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Purpose: Irradiations of poly(lactic-co-glycolic acid) surface by CO, laser lead to alterations of physicochemical properties of the
copolymer. Effects of PLGA irradiations depend on the process parameters determining different cases of surface modification. Hence
the main goal of presented studies was to define the influence of CO, laser irradiation with different process parameters, inducing
three cases of surface modification, on mechanical properties and topography of PLGA during degradation in the aqueous environ-
ment. Methods: Hydrolytic degradation of untreated and treated by CO, laser thin specimens of PLGA was performed in distilled
(demineralized) water. Mechanical properties of PLGA specimens before and during incubation were conducted in accordance with the
PN-EN ISO 527-3:1998 standard. The pH of incubation solutions, topographies, masses and geometrical dimensions of specimens were
controlled during the process. Results: During the hydrolytic degradation, gradual changes in failure mode were observed from ductile
failure characteristic for untreated PLGA to brittle failure of incubated PLGA regardless of the case of induced modification. Tensile
strength decreased with degradation time regardless of the case of surface modification with insignificant fluctuation Young’s moduli at
the level of means. The pH of solutions for each case decreased and topography od specimens become smoother with incubation time.
Conclusions: PLGA surface modification by CO, laser below the ablation threshold (P1) and at the ablation threshold (P2) led to surface
functionalization, however, irradiation above the ablation threshold (P3) caused marked degradation of PLGA and accelerated specimens
disintegration during incubation in the aquatic environment.
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including poly(glycolic acid) (PGA), poly(lactic acid)
(PLA) as well as poly(lactic-co-glycolic acid) (PLGA)
copolymers based on the above polymers. The main

1. Introduction

In the first two decades of the 21st century, there
has been a growing interest in, and use of, polymer
biomaterials in medicine. Particularly noteworthy are
bioresorbable polymers that are used to produce various
types of implants and scaffolds for tissue engineering,

advantage of these synthetic biocompatible polymers
is their degradation as a result of hydrolysis in aque-
ous solution of the ester backbone to acid monomers,
which are then metabolised or eliminated by the body.
During the initial treatment period, an implant made
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of bioresorbable polymers is the main element respon-
sible for the transfer of loads and restoration of the
damaged tissue structure. As the treatment progresses,
the role of the implant gradually decreases due to its
degradation and the regenerating tissue structure re-
gains the ability to perform its function. Consequently,
the mechanical properties of the implant systemati-
cally decrease while ensuring gradual loading of the
regenerating tissue structure. This is consistent with
the expected biomechanical matching of the mechani-
cal properties of the implant and tissue [26].

In practice, many distinct polymers are used, hav-
ing different functional parameters, such as the time of
reduction of mechanical properties, degradation time,
and physicochemical properties. This study focuses on
PLGA, which is a copolymer of lactic acid and glycolic
acid, whose properties depend on the percentages of
individual components [3], [10]. Its tensile strength can
range from 35 to 61 MPa, Young’s modulus from 0.67
to 4.5 GPa, and tensile strain from 1.9 to 10% [7].
Depending on the PLA/PGA ratio, it is possible to
control the degree of crystallinity, hydrophilicity, and
glass-transition temperature as well as mechanical
properties of the material, but also its degradation
time and release rate of medicinal substances incorpo-
rated into the polymer [17], [19]. As with other ther-
moplastic polymers, PLGA has features that can be
troublesome in bio-medicinal applications. This ap-
plies to the very low roughness and low wettability of
the surface. These are important parameters deter-
mining the interaction between the cells and the im-
plant surface. A higher adhesion of cells to the im-
plant surface is determined both by varied topography
characterized by a higher roughness and by hydro-
philicity of the surface. The appropriate roughness and
hydrophilicity of the surface provide suitable condi-
tions for colonization by cells thanks to better adhesion
and, consequently, better integration of the forming
tissue with the implant. The issue of surface modifi-
cation of bioresorbable polymers is related to the pos-
sibility of functionalisation of the surfaces of various
types of implants in order to increase their ability to
interact with the tissue.

