality 
manifesting itself as the increase in TEWL (FIG. 1). The high-
est TEWL value was observed after application of collagen 
from rat tail tendons. The level of TEWL had returned to the 
initial level 120 min after application of collagen solutions 
from rat tail tendons and Esox lucius scales and after 180 
min in the case of collagen from the skin of Brama australis. 
The solution of collagen extracted from the scales of Esox 
lucius improved the skin’s barrier quality – 180 min after 
application of this solution the level of TEWL decreased 
below the preliminary level.

Slight redness of skin appeared after the application of 
collagen solutions (FIG. 2). Collagen from rat tail tendons 
made the skin the more red and irritated. After 120 min from 
the application of collagen solution from Esox lucius scales 
the skin colour solely had returned to the initial level.

The application of collagens solution had improved the 
hydration of the outer skin layers (FIG. 3). After 30 min the 
level of hydration of the skin surface decreased, however, 
within three hours of the study it remained at a higher level 
than the initial one regardless of the source of collagen. 
The solution of collagen from Esox lucius scales have 
the best long-term moisturizing properties. The increase 
in TEWL could have an indirect impact on corneometric 
measurements. 

Application of rat collagen solution had increased the 
skin pH, while a solution of fish scale collagen had slightly 
decreased the pH of skin (FIG. 4).

The most harmful effect on skin parameters was observed 
after application of rat tail collagen solution. Application of 
rat collagen irritated the skin and deteriorated the skin’s bar-
rier quality the most. While collagen extracted from scales 
of Esox lucius showed the most favourable effect on the 
skin parameters. Collagen from Esox lucius improved the 
skin’s barrier quality and have the best long-term moistur-
izing properties.

FIG. 1. The graph of dependence 
of skin’s barrier quality (manife-
sting as Transepidermal water 
loss – TEWL) from time after 
application of collagen from dif-
ferent sources – rat tail tendons, 
scales of Esox lucius and skin of 
Brama australis.

FIG. 2. The graph of dependence 
of skin colour from time after 
application of collagen from dif-
ferent sources – rat tail tendons, 
scales of Esox lucius and skin of 
Brama australis.
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Conclusions

The source of collagen has a significant influence on its 
effectiveness. The greatest virtues for human body were 
observed in the case of fish collagen extracted from Esox 
lucius scales. 

Collagen, due to its biocompatibility, biodegradability and 
non-toxicity, is widely used for cosmetic, pharmaceutical 
and biomedical applications. Fish collagen may be a good 
base for the production of collagen matrices for the skin 
applications (e.g. for wound dressings) because it exhibits 
a positive active effect on the skin. Moreover, other ac-
tive substances can be incorporated into these matrices.  
For that reasons, fish collagen may be an attractive alter-
native to mammalian collagen for biomaterials production.

FIG. 3. The graph of dependence 
of skin hydration from time after 
application of collagen from dif-
ferent sources – rat tail tendons, 
scales of Esox lucius and skin of 
Brama australis.

FIG. 4. The graph of dependence 
of skin’s pH from time after appli-
cation of collagen from different 
sources – rat tail tendons, scales 
of Esox lucius and skin of Brama 
australis.
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Abstract

The degradation rate of the composite polylactide 
(PLA) – eggshell powder (ESP), depends on many 
factors. The main are porosity, particle distribution, the 
weight load of ESP and chain length, the microstru-
cture of bio-based and biodegradable PLA polymer.  
Bio-additives introduced to polymer matrix may have 
an impact on mechanical properties of the composi-
te. Natural bone structure inspires to design mimicry 
materials. Materials which combine inorganic and 
organic components are of highly complex structure. 

