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Abstract

Introduction Assessment of biological characteristics of polylactide/hydroxyapatite (PLLA/HA) biodegradable materials is requiered
to specify indications for the use of PLLA/HA composite implants in clinical practice. The present study was aimed to measure
the kinetics of calcium and phosphate release from PLLA and its dependence on polymer structure crystallinity. Material and methods
Four types of biodegradable materials were studied in vitro. Samples of type 1 and type 3 made of crystalline PLLA after annealing
contained 25 % and 50 % of HA mass fraction, respectively. Samples of type 2 and type 4 made of amorphous PLLA (without
annealing) contained 25 % and 50 % of HA mass fraction, respectively. In every group, 6 samples were tested. The samples were
incubated in an aqueous medium at 37 °C for 52 weeks. The rate of PLLA degradation was assessed by the accumulation of lactate
monomer in the hydrolysate. The concentrations of calcium ions and phosphate ions were determined for assessment the HA hydrolysis
rate. The degree of crystallinity of the polymer matrix was evaluated by scanning calorimetry. Results The hydrolysis of PLLA and
HA in the samples was not simultaneous. The PLLA was hydrolyzed first followed by HA hydrolysis. By the moment of complete
hydrolysis of PLLA, there was only 15 % of hydrolyzed HA. The release of calcium ions occurred from the sixth week of incubation
for all tested samples, that of phosphate ions from the third week. The total amount of the released calcium ions and phosphate ions
decreased in the line: material 3 > material 4 > material 1 > material 2. Calcium ions in the hydrolysates were detected up to 42 weeks
of incubation, phosphate ions up to the 52" week. Conclusion Higher crystallinity of PLLA achieved by annealing results in increased
rate of hydrolysis of HA from PLLA matrix. Biological activity of PLLA/HA implants can be determined by degree of polymer

crystallinity and saturation with HA.
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INTRODUCTION

Recently developed biomaterials are designed
to stimulate regeneration of host tissues providing
the surgeon with new options for restoring shape
and function. Medical devices made of polymeric
biodegradable materials based on polylactide (PLLA)
with inclusions of hydroxyapatite (HA) are promising
for clinical practice [1-4]. The hydroxyapatite
in the polymer content provides osteoinductive
and osteoconductive characteristics of the products
based on PLLA [5]. It was demonstrated that
osteoinductive properties of the material amplify along
by increasing the saturation of HA in PLLA due to
greater elimination of calcium and phosphate from its
composition [6]. However, an increase in the content
of HA in the polymer decreases its biomechanical

properties. Therefore, to date, along with an increase
in the osteogenic properties of PLLA-based materials,
their porosity and mechanical resistance are important
and required characteristics [7, 8]. Numerous studies
have demonstrated the role of crystallinity of PLLA
for mechanical stability and resistance of PLLA to
hydrolysis [9-11]. It can provide even greater potential for
the use of structured PLLA for bioengineering purposes,
such as artificial bones and tissue scaffolds [12].
Thereby, the assessment of the relationship between the
rate of hydrolysis of PLLA/HA composite materials and
their crystallinity presents a problem of relevance.

Our study evaluates the kinetics of calcium and
phosphate release from PLLA and its dependence
on crystallinity of the polymer structure.

MATERIALS AND METHODS

Product samples were extruded from PLLA-based
composite filled with 25 % HA and 50 % mass fractions
(wt. %). To increase the crystallinity of PLLA, one part
of samples was annealed at the temperature of 110 °C.
The samples had cylindrical shape and were 1 cm long
and 2 mm in diameter.
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Four types of materials were studied. Samples
of materials 1 and 3 made of crystallized PLLAc
(by annealing) contained 25 % and 50 % of mass
fractions of HA, respectively. Samples of materials 2
and 4 based on amorphous PLLAa (without annealing)
contained 25 % and 50 % of mass fractions of HA,
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respectively. In each material group, 6 samples were
examined.

The differential scanning calorimetry (NETZSCH
DSC 204 F1 Phoenix apparatus, Germany) was applied
to measure the crystallinity of PLLA polymer matrix
in the groups of samples (Table 1).

