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Abstract: The current problem of biopolymer composites in biomaterial engineer-
ing is their long degradation over time under environmental interactions and their
potential application in biomedical engineering. The present research work aims
to study the properties of a PLA composite with addition of iron and nano-iron
powders with a particle size of 45 pm and 80 nm, respectively, in an isotonic solu-
tion in the Ringer fluid. The paper describes the general properties of polylactide
composites and the mechanisms of degradation after modification with differ-
ent additives, among them iron powders and polyethylene glycol (PEG)-based
blends, where the PLA-nanoFe-PEG liquid blend has the best mechanical proper-
ties. The areas of biomedical applications of the PLA-based composite were also
presented. In the research part of the PLA composite fabricated by the extru-
sion method, hardness, tensile strength and degradation in Ringer’s solution
of the obtained composites were studied and discussed.

Keywords: PLA, modifiers, iron powders, mechanical properties, composite, PEG

blend

12.1. Introduction

The current use of polymers in medicine is very broad, ranging from medical devices,
such as spatulas, specula, syringes through drains, surgical threads to artificial
heart valves or pharmacological agents introducing drugs and blood substitutes
into the body [1, 2]. All these devices are characterized by one important parameter,
i.e. persistence in the human body. Invasive medical devices must meet numerous
requirements, such as biocompatibility, biofunctionality and biotolerance in the envi-
ronment in which they work, and especially their chemical composition, which,
above all, should not harm the patient. The best solution is to create a material that
meets the above mentioned aspects and has the appropriate mechanical properties,
such as increased ductility and higher tensile and impact strength in comparison
to the pure PLA.
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The present work is devoted to the investigation of PLA-based composites with iron
powders of various particle sizes (micro- and nano-particles), with the addition of PEG
blends, in order to obtain a biodegradable composite with better ductility in compari-
son to pure PLA, with the possibility of controlling time of its degradation. The com-
posite will be obtained by extrusion followed by the pressing process. This research
work also aims to reveal the influence of additives on selected physicochemical prop-
erties of the obtained composites.

12.1.1. Characteristics of PLA

Polylactide or Poly(lactic acid) is a biodegradable and biocompatible aliphatic poly-
mer that is produced from starch. It consists of an L- or D-twisted lactic acid, from
which the polymer is obtained by using a synthetic method [3]. Starch found in corn
or sugarcane potatoes is used to produce PLA. This polymer has an ability to crystal-
lize by stretching, temperature crystallization, and its impact strength can be modi-
fied, copolymerized and processed using a variety of processing methods [4].

PLA has numerous advantages, such as biodegradability, low melting point, low
polymerization shrinkage, easy doping, as well as some disadvantages which include
brittleness, hydrophilicity, low flexibility and high price. Pure PLA is transparent
and thermoplastic and therefore easy to process [5, 6].

The properties of PLA depend on the stoichiometric composition of the repeat-
ing units and their distribution along the chain. The melting point (Tt) of PLA
is in the range 150+180°C [4]. The atactic polylactide is made of heterochiral PLDLA
units, which is an amorphous polymer with a glass transition temperature (Tg) of 59°C
and no distinct melting point. A mixture of homochiral and isotactic PLLA and PDLA
chains form stereocomplexes with a melting point of about 230°C [4].

The properties of PLA are similar to polystyrene, but after modification with addi-
tives its properties are like polypropylene and polyethylene. It is worth noting that
good physical and rheological properties of PLA can be optimized by combining
with modifiers, such as fillers or fibers. Prominent among them are polysaccharides
such as starch, which significantly reduces the cost of PLA production and shortens
the biological degradation time [4].

12.1.2. Mechanisms of PLA degradation

The degradation of a polymeric material is a phenomenon whereby the structure
of a molecule is broken down into smaller equivalents and elements. The pres-
ence of hydroxyl groups accelerates the kinetics of the hydrolysis reaction through
the absorption of water into the material. This process depends on the origin
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of the polymer and its physicochemical properties, such as chemical composition,
degree of crystallinity, surface area, molecular weight and the nature of the polymer
(e.g., hydrophilic) [7].

There are three types of degradation of biodegradable polymers: photodegra-
dation, hydrolysis and microbial degradation. In the context of PLA application
on the patient’s body, only two of these degradations should be considered: hydroly-
sis, due to the tissue environment in which the material can be placed, and microbial
degradation, due to the presence of micro- and macrophages in the body.