The paper focuses on the investigation of tensile 
strength and the initial stage of degradation of PLA 
and its composites with ESP in two media, i.e. H2O 
and PBS. ESP was obtained by grinding, stirring with 
mixture 14.5 wt.% NaOH and 85.5 wt.% ethanol, 
and drying. Samples containing: 0, 10 and 20 wt.% 
of ESP were prepared. Dumbbell-samples were 
made by injection molding, and their mechanical 
properties were measured. Tensile results suggest 
that Young’s modulus increased and tensile strength 
decreased as the amount of ESP is increased. 
Conductivity and pH of incubation media differed 
according to the material composition. SEM-EDS 
observations of PLA-ESP composites after fracture 
test were performed, and showed good adhesion 
between ESP and the polymer matrix. Influence of 
the incubation in H2O and PBS on PLA and PLA-
-ESP composite surface degradation was checked.  
The PLA-ESP composites are characterized by  
a combination of unique properties, which may be 
suitable to use them as an eco-friendly packaging or 
medical material.

Keywords: polylactide, eggshells, bio-composite, 
degradation, tensile strength
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Introduction
Composite materials are made from the combination of 

two or more components, which allows achieving a new 
functional material. At the moment researchers focus on 
investigating new bio-composites for different purposes. 
Characteristics of the final material depends on many factors 
as size and amount of additive, its orientation, and adhesion 
to the matrix [1,2]. As an example: bone is strong and elastic. 
This duality is due to the complex structure of inorganic and 
organic phases, mainly collagen and hydroxyapatite [3-6]. 
Of course, there are many various methods for modifying 
polymers with particle reinforcement [1]. For example, PLA 
is a very popular biodegradable bio-based polymer, which 
can be used as an alternative to other non-biodegradable 
synthetic polymers [7]. PLA polymer may have a semi-crys-
talline or amorphous structure, which assures the possibility 
of physical properties modification. Many medical devices 
are made from PLA because of its unique properties [8]. 
PLA is not osteoconductive and has lower elastic modulus 
than bone. One of the methods of increasing the modulus of 
elasticity may be the manufacturing of a composite contain-
ing inorganic particles e.g. ESP. ESP addition to PLA matrix 
may bring its mechanical properties closer to those of bone, 
which can be very useful for medical application. ESP is also 
a cheap and easily available source of calcium. This type of 
material can avoid the need for a second surgery as well [2]. 
Kasuga et al. described the influence of calcium carbonate 
(CaCO3) particles on PLA properties [9]. They showed that 
elastic modulus depends on the amount of additive. Young’s 
modulus increased significantly to 4-6 GPa, i.e. comparable 
to that of natural bone by addition of 30 wt.% of CaCO3  
[9]. According to Ramakrishna et al., Young’s modulus of 
cortical bone in the longitudinal direction is 17.7 GPa, and 
that of cancellous bone is 0.4 GPa. The tensile strength 
is approximately 133 MPa and 7.4 MPa for cortical and 
cancellous bone, respectively [5]. Some additives can also 
modify PLA degradation rate, which can differ depending 
on the size, shape, isomer ratio and temperature. Half-life 
time for PLA varies from 6 months to 2 years [10].

According to the previous studies, the amount of thrown 
chicken eggshells is significant, especially in the countries 
where egg production is well developed; in some articles, 
eggshell waste is described as an environmental problem 
[6,11,12]. What makes ESP an interesting additive for poly-
mer composites is its chemical composition and availability 
[1,11]. ESP consist of CaCO3 set on collagen and glycosami-
noglycans films [6]. In various articles, some combinations of 
ESP with different polymers were described. Shuhadah and 
Supri investigated composites with low-density polyethylene 
(LDPE) and according to their study, the tensile strength of 
LDPE-ESP composites decreased and Young’s modulus 
increased with increasing amount of ESP [1]. An interesting 
effect was observed in Asha and Sekhar work, where tensile 
strength of polyamide (PA) was higher or constant as the 
amount of ESP increased, and it depended on the type of 
PA matrix [12]. Petit et al. focused on testing degradation of 
polycaprolactone-ESP (PCL-ESP) composites; it was noted 
that soil pH, heat and an aerobic environment accelerate 
the degradation process, while an anaerobic and moisture-
saturated environment delays this process, as compared 
with the composting system used as control [11].
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An important aspect is converting eggshells into particles, 
which can be added as an additive to the polymer matrix. 
Unmodified eggshells surface is hydrophilic [1,6]. Available 
articles mention various methods of eggshells powder 
surface compatibilization to the polymer matrix, which are 
described in TABLE 1. For example, treatment eggshells 
with NaOH solution leads to deproteinization of the material. 
Application of an isopthalic acid allowed the surface treat-
ment of ESP, which was also compared by Shuhadah and 
Supri with unmodified eggshells [1]. Mechanical properties 
of polypropylene-ESP were investigated by Dhaliwal et al. 
They concluded that eggshells modification with isophthalic 
acid improved interfacial bonding [13].