Table 1

Crystallinity of the tested samples

Material Degree of crystallinity, %
Material 1 — PLLAc/HA25 % 46.1+3.0
Material 2 — PLLAa/HA25 % 343+2.7
Material 3 — PLLAc¢/HAS0 % 17.6£3.2
Material 4 — PLLAa/HAS0 % 124+1.8

Each sample was placed in a separate measuring
cell filled with distilled water, the volume of which was
determined at the rate of 4 ml per 1 cm? of the sample
surface. Next, the samples were incubated in a thermostat

at the temperature of 37 °C. After a week of incubation,
the medium was changed. A new solution was poured in.
The hydrolysate was subjected to chemical analysis
for lactate, calcium ions and inorganic phosphate. The rate
of PLLA degradation was assessed by the accumulation
of its monomer in the hydrolysate. The concentration
of calcium ions and phosphate ions reflected the progress
of HA hydrolysis. The duration of incubation
of the samples of all the materials was 52 weeks.
The reagents of BioSystems (Spain) on Hitachi 902
biochemical analyzer (Hitachi Ltd., Japan) were used
for analysis of lactate, calcium, and phosphate.

The arithmetic mean (M) and standard deviation
(SD) were determined for quantitative parameters.
The reliability of intergroup differences was assessed
using the Kruskal-Wallis H-test. Differences were
considered statistically significant at p < 0.05. Statistical
analysis was performed using AtteStat 13.1 for Excel.

RESULTS

The hydrolysis of PLLA in material 1 (crystalline
phase, HA content of 25 wt. %) increased during the first
and the second week of incubation. In contrast to that,
the samples of group 3 (PLLAc/HA 50 % sample) had
an increased hydrolysis only the first week (Table 2).

The hydrolysis of amorphous PLLA samples (HA content
of 25 wt. %, material 2 and PLLAa/HA 50 %, material 4)
was significant throughout the first three weeks.

The dynamics of the release of calcium ions and
phosphate ions is shown in Figure 1.

Table 2
PLLA hydrolysis progression; % of total lactate formed as a result of hydrolysis
Week(s) of incubation Material 1 Material 2 Material 3 Material 4
PLLAc/HA 25 % | PLLAa/HA 25 % | PLLAc/HA 50 % | PLLAa/HA 50 %
1 479455 474 £6.0 90.2 +8.2 67.0+4.7
2 209+3.2 15.0+3.3 33+1.1 10.8 £ 3.6
3 7.5+1.1 19.7+4.9 3.0£0.7 16.2+2.0
4 9.5+£2.0 10.9+3.0 35+1.8 34+0.9
5 72+14 79+2.0 0 1.3+£0.5
6 42409 47+1.8 0 1.2+0.3
7 2.7+0.8 39+£0.6 0 0
8 0 22+0.7 0 0
10 0 59+1.0 0 0
11 0 0 0 0
Total duration of hydrolysis (weeks) 7 10 4 6
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Fig. 1 Diagram of accumulation: a — calcium ions released from the samples during incubation; b — released inorganic phosphate ions from the
samples during incubation. OX axis — weeks of incubation; OY axis — the number of ions (umol/cm?)
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We stated that significant release of calcium ions began
from the sixth week of incubation for all the samples while
that of phosphate ions occurred from the third week. There
was at the same time, the total number of released calcium
ions and phosphate ions decreased in the line: material 3 >
material 4 > material 1 > material 2.

Calcium ions in the hydrolysates of the samples of all
materials were detected up to 42 weeks of incubation,
phosphate ions — up to the 52" week. The total amount of the
released calcium and phosphate is presented in the Table 3.

We noticed higher release of ions from the samples with high
content of HA (samples 3 and 4) (p < 0.05). The accessibility
of these ions from the crystalline polymers was higher
relative to the samples of amorphous PLLA phase.

The comparison ofkinetics in hydrolysis of PLLA and
HA are presented in Table 4. During the period of PLLA
of degradation (the duration of hydrolysis is shown
in Table 1), no more than 15 % out of the total released
calcium and from 40.9 % to 61.1 % of phosphate were
released

Table 3
Total amount of released calcium and phosphate from the studied materials
Ton Material 1 Material 2 Material 3 Material 4
Ca, pmol/cm? 2.83 +£(.34234 1.03+0.21'34 4.38 £0.82!2 3.79 £ 0.46'2
P, pmol/cm? 6.18 £ 0.68%%* 3.92 +£0.23'34 14.31 £ 0.49'2# 11.55+1.06'*3

Notes: sPeeript — the material relative to which there were significant differences at p < 0.05.