As in other polymers, physicochemical and me-
chanical properties of PLGA can be changed by vol-
ume and/or surface modifications [7], [25]. The ef-
fects of volumetric modifications of polymers are easier
to control because the structure changes throughout the
volume of the material [4], [29]. By contrast, in the
case of surface modifications, the use of such tech-
niques as coating, low-temperature plasma treatment,
and laser radiation [15], [18] leads to changes mainly
in the surface layer of the treated material. One of the

most promising techniques for surface modification of
polymers is laser processing. Modification of the poly-
mer surface with a laser beam is the result of two ba-
sic mechanisms: photochemical and photothermal [2],
[4], [20], [25]. It is well known that heat acting on
polylactone surfaces causes various processes leading
to degradation of the material, including random chain
breaking, depolymerization, oxidation degradation, intra-
molecular and intermolecular transesterifications, and
hydrolysis [5], [28]. Photochemical processes initiate
the breaking of chemical bonds by high-energy photons
that activate a number of reactions such as crosslink-
ing, chain scission, and formation of radicals [20].
The coexistence of the two mechanisms and the ther-
mal effects accompanying the laser irradiation process
both in the zone planned for modification and in the
heat-affected zone (HAZ) make the effects of laser
surface modifications difficult to estimate based on
the parameters of the process itself [2], [13], [22], [25].
It should be emphasized that, in addition to micro-
structural modification, laser radiation may also affect
morphology of the surface, determining changes to its
roughness and wettability, which translates into sur-
face cytocompatibility [22], [30]. To the best of our
knowledge, there are few studies describing the ef-
fects of laser treatment on the mechanical properties
of biodegradable polymers for medical applications.
Moreover, the literature lacks description of the im-
pact of hydrolytic degradation, so characteristic for
biodegradable polymers, on the strength parameters.
In the present study, research was undertaken to
assess the effects of surface modifications of thin
PLGA films with a CO, laser beam on the degradation
rate and mechanical properties of the material. The
research focused on modification of thin films, because
PLGA is used for the production of delicate implants,
such as scaffolds for tissue engineering or bioresorb-
able vascular stents, where thickness of structural
elements ranges from 200 to 400 micrometres.

2. Materials and methods

2.1. Materials

The research material was PLGA in the percentage
ratio of lactide to glycolide of 85:15 (Evonik, LG857s).
The PLGA foils with an average thickness of 350 um
were produced by compression moulding of granules
melted at a temperature of 200 °C. Ultimately, an
amorphous material was obtained, whose degree of
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crystallinity was Xc = 2-3% [14]. From the obtained
films, standardized dumbbell specimens type SA were
cut out with a blanking die. A total of 80 specimens
were cut out, of which 60 specimens were subjected to
surface modifications using a CO, laser with three dif-
ferent parameters of the irradiation process (Table 1),
while the remaining 20 specimens constituted the
reference group (REF).

Table 1. Process parameters for surface modifications
of PLGA specimens with a CO, laser

Parameters of the laser
modification process
Cases of surface 0
modification Pulse Pulse energy Accumu.ated
numbers [m]] fluencies
[mJ/cm2]

Reference material B B 3
(REF)
Below the ablation
threshold (P1) > 4.72 24
At the ablation
threshold (P2) 6 749 48
Above the ablation
threshold (P3) 6 173 7