Hydrolytic degradation is characterized by the breaking of hydrolytic bonds of PLA
with the production of water-soluble by-products. Polymer degradation in this case
intensifies hydrophilicity, which is initiated from the inside towards the outer surface
layer, causing a slight dimensional change in the material. On the other hand, progres-
sive surface erosion, which causes a loss of mass from the outer surface of the polymer
towards its core, does not affect the mechanical and structural integrity of the poly-
mer. Hydrolysis, on the other hand, involves the dissociation of the bonds of the pol-
ymer backbone in the presence of water, in which molecules that have been con-
verted to water-soluble monomeric acids by bulk or surface erosion are dissociated.
During bulk erosion, water molecules diffuse very rapidly into the amorphous regions
of the polymer, causing loss of strength and changes in structure. The degree of hydrol-
ysis is influenced by the temperature and pH of the solution, morphology, degree
of crystallinity and porosity of the tested material [8].

Microbial degradation can be caused by microorganisms which can change
the strength and color of the polymer through compounds (enzymes) secreted as by-
products during the microbial growth process. These enzymes are secreted out-
side the cell membrane to extract energy and nutrients from the polymer and cata-
lyze the circulation of organic matter. During this degradation, there is a reduction
in the size of the polymer, which is dissolved in water and ready to be transported
across the cell wall. Then, it is mineralized by microbial metabolic pathways involv-
ing chemical transformation. During depolymerization, fragments of the biopolymer
are consumed as carbon substrates forming various products such as carbon dioxide,
methane, hydrogen, ammonia, sulfur dioxide, water, or salts and minerals. Degradation
proceeds faster under aerobics than under anaerobic conditions [8, 12].

12.1.3. Areas of application for PLA-based composites

PLA has degradable properties which allow it to be used in medicine to create com-
posites with the main purpose to disintegrate (biodegrade) after some time of usage.
The resulting composite products based on PLA make it possible to reduce the inter-
vention of invasive surgery. As an example, the composite can be used to produce
bioresorbable surgical sutures, or “olives” for intramedullary stabilization of humerus
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fractures with a nail, so that the surgeon does not have to remove them again,
as is the case with traditional treatments [1].

The second type of PLA-based medical devices are implants, plates and screws
used as a bond for damaged bones. They allow for limiting the intervention of a sur-
geon to reopen the patient’s body to remove the device after the medical device has
completed its function [9].

In tissue engineering, porous PLA can provide a scaffold for cell culture in which
well-defined cells proliferate for subsequent implantation into traumatic sites. Another
widely used PLA product is pharmaceuticals, which exploit the material’s biodegra-
dability property for time-controlled drug release to prevent side effects and prolong
drug duration [3].

A number of different additives can be introduced into PLA to influence the prop-
erties of the polymer. Some additives are added to reduce the cost of production
of final products, others to improve or adjust the mechanical properties for specific
requirements.

Literature reports also show that the introduction of PEG into PLA matrix
improves ductility and impact properties, but at the same time reduces tensile strength
and tensile modulus [10].

Also, these are the very PLA compositions with additives of ceramics, polymers
as well as other organic substances. Few reports only deal with the addition of metallic
elements such as magnesium, titanium, manganese and 316L steel [13, 14]. The addi-
tion of metallic compounds, such as iron, provides higher stiffness of the composite,
an increase in Young’s modulus with increasing metal content values, and a higher
coeflicient of friction is exhibited by the metal-reinforced PLA composite. Preliminary
studies on metallic additives to PLA [14] indicate that among several selected elements,
such as Mg, Fe or Ti, the PLA composite with Fe powder addition has better mechan-
ical properties, especially ductility, compared to pure PLA, while tensile strength
results were reduced by 20%. Therefore, in this study, a PEG compatibilizer was used
to improve the mechanical properties of the PLA+Fe+PEG composite. It is also worth
noting that compared to traditional biomaterials, such as stainless steel, titanium
alloys and cobalt alloys, pure iron is more reactive and faster biodegradable in human
body fluids and thus has a low risk of adverse complications and can be more easily
absorbed by the human body. It also promotes the formation of iron-containing pro-
teins. In tissue engineering, the PLA-iron composite shows a controlled degradation
rate and a beneficial tissue regeneration function [11].

12.2. Test materials and methods

PLA 2003D in granular form from the Nature Works (USA) was used for the study.
Three composite materials were prepared with the addition of iron powder (aver-
age particle size 45 m) and nano-iron (average particle size 80 nm) at 10 and 1%
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(Wt.%), respectively. To improve bonding between the PLA and iron powder particles,
PEG in a powder or liquid form was added at 1% and 20% (in wt.%). Literature data
show that the addition of this blend has a beneficial effect on improving the ductility
of the obtained material compositions [10].