This paper is focused on the investigation of tensile 
strength and the initial stage of PLA and PLA-ESP composite 
degradation in two media. This experiment allows consider-
ing the bio-based composite as an eco-friendly packaging 
or medical application material [6,7,12]. 

Materials and Methods

The tested bio-composite was made from PLA matrix 
(Ingeo, NatureWorks grade 3251D) and 0, 10, 20 wt.% ESP 
addition. ESP was prepared from hens organic eggshell.

The procedure of ESP preparation was started by wash-
ing hens eggshell in distilled water. Next stage was drying 
in Memmert drier at 100 ± 5ºC for 30 ± 1 min. Pulverisation 
was prepared in an electric grinder for 30 ± 1 min to obtain 
uniform particle distribution. Finally, ESP was sieved with 
sieves. Surface treatment was achieved in 14.5 ± 0.1% 
NaOH solution, and magnetic stirring for 30 ± 1 min was 
used for better removal of organic remnants. Then ESP was 
washed with distilled water and dried at 100 ± 5ºC for 30  
± 1 min. The last step of surface compatibilization was stir-
ring for 30 ± 1 min in pure methanol. Cleaning was achieved 
by decanting and washing ESP with distilled water. Finally, 
drying was accomplished in the Memmert drier at 100  
± 5ºC for 60 ± 1 min.

PLA was dried in a Memmert drier at 50 ± 5ºC to achieve 
a constant weight. Three material composition samples 
were prepared using Zamak Mercator injection machine: 
PLA with 0, 10 ± 1, 20 ± 2 wt.% ESP.  Samples mass was  
4.4 ± 0.1 g. Settings of the injection process are listed in 
TABLE 2.

Tensile test
Dumbbell-samples were tested on universal testing ma-

chine Zwick 1435. The tensile test was performed at a speed of 
2 mm/min, at room temperature (sample dimension 40  mm x 
4 mm x 4 mm). Force-displacement data were registered, 
and tensile strength and Young’s modulus were calculated. 
Samples were tested after injection and after one-week 
degradation in distilled water and PBS, and the average 
results and standard deviation were reported.

Degradation process
Degradation of samples was tested in two media: dis-

tilled water and phosphate-buffered saline (PBS). PBS was 
prepared by using 8 g NaCl, 0.2 g KCl, 1.44 g Na2HPO4, 
0.24 g KH2PO4, 0.133 g CaCl2·2H2O, 0.10 g MgCl2·6H2O, 
mixing with distilled water to obtain a solution of 800 ml, 
and then a pH value in the range 7.2-7.4 was achieved by 
adding HCl and water.

TABLE 1. Literature review of types of ESP surface treatment processes and impact of ESP content on com-
posite mechanical properties.

Reference Material Parameters changes Surface compatibilization method
Shuhadah, Supri [1] LDPE-ESP ↑ %ESP ↓ tensile strength

↑ %ESP ↑ Young’s modulus
- wash
- dry
- grind to obtain 63 μm particles
- dry in oven at 80ºC
- mix with 10% NaOH, decant
- dry
- stir with mixture of 6% of isopthalic acid and ethanol 
- dry in 80ºC to constant weight

Timob [6] Epoxy-
ESP (nano 
particles)

2-4% nano-ESP ↑ bending 
modulus & strength
5/10% nano-ESP ↓ bending 
modulus & strength