Table 4
Percentage of released calcium and phosphate for the period of complete decay of PLLA
Ton Material 1 Material 2 Material 3 Material 4
Ca, % 11.03 £1.523* 15.12 £ 1.81%4 5.46 £0.62'2 5.75+0.69'?
P, % 40.9 +2.8? 61.1£4.1'34 41.6 +3.0% 48.2 +2.5?

Notes: eseirt — the material relative to which there were significant differences at p < 0.05.

DISCUSSION

Our studies revealed that the degree of PLLA
crystallinity had an impact on the kinetics of HA release
from the samples. In particular, the progression of HA
hydrolysis correlates with the crystallinity of PLLA.
This finding can be explained by the fact that the
polymer in the crystalline phase underwent hydrolysis
faster than in the amorphous one.

A typical feature of the hydrolysis kinetics found
inthe study is that the hydrolysis of PLLA and HA occurred
stepwise. The polymer hydrolyzed earlier than HA. This
is confirmed by the fact is that at the time of complete
PLLA hydrolysis, the hydrolyzed HA was no more than
15%. In general, such a sequence of the breakdown
process of PLLA and filler (HA) degradation represents
an important feature of the material for practical
application. This fact implies a delayed release of calcium
ions into host tissue environment after implantation.

We found that the saturation of crystalline PLLA with
hydroxyapatite might be a promising option for production
of materials designed for orthopedics. Although the
issue of optimal amount of HA in PLLA remains open.
On the one hand, the biological efficiency of materials
containing both a small amount of HA (up to 10 wt. %)
and its significant portion (up to 80 wt. % HA) was
demonstrated [13, 14]. On the other hand, the osteogenic
activity of the materials based on PLLA improves with
an increase HA amount in the polymer composition [6].

Findings of our study are consistent with the study
of study of Zhang etal. [15]: the crystallinity
of the polymer saturated with HA determines its
degradability and consequently the biological

characteristics of the PLLA/HA material. That is why
the PLLA crystallinity and its saturation with HA are the
main characteristics of the PLLA/HA material, which
determine its effectiveness and indications for use.

Based on the results of the analysis performed, it is
not correct to speak about the exceptional superiority
of any of the materials we studied. We believe that all
the studied materials and products based on them could be
used in clinical practice. It all depends on the indications
for their use. The clinical experience in the use of products
made from the PLLA/HA material shows that the choice
of a biodegradable product should be made after
considering the nature of degradation of its polymer [16].

In this regard, we believe that the indications
for the use of PLLA products saturated with HA by more
than 50 wt. %, might be cases of large defect management
as the HA in the polymer actually becomes a calcium
reserve for local bone tissue formation [17]. An additional
advantage of PLLA/HA implants saturated with HA is
their ability to reduce development of biofilms formed
by S. aureus and P. aeruginosa on the surface of PLLA
materials [18]. Less HA-saturated materials (< 25 wt. %)
might address small bone defects [19].

Obviously, varying the content of HA and
the Obviously, varying the content of HA and
the degree of PLLA crystallinity may ensure
options for using PLLA/HA materials for creating
customized implants [14, 20, 21]. The material might
be also promising for creation of scaffolds providing
controllable degradation rate to compliment cell/tissue
in-growth and maturation [22, 23].
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Nevertheless, we should mention potential risks the risks of early mechanical instability of implanted
of the materials with high HA saturation for clinical devices. The risk of heterotopic ossification should
use. The accelerated PLLA/Ha degradation results in  not be negligible either.

CONCLUSION

Thus, the performed study showed that increased control over the biological characteristics (mechanical
crystallinity of PLLA treated by annealing increases stability, calcium release, osteogenic properties)
the rate of hydrolysis of HA included in the PLLA matrix.  of the PLLA/HA composite materials. This also expands
Changes in the HA content and in PLLA crystallinity allow  the indications for their possible clinical use.
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