Subsequently, several tests were carried out on the materials in order to obtain
information on their mechanical and physicochemical properties.

The nominal chemical composition of the tested composites is presented below:
e PLA + 1% nanoFe + 1% PEG (powder) — molecular weight 200 (designated 1nFp),
e PLA + 1% nanoFe + 1% PEG (liquid) - molecular weight 600 (designated 2nFc),
e PLA +10% Fe + 20% PEG (liquid) — molecular weight 600 (determined as 3F20c).

Stability studies in an isotonic solution of 0.9% NaCl were carried out
for 10x10x2 mm samples in a greenhouse at a constant temperature of 37+1°C. Three
samples from each batch were prepared for testing.

Prior to testing, the materials were measured and weighed on a laboratory scales
(Radwag 1000). Iron nanopowder was added to the PLA in a glovebox under argon
shielding. The ingredients were then mixed by hand in a mortar for 15 minutes. Each
sample (of 100 g each) was extruded and additionally pressed using a PXW 100 hydrau-
lic press, applying a unit pressure of 20 MPa.

The extrusion process parameters are presented below:

e temperature in the charging zone - 50°C,

e feeding zone - 170°C,

compression zone - 180°C,

dosing zone - 180°C,

extruder head - 175°C,

extrusion speed 5% of maximum machine speed 10 rpm.

Samples of equal size were placed in 0.9% NaCl solution to determine their changes
in weight, pH and electrical conductivity of the saline, as a function of time. The tests
were conducted for 90 days at 7-day intervals to gather more data. In addition, hard-
ness tests were carried out using a Shore scale D apparatus, tensile strength according
to EN-PN-PN 868:2005 using an Instron 2620-601 extensometer and observations
of the microstructure and fractures of the samples were made using confocal micros-
copy and scanning electron microscopy (SEM) to examine as accurately as possible
the structure of the material before and after the degradation test.

12.3. Research findings
12.3.1. Results of hardness testing

The results of Shore’s hardness tests of the composites before and after 90 days stor-
age in 0.9% NaCl solution at 37+1°C are shown in Table 12.1.
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TABLE 12.1. Comparison of initial and final hardness values of PLA composite samples

As received After 90 days
Sample InFp 2nFc 3F20c nFp 2nFc 3F20c
Average 58.2 65.6 67.6 52.1 61.1 62.5
SD 3.9 1.5 41 5.2 1.6 2.5
cv 0.07 0.02 0.06 0.1 0.03 0.04

The hardest sample before testing in saline (as received) turned out to be the PLA+1%
nanoFe+1% PEG (liquid) and the lowest hardness has the PLA+1%nanoFe+1% PEG
(powder) composition. After 90 days of testing, the hardness of all the samples decreased,
while the trend remained unchanged. It is noteworthy that PLA+1%nanoFe+1% PEG
(powder) sample were partially degraded and it was difficult to obtain reliable test
results, as indicated by the highest value of the coefficient of variation (see Table 12.1).

It is noteworthy that the lowest hardness obtained for the PLA+1% nanoFe+1%
PEG (powder), with addition of iron nanopowders and in which the PEG blend was
in a powder form. For comparison, pure PLA obtained under the same process condi-
tions has a Shore hardness of 68+2°ShD. The decrease in hardness of the tested sam-
ples was influenced by the addition of iron particles and iron nanopowders, as well
as blends, especially in the form of powder, weakening the internal structure of PLA
and increasing surface porosity.

12.3.2. pH tests in a physiological solution

The results of the pH solution as a function of the storage time of the samples are
shown in Figure 12.1.

From the results presented in Fig. 12.1 it can be seen that the 1nFp sam-
ples, in the initial period up to 35 days, the pH of the solution decreases to a value
of 3.0 mol/cm? and then remains unchanged until the end of the tests. It should be
recalled that in this material the PEG additive was in the powder form. A similar course
of changes in solution pH is observed in the case of the sample with micro-iron powder
3F20c, while an opposite trend is presented by the graph obtained for the InFc sample,
where initially, up to 21 days, a slight increase in pH from 5.82 mol/cm? to the value
of 6.27 mol/cm? is observed, followed by a decrease to the value of about 5.60 mol/cm?
after 35 days of testing, and a steady increase of this parameter again.
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FIGURE 12.1. pH changes of the composites as a function of time

The highest pH value was obtained for PLA+1%nanoFe+1%PEG (liquid) samples
(acid reaction), and its value was 6.33 mol/cm?. The PLA+1%nanoFe+1%PEG (powder)
sample had the lowest pH value, and its value was 2.89 mol/cm?. It is noteworthy that
none of the samples obtained a pH of alkaline. The observed pH trends are to some
extent correlated with the mass loss (see section 12.3.3) due to hydrolytic degrada-
tion and the consequent release of H+ ions into solution, which are acidic in nature.