The surfaces of PLGA specimens were modified
with an air-cooled RF-excited pulsed CO, laser
(10.6 + 0.03 pm) — Series 48-2 Synrad, Inc. with the
maximum average power of 25 W and pulse duration
ranging from several dozen to several hundred ps
(depending on the power and the pulse repetition
rate). The beam with the mode purity TEMy, at 95%
(beam quality factor M?* < 1.2) was focused on the
surface of material using a 38.1 mm (1.5") focal lens.
The irradiation parameters were selected in such a way
(based on our previous work) as to obtain three cases
of surface modification [2] as follows: (i) without
ablation of the material, which allows products of the
photothermal process to accumulate on the surface. In
this case the penetration depth of the CO, laser was
smaller than the thickness of the sample, thus the
modifications mainly affected the surface layer of the
polymer (P1); (ii) with ablation but without significant
loading of the material with residual heat of the proc-

ess (reduced thermal effects) (P2); and (iii) with abla-
tion of used material approximately to half of its
thickness, for this fluence the polymer was modified
in all its volume (P3). The following accumulated CO,
laser fluences were used for the successive cases of
material surface modifications: (i) 24 J/em® — below
the ablation threshold (case P1), (ii) 48 J/cm® — at
the ablation threshold (case P2), and (iii) 71 J/cm®
— above the ablation threshold (case P3) (Table 1).

2.2. Hydrolytic degradation

All the specimens were subjected to the hydrolytic
degradation process in accordance with the degrada-
tion calendar (Table 2). At each stage of the degra-
dation, 5 specimens of the reference material (REF)
and 5 specimens of each type of surface modification
(P1, P2, and P3) were incubated. The process of
hydrolytic degradation was carried out in test tubes
with distilled (demineralized) water with the volume
of 15 ml at a temperature of 37 °C in a temperature
chamber (Pol-Eko, CLN 115). The incubation solution
was changed every 2 weeks.

2.3. Mechanical properties

Testing of the mechanical properties of the PLGA
reference specimens (REF), i.e., the specimens not
irradiated with a CO, laser, and of the three cases of
surface modification took place at individual stages
of the process of hydrolytic degradation in accor-
dance with the degradation calendar (Table 2). The
tests were carried out on MTS 858 Mini Bionix test-
ing machine fitted with hydraulic grips ensuring
constant clamping force on the tested specimen dur-
ing the entire stretching process. Stretching speed
was 4 mm/min [12]. During testing, tensile force
and specimen elongation were recorded. The stress
values were determined as the ratio of the force at
a given moment of the test to the initial cross-
sectional area of the specimen. The strain value was

Table 2. Degradation calendar of PLGA specimens

) ) Degradation time [weeks] Specimens
Cases of surface modification .
Before I stage II stage III stage IV stage labeling
Reference material (REF) 0 4 — 8 12 PLGA_REF
Below the ablation threshold (P1) 0 4 - 8 12 PLGA P1
At the ablation threshold (P2) 0 3 6 9 12 PLGA P2
Above the ablation threshold (P3) 0 3 6 9 12 PLGA P3
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determined as the ratio of the increase in the speci-
men length to its initial length, with the increase in
the length of the specimen being determined on the
basis of the change in the distance between the grips.
The obtained results were used to plot the stress—strain
characteristics, which allowed to determine Young’s
modulus (£) and tensile strength (R,,). Young’s modulus
was determined based on the linear segment of the
curve o = f(¢) in the strain range of 0.005-0.025 in
accordance with PN-EN ISO 527-3:1998 [12].

2.4. Surface topography

At individual stages of hydrolytic degradation, mi-
croscopic analyses of the surface topography of the
specimens were carried out using a video microscope
(Micro-Combi Tester, CSM Instruments). The assess-
ment of the topography made it possible to observe the
degradation progress on the surface of the specimens.

2.5. Mass and geometric dimensions
of the specimens

The geometric dimensions of the specimens were
measured before the start of incubation (baseline meas-
urement), and then after each completed stage of the
degradation (in accordance with the degradation calen-
dar). Thickness was measured with Coolant Proof IP65
micrometre, while width was determined with Zeiss
Discovery V20 microscope. The specimens were
weighed before the start of incubation, after each
completed stage of the degradation, and after 48 hours
of air drying at room temperature, which enabled an
assessment of the degree of water absorption by the
material. Mass measurements were carried out using
Radwag® Ps 1000/C/2 analytical balance.