- boil in 100ºC for 6 h
- blend
- wash with H2O and then ethanol
- dry at room temperature
- mill
- wash, stir etc. with absolute ethanol several times
- vacuum dry at room temperature for 24 h

M.G. Petit, Z. Correa, 
M.A. Sabino [11]

PCL-ESP - wash
- dry
- grind in a cryogenic mill (<190ºC)

A. Asha, V.C. Sekhar 
[12]

PA-ESP ESP influence the tensile 
strength depending on the 
type of polyamide

- wash
- dry
- grind to a powder to obtain 100 μm particles
- mix with NaOCl solution, stir for 30 min, decant, 
wash with distilled water
- stir with 6% isophtalic acid in ethanol for an hour
- dry in 140ºC to obtain constant weight 

TABLE 2. Injection moulding settings of PLA and 
PLA-ESP composites.

Parameter Value Deviation Unit

Injection time 10 0.1 [s]

Injection force 10 0.1 [kN]

Mould temperature 25 1 [ºC]

Injection moulding 
temperature mass 220 1 [ºC]
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The pH and conductivity values were measured for two 

suspension sets. Suspensions were made with dry to wet 
ratio 1:10. The sets were as follows:

- PLA + H2O
- ESP + H2O
- 90 wt.% PLA + 10 wt.% ESP + H2O
- 80 wt.% PLA + 20 wt.% ESP + H2O
- PLA + PBS
- 90 wt.% PLA + 10 wt.% ESP + PBS
- 80 wt.% PLA + 10 wt.% ESP + PBS
The first set was stored in a dryer at 37ºC. The second 

set was stored at 20ºC in distilled water, which mass was 
later measured, in a dried state and soaked, after different 
periods of time. This procedure allowed to measure solvent 
absorption and degree of degradation.

Conductivity, pH and mass changes
Solution conductivity was measured with ELMETRON 

microcomputer conductivity meter CC-315. Solution pH 
was measured with ELMETRON pH-meter CP-411. Meas-
urements were made every 5 days. Mass of samples was 
measured with RADWAG PS 360/C/2 with an accuracy of 
0.0001 g. Samples were weighed soaked for 10 and 22 days, 
then they were dried at 37ºC and again weighed.

Optical Microscope
Samples and eggshells were observed under a digital 

microscope Keyence VHX-900X with magnification 200x, 
which allowed evaluating surface topography.

Scanning Electron Microscope
The surface of samples before and after 3 weeks degra-

dation was observed using NOVA NANO SEM 200 micro-
scope with EDS. The fracture surface of the specimens was 
also investigated. Eggshells were also tested to determine 
their composition. 

Results and Discussions

Injection process
After the injection process, it was observed that obtained 

dumbbell-shaped specimens had non-homogenous ESP 
distribution. 

High transparency of PLA samples contained 0 wt.% 
ESP suggest the high volume of an amorphous phase [14]. 
Samples with: 10 wt.% ESP showed an injection line, for 20 
wt.% ESP the homogeneity of material increased (FIG. 1).

Tensile test
Non-degraded samples with different ESP content after 

the tensile test are shown in FIG. 1. During the tensile test 
force-displacement characteristic curves were registered 
(FIG. 2). Their appearance indicates that samples behaved 
as a brittle material. Young’s modulus measured from the 
characteristic curves increased with the increasing amount 
of ESP (FIG. 3). After one week degradation the parameter 
was increased for pure PLA, and for the composites, the 
differences were within the error limits (less than 5% of 
change).

As Young’s modulus increased with the amount of ESP, 
the tensile strength decreased (FIG. 4). 1-week-degradation 
of the samples almost did not influence the tensile strength.

Visual appearance observation during degradation
The visual appearance of the samples during degrada-

tion in distilled water and PBS were observed under an 
optical microscope. Visible changes in the appearance 
of the samples did not occur, only light solution turbidity.  
The solution which contained a modified PLA-ESP compos-
ite was characterized by sulphur like smell, which may be 
connected to the presence of sulphur in eggshell. 

FIG. 1. Non-degraded samples after tensile test.