12.3.3.Studies on the mass changes
of the samples after conditioning

The results of the change in mass of the samples after conditioning in the saline solu-
tion are presented in Fig. 12.2.
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FIGURE 12.2. Plots of the specimens mass variation with time of conditioning in the 0.9% NaCl
solution
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The presented results indicate a continuous increase of the mass of two tested sam-
ples, with the exception of the 1nFp, where the mass of which slightly fluctuating dur-
ing the tests. The highest increase in the mass can be observed in the case of the sam-
ple 2nFc. The continuous increase in mass content can be explained by absorption
of the solution into the samples.

At the end of the test, the mass of sample 1nFp increased by 1.0% of its initial mass,
whereas the sample 2nFc by 18.9% of its initial mass and the sample 3F20c by 13.5%
of its initial mass. The obtained results demonstrate the effect of PEG on the mecha-
nism of absorption of 0.9% NaCl solution by PLA, and it seems that less important
in this case is the % of blend, but rather its molecular weight, of the powder and lig-
uid state. It should be recalled that of powder PEG blend is 3 times lower in com-
parison to the liquid form, 200 and 600, respectively. Hence, it can be concluded
that the addition of PEG to PLA in the form of powder effectively inhibits the sam-
ple weight changes of such a composition during conditioning in physiological fluid.

12.3.4. Electrical conductivity tests of samples in brine

The results of the electrical conductivity of the 0.9% NaCl solution are shown in Fig. 12.3.
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FIGURE 12.3. Plots of electrical conductivity vs time of the tested composite samples

On the basis of the presented results, it can be concluded that all the samples
in the initial period of testing, up to about 35 days, reduce the electrical conductivity
parameter. The value of this parameter is variable and ranges from 4.08 to 7.29 [mS/cm].
After another 14 days (49 days of the testing) an increase in conductivity was observed
for the sample 3F20c, and after 63 days of conditioning, there was a sudden increase
of this parameter to the value of 14.00 [mS/cm].

160



A more detailed analysis of the obtained results shows that between the 21
and 28" day, all the samples showed an increase in electrical conductivity; however,
further measurements 1 week later showed that the value of electrical conductivity
decreased.

The PLA+1%nanoFe+PEG (powder) sample has the highest electrical conduc-
tivity of 14.41 mS/cm. As the 1InFp and 2nFc composites differ from the 3F20c20
sample by a smaller amount of the PEG content and a smaller amount of nano-iron
powder, in relation to the higher content of iron particles (10 wt.%) in this compos-
ite. It should be concluded that the decrease in electrical conductivity in the initial
period of the research up to 35 days is due to the dissolution of PLA in saline. Thus,
the higher the proportion of polylactide particles in the liquid volume, the lower
the electrical conductivity. After a stagnation period of about 4 weeks, the increase
in electrical conductivity should be attributed to the appearance of iron ions from
the exposed metal particles contacted with 0.9% NaCl water solution, after the dis-
solution of the top layer of the polymer.

12.3.5. Tensile testing of PLA composites

Tensile plots of the tested composite specimens after manufacturing are shown
in Fig. 12.4. Also, the results of the tensile testing are summarized in Table 12.2.
For comparison, Table 12.2 shows the tensile results obtained for 100% PLA, pro-
duced under the same conditions as the rest of composite specimens.
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FIGURE 12.4. Typical tensile strength curves of three tested composite specimens
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TABLE 12.2. Summarized averaged tensile properties of the PLA based specimens

Sample € [%] UTS [MPa] E [GPa]
nFp 0.99+0.02 27.7+3.2 2.78
2nFc 1.51£0.05 45.843.5 3.03
3F,,c 1.22+0.03 30.6+2.9 3.25
Pure PLA 1.40£0.03 47.5%2.5 3.48

The worst tensile properties has the InFp sample, whereas the 2nFc material has
the highest tensile strength and elongation. The highest Young’s modulus is observed
in the case of 3F20c material and it was 3.25 [GPa], and the lowest E parameter
is measured for the 1nFp sample, and it was 2.78 [GPa]. Comparing the obtained
data with the pure PLA, in the case of PLA+1%nanoFe+1%PEG (liquid) composite,
the strain value is about 0.1% higher than that of pure PLA, while the stress value
decreased about 1.7 MPa (about 3.6%). In the PLA+1%nanoFe+1% PEG (powder)
composite, the strain was close to 1% and the stress was 27.7 MPa, which is certainly
lower (about 42%) than that of the pure PLA. The differences in strain may be due
to the density of the composite as well as the type and valence fraction of additives.