2.6. pH of the degradation environment

The dynamics of the release of degradation prod-
ucts were examined by assessing the pH value of the
incubation solution. The pH of the incubation solution
was measured every 2 weeks. The measurements were
performed with Elmetron CX-505 multifunction meter
equipped with EPS-1 electrode for measuring pH. In
order to identify the nature and direction of changes in
the pH of the incubation solution, a linear function
f(x) = ax £ b approximating the determined mean pH
values was determined in the successive weeks of the
degradation of the PLGA specimens.

2.7. Statistical analysis

The impact of hydrolytic degradation on changes
in the mechanical parameters of both reference and
laser-modified PLGA specimens was analysed using
the Statistica 13.1 software package. The significance
of the differences was analysed using the Friedman
and Kruskal-Wallis tests to evaluate the effects of the
degradation time and modification case, respectively,
on the mechanical properties of PLGA. Statistical sig-
nificance was assumed as = 0.05. All the results were

presented as mean and standard deviations (X + SD).

3. Results

3.1. Mechanical properties

A uniaxial tensile test of the PLGA specimens, in-
cluding reference specimens and specimens modified
by a CO, laser with different process parameters, was
used to determine the stress—train characteristics for
all stages of hydrolytic degradation. PLGA reference
specimens before degradation (0 weeks) underwent
ductile failure, whereas the mode of failure of PLGA
specimens treated by a CO, laser and not subjected to
hydrolytic degradation (0 weeks) became more brittle
as fluence increased, which was described in detail
by Kobielarz et al. [14]. Similar changes occurred in
the process of the degradation, where in successive
stages the mode of failure changed with the degradation
time towards brittle failure (Fig. 1). As the degradation
time increased, the range of plastic deformations (plas-
tic region) and strain softening became smaller, re-
gardless of the fluence used for surface modification.

The mechanical properties, i.e., Young’s modulus
(E) and tensile strength (R,), of PLGA reference
specimens and PLGA specimens irradiated by a CO,
laser with different fluences (P1, P2, and P3) at individ-
ual stages of hydrolytic degradation were determined
in accordance with the PN-EN ISO 527-3:1998 stan-
dard [12]. The analysis assessed changes in Young’s
modulus and tensile strength occurring with the progress
of the degradation (in successive weeks/stages) sepa-
rately for reference specimens and for individual cases
of modification of PLGA surfaces (Fig. 2). In the next
stages of the degradation, the analysis concerned the
effects of laser surface modification on the mechani-
cal parameters in relation to the unmodified reference
material (REF) were performed (Fig. 3).
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Fig. 1. Examples of stress-strain curves after different PLGA degradation times:
(a) reference specimens, (b) specimens modified with the P1 fluence,
(c) specimens modified with the P2 fluence, and (d) specimens modified with the P3 fluence

Tensile strength in both reference (Fig. 2a) and la-
ser-irradiated (Figs. 2c, 2e, and 2g) PLGA specimens
decreased with the degradation time regardless of the
case of induced modification. After the first stage of
the degradation (third or fourth week), the R, value fell
rapidly and then the dynamics of changes decreased.
After 12 weeks of the degradation, tensile strength again
dropped sharply for PLGA REF and PLGA P1. The
Young’s modulus values for PLGA reference speci-
mens were not statistically significantly different in
individual degradation periods (Fig. 2b). There was,
however, a slight reduction in the mean value of the
modulus after the first stage of incubation (4 weeks),
followed by a gradual increase in the value of
Young’s modulus. On the other hand, an upward trend
in the values of Young’s modulus was observed in the
early stages of the degradation in the case of PLGA
specimens irradiated with a laser, regardless of the
fluence used (Figs. 2d, 2f, and 2h). A breakdown or
reversal of this trend occurred earlier at higher applied
fluence values, i.e., after degradation lasting 6 weeks