FIG. 2. Force-displacement characteristic curves for non-degraded (left) and after 1-week-degradation (right) 
samples. Example of samples type with 10% ESP additive.
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pH
Up to 10 days pH of solutions was changing dynamically 

and then after 10 days of degradation it became constant 
in water (FIG. 5). Samples immersed in PBS showed de-
creasing pH with the time. These phenomena may be due 
to many possible factors, including the presence of bacteria. 
The highest pH value was observed for ESP solution and it 
can be explained with the chemical structure of ESP – which 
is mainly built from calcium carbonate. This also justified 
the fact that pH of composites increased with the increase 
in ESP amount. A pure solution of PLA+H2O was acidic 
because of its degradation mechanism. It undergoes PLA 
hydrolysis, which produces lactic acid.

Conductivity
The conductivity of samples in distilled water at the 

beginning of the degradation was 0.5 [μS/cm] (FIG. 6).  
The conductivity value increased with time, intensively in 
the case of ESP. As ESP amount in the composite raised,  
the composite degradation accelerated, because conductiv-
ity was higher than in the sample with less ESP amount. 
It also means that the degradation time of PLA can be 
shortened by adding ESP. The conductivity of PBS solu-
tions was not stable. 

FIG. 3. Young’s modulus of samples: non-degraded 
and after 1-week-degradation.

FIG. 4. Tensile strength of samples: non-degraded 
and after 1-week-degradation.

FIG. 5. Changes of pH for samples immersed in water (left) and PBS solution (right).

FIG. 6. Conductivity changes during degradation in water (left) and PBS (right). 
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Mass changes

Mass change during the degradation process was 
investigated. The mass change during the 3 weeks was  
≤ 0.0001 g. 

Absorption of the solutions was measured and the results 
are shown in FIG. 7. Its value may be the evidence of open 
porosity in the composites what can facilitate the absorption 
of the liquids. Polylactide is hygroscopic, which is higher if 
it is in an amorphous state [2,15]. The value of absorptivity 
at the level of several percents confirms the fact. Then the 
value decreased and it was similar for all samples after three 
weeks of degradation.

Scanning Electron Microscope
The SEM with EDS of non-degraded ESP surface and 

the ESP after 24 days of degradation in distilled water was 
investigated. EDS analysis showed that non-degraded 
ESP contains mainly: calcium, carbon, oxygen, and 
trace amounts of magnesium, sulphur and phosphorus.  

EDS analysis of the ESP showed during degradation that 
calcium amount increased (FIG. 8) suggesting that the or-
ganic part is removed and dissolution of calcium carbonate 
was occurred.

SEM surface images of the PLA and PLA-20 wt.% ESP 
samples (FIG. 9) have not shown visible degradation. The 
SEM surface image of PLA-10 wt.% ESP has shown a visible 
degradation of the PLA matrix. White spots on the surface 
are representing ESP, which was also investigated with EDS. 

Fracture surfaces investigation under SEM after tensile 
strength measurement showed that ESP particles are 
strongly bond to the PLA matrix (FIG. 10).

Conclusions
1. The ESP can be a source of easily available CaCO3.
2. The ESP modified PLA composite is chemically stable; 

in the long-term it does not cause significant acidification 
of the aqueous environment consisting of water and PBS.

3. Along with immersion time of PLA / ESP composites in 
water, salts from ESP are released to the solution.

4. The addition of ESP increased the hygroscopic proper-
ties of the composite.

5. As the ESP content in the composite increases Young's 
modulus of the resulting composite increases.

6. Together with the increase in the ESP content in the 
composite material, the strength of the composite material 
decreases.
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FIG. 7. Absorption of water vs time.

FIG. 8. SEM images of ESP and average chemical composition: A – unmodified, B – modified , C – after 24-days 
degradation in distilled water.
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FIG. 10. SEM images of fracture 
surfaces of the samples after 
tensile test.

FIG. 9. SEM images of PLA-ESP samples surface before (left) and 
after 21-days degradation (right).
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