The UTS value correlates well with the hardness data measured for the as received
composites (see Table 12.1). In addition, the PLA composite with the PEG additive
in the powder form (sample 1nFp), probably due to insufficient homogenization during
the extrusion process, has the weakest mechanical properties. In contrast, the mate-
rial with PEG in the form of a liquid (PLA+1%nanoFe+1%PEG liquid), has compa-
rable UTS properties to pure PLA, while the plasticity of this composite is slightly
better (about 8%) compared to the pure polymer. Therefore, further studies should
be carried out to optimize the chemical composition of the composite with the addi-
tion of iron nanopowder using PEG liquid blends.

12.4. Discussion

The obtained results allowed to determine the characteristic features of the produced
composites based on PLA as a degradable polymer matrix and modifying additives
in the form of iron powders and nano-iron as well as the PEG with different molecu-
lar weight with the possibility of their application in medicine.

Analyzing the results obtained for mechanical properties of the samples achieved
immediately after their manufacturing (extrusion and axial pressing), it should
be tated that the most favorable properties, both hardness, UTS and the E modulus
were obtained for the PLA+1%nanoFe+1%PEG (liquid) composite, while much weaker
mechanical properties were found for the PLA+1%nanoFe+1%PEG (powder) sample,
where the blend additive was in the form of powder. A correlation was found between
the hardness and tensile strength results. The hardness and mechanical properties
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of the composites are affected by the addition of PEG, which in the form of a powder
was difficult to homogenize with PLA, which in turn probably caused delamination
and weakening of the properties. Thus, it can be concluded that PEG in different forms
(liquid vs. powder) added to PLA can affect the mechanical properties of the composites.

However, in the case of the E modulus, the composite with 10% of iron powder
PLA+10%Fe+20%PEG (liquid) obtained the highest value. This fact can be explained
by the highest volume fraction of additives, both iron and blend: 10% Fe and 20% PEG.
In the case of the material composed of PLA+1%nanoFe+1%PEG (powder), the value
of the E modulus is the smallest.

It was also found that the pH of the solution with the samples of the com-
posites used for the study, carried out for a period of 90 days, is in correlation
with the hardness and tensile strength tests. Despite the lowest tensile properties
obtained for the PLA+1%nanoFe+1%PEG material (powder) sample, the lowest pH
value was measured that indicates its stability in saline.

In contrast, the studies on electrical conductivity showed that the electrical con-
ductivity curves of all the samples was similar and comparable, which suggests that
the mechanism of iron and PLA ions release into solution is similar.

12.5. Conclusions

Based on the results presented here, PLA+1%nanoFe+1%PEG with the addition
of a liquid blend proved to be the best material, as it has one of the highest hardness
levels and the best tensile properties. This composite material has also a pH clos-
est to the neutral, so no acidification or inflammation should occur in the tissues.
The material is also characterized by stable electrical conductivity, and negligible mass
changes during the testing in the saline solution conducted up to 90 days.

The results of the electrical conductivity show that regardless of whether the PEG
blends are added, in a powder or liquid form, the composites have similar electrical
conductivity, while, the PEG form related to their molecular weight strongly affects
mechanical properties.

The PLA+1%nanoFe+1%PEG (powder) composite has the highest mass gain than
the other composites, which indicates an increased hydrophilicity of this material due
to porosity caused by the inferior homogeneity of the composite sample.

Also noteworthy is the fact that the composite with the addition of the PEG blend
in the form of a liquid, practically does not change the mass of sample during the whole
process of incubation in 0.9% NaCl water solution. This feature can be used when
designing the resorbable properties of the PLA-based implant as a function of time.

This research will be continued to optimize the chemical composition of PLA-
based composites. It seems that polylactide-based composites with the addition
of metal powders are promising materials in terms of their potential for medical
applications with controlled degradation rates.
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