in the case of PLGA P3, 9 weeks in the case of
PLGA P2, or 12 weeks in the case of PLGA P1.
Before the degradation (0 weeks), tensile strength
and Young’s modulus (Figs. 3a and 3b) decreased
with increasing value of the fluence used for irradia-
tion. In successive stages of the degradation, tensile
strength (Figs. 3c, 3e, 3g, and 3i) also gradually de-
creased with increasing fluence values, with the means
obtained for PLGA REF and PLGA_P1 being simi-
lar. A clear decline in the R, value was only noted for
the successive case of modification (PLGA P2) and
the next reduction of the R,, values was observed for
PLGA _P3. Young’s modulus at stages I (Fig. 3d) and
I (Fig. 3f) of the degradation did not significantly
change. Only at stage IIl (Fig. 3h) PLGA P2 and
PLGA_P3 specimens had an evidently lower Young’s
moduli than PLGA REF and PLGA P1 specimens.
After a 12-week incubation (Fig. 3j), there was a clear
decrease in the value of £ correlated with an increase
in the value of fluence. PLGA REF after a 12-week
degradation showed a large diversity of the recorded
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Fig. 2. Young’s modulus (£) and tensile strength (R,,) after the completion of successive stages of hydrolytic degradation
of PLGA specimens: (a) and (b) reference (unmodified) and modified with a CO, laser at fluences:
(c) and (d) P1, (e) and (f) P2, and (g) and (h) P3. The data are presented as follows: mean as the central point,
standard deviation as the box, and min/max range as whiskers. The buckle indicates the statistical significance
of the Friedman test for dependent groups at the o = 0.05
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Fig. 3. Young’s modulus (£) and tensile strength (R,,) of reference (unmodified) PLGA specimens and of the specimens
modified by a CO, laser with P1, P2, and P3 fluences at individual stages of hydrolytic degradation:
(a) and (b) before degradation (0 weeks), (c) and (d) after stage I of the degradation (third or fourth week),

(e) and (f) after stage II of the degradation (sixth week), (g) and (h) after stage III of the degradation (eighth or ninth week),
and (i) and (j) after stage IV of the degradation (twelfth week). The data are presented as follows: mean as the central point,
standard deviation as the box, and min/max range as whiskers. The buckle indicates the statistical significance
of the Kruskal-Wallis test for dependent groups at the o= 0.05

results, resulting in a large scatter and value of the
standard deviation. Such a large variability of the ob-
tained E values was most likely a consequence of the
progressing specimen decomposition, which did not
occur uniformly throughout the group. For all modifi-
cation cases and references specimens, the recorded
scatter of the results was significantly lower before the
degradation (Figs. 3a and 3b) than during the degra-
dation. This confirms the heterogeneous nature of the
degradation in aqueous environment of both unmodi-
fied PLGA and PLGA modified by a CO, laser, re-
gardless of the applied fluence.

3.2. Surface topography

At the first stage of the analysis, the PLGA REF
reference material was tested. Before the degradation
process, the PLGA REF specimens were character-

ised by a smooth, homogeneous surface with slight
changes typical of the process of their manufacture
(Fig. 4a). In the first stage of the degradation, the
specimens became slightly tarnished, and in the suc-
cessive weeks, the unevenness of the surface in-
creased. After 12 weeks of the degradation, the
PLGA_REF surface underwent visible, focal changes
accompanied by a significant increase in its roughness
(Fig. 4b).

The surfaces of the PLGA P1 specimens before
the degradation showed a characteristic structure of
parallel dark and light lines, indicating the presence of
longitudinal grooves and ridges (Fig. 5a). An increase
in fluence used for modification led to a dispersion of the
clear pattern forming on the material surface (Figs. 5b
and 5c¢). Polymer hydrolytic degradation resulted in
blurring and loss of the clear pattern of grooves and
ridges (Figs. 5d, Se, and 5f). This trend intensified
with the increase in the fluence value.

(b)

Fig. 4. Microscopic images of the surface of PLGA_REF (without laser modification):
(a) before and (b) after the end of hydrolytic degradation
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Fig. 5. Microscopic images of the surface topography of PLGA specimens modified by a CO, laser
with different fluences before and after the end of a 12-week hydrolytic degradation

3.3. Mass and geometric dimensions

The geometric dimensions (width and thickness)
of the specimens as well as masses of the specimens

of the specimens

Table 3. Geometric dimensions and masses of PLGA specimens determined during hydrolytic degradation

were collected in Table 3 in the form of means with
standard deviation (X + SD).
Both the width and thickness of the PLGA refer-

ence specimens decreased at each degradation stage,
relatively to the baseline measurement made before

Degradation Thickness Width Mass
time before degradation| after degradation | before degradation | after degradation | before degradation | after degradation | after 48 hours
[weeks] [mm] [mm] [mm] [mm] lg] [¢] of drying [g]
Reference material (REF)

0 0.261 £0.017 — 3.920 +0.024 — 0.237 +0.029 — —
4 0.339+0.051 0.329 + 0.049 4.019 +0.043 3.995 + 0.048 0.229 + 0.034 0.231 £ 0.035 0.028 £ 0.034
8 0.277£0.019 0.262 +0.015 4.033£0.034 3.939+0.017 0.198 £0.015 0.200 £ 0.016 0.198 £0.016
12 0.305 £ 0.024 0.291 +0.027 3.995 +0.042 3.941 £ 0.041 0.213+£0.021 0.219+£0.021 0.213 +£0.022

Below the ablation threshold (P1)

0 0.279 + 0.006 — 3.982 +0.024 — 0.215+0.023 — —
4 0.260 + 0.028 0.246 £ 0.025 3.957+0.038 4.019 £ 0.020 0.191 £ 0.025 0.192 +0.024 0.191 £ 0.025
8 0.274 £ 0.055 0.262 +0.044 3.963 +£0.029 3,967 +0.021 0.195 +0.026 0.198 £ 0.025 0.195 £ 0.026
12 0.286 + 0.024 0.271 £0.023 3.971 +£0.026 4.055+0.051 0.208 +0.011 0.213+0.012 0.212+0.017

At the ablation threshold (P2)

0 0.357 £0.007 - 4.013 +£0.033 - 0.241+0.017 - -
3 0.302 +0.029 0.296 +0.027 3.907 £ 0.007 3.910 + 0.040 0.222 +0.020 0.231+£0.018 0.207 £0.022
6 0.290 + 0.027 0.286 = 0.021 3.927+0.031 3.932+0.041 0.210+0.013 0.211+0.013 0.209 +0.014
9 0.289 +0.030 0.288 +0.030 3.899 + 0.050 3.914+0.051 0.215+0.020 0.218 £0.021 0.214 +0.021
12 0.280 +0.033 0.238 £ 0.030 3.883 £0.039 3.927 £ 0.084 0.201 +0.021 0.223 £0.041 0.199 +0.022

Above the ablation threshold (P3)

0 0.256 +0.034 — 3.945 +0.076 — 0.221 £0.031 — —
3 0.245 +0.022 0.236 +0.026 3.701 + 0.080 3.746 + 0.092 0.206 +0.018 0.211+£0.017 0.204 +0.016
6 0.217+0.013 0.215+0.013 3.647 £ 0.097 3.649 + 0.066 0.183 £0.016 0.189+0.018 0.182+0.016
9 0.233£0.015 0.215+0.035 3.776 + 0.060 3.710 £ 0.020 0.191+£0.013 0.191 £0.012 0.188+0.013
12 0.250+0.017 0.181 +0.030 3.696 +0.079 3.657+0.103 0.195 +0.023 0.195+0.025 0.190 + 0.024
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the start of the degradation. Modifications of PLGA
with P1 and P2 fluences at all degradation stages and
with the P3 fluence up to and including the sixth week
caused an increase in the mean width and a decrease
in the thickness of the specimens. In the 9th and 12th
week of incubation of PLGA P3, there was a visible
reduction of the geometric dimensions of the speci-
mens. The masses of these specimens before the start
of the degradation and immediately after its comple-
tion did not change in contrast to the recorded mass
increases in all other cases. The increase in the speci-
men masses during the incubation was due to the phe-
nomenon of water absorption by the material. After 48
hours of air drying, the specimen masses were slightly
lower than the specimen masses measured immedi-
ately after each completed incubation stage. At each
degradation stage, the masses of PLGA P2 and
PLGA P3 after drying were lower than before the
start of the degradation, whereas no differences were
found for PLGA_REF and PLGA P1.

3.4. pH of the degradation environment

The pH values of the incubation solutions were
measured every 2 weeks. The incubation solutions of
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both the reference material and the PLGA specimens
subjected to all three cases of modification showed
a gradual decrease in the pH values with the degra-
dation time (Fig. 6), as evidenced by the negative
value of the a parameter of the linear function ap-
proximating the mean pH values in the successive
weeks of the degradation. The value of the a pa-
rameter for PLGA REF (Fig. 6a) was close to zero,
proving that the degradation process proceeded at
a similar rate throughout the test cycle. In the case of in-
cubation of PLGA P1 (Fig. 6b) and PLGA P2 (Fig.
6¢) specimens, the pH of the solution gradually de-
creased in the successive weeks of the degradation,
demonstrating the progressive degradation of the
material. The dynamics of this process increased
with an increase in the value of the applied fluence
(Figs. 6b and 6¢), as evidenced by the decreasing
value of the a parameter. In the case of PLGA modi-
fications with P3 fluence (Fig. 6d), the dynamics of
the pH changes was comparable to those observed
for PLGA_P1, but a rapid decrease in the pH level
occurred already in the second week of incubation.
This means that the degradation process of
PLGA_P3 had a different course — the process was
initiated very early after the start of the degradation,
and then its course stabilised.
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Fig. 6. pH in successive weeks of the degradation for (a) PLGA reference specimens and PLGA specimens
modified by a CO, laser with the fluences of (b) P1, (c) P2, and (d) P3
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4. Discussion

Bioresorbable polymers have been known for
many years as a biomaterial with enormous applica-
tion potential, including in biomedicine. Of particular
interest is the use of aliphatic polymers for the pro-
duction of tissue scaffolds and bioresorbable implants
with small geometric dimensions. One advantage of
the materials from this group is the broad ability to
shape their composition and topography in order to
obtain the intended functionality. This study presents
research aimed at assessing the effects of surface
modifications of the PLGA copolymer by a CO, laser
with different process parameters (Table 1) on the
mechanical properties of the specimens subjected to
hydrolytic degradation (Figs. 1, 2, and 3). The re-
search analysed three cases of PLGA surface modifi-
cation: (i) without ablation (P1), (ii) by ablation with
reduced thermal effects (P2), and (iii) by ablation with
the accompanying process of thermal degradation
(P3), correlated with the values of accumulated laser
fluencies. After irradiation, the specimens were incu-
bated in distilled water for 12 weeks in accordance
with the calendar (Table 2). In the successive stages of
incubation, the analysis covered the mechanical prop-
erties and geometric dimensions and masses of the
reference specimens (untreated by laser) and the
specimens modified by a CO, laser with three differ-
ent accumulated laser fluences as well as the pH value
of the incubation environment.

In the case of the compared specimens, the degra-
dation process proceeded with different dynamics.
During the incubation, constant and reproducible con-
ditions were ensured for diffusion of degradation
products into the incubation environment by changing
the solution for each specimen every 2 weeks. This
allowed to assess the rate of release of degradation
products. In water, PLGA undergoes biodegradation
through hydrolysis of ester bonds [6], as a result of
which acidic products of hydrolysis are released into
the incubation environment, thus reducing pH [23].
By analysing the changes in the pH of the incubation
environment, it was concluded that in the case of the
reference material not subjected to laser modification,
the degradation process proceeded evenly throughout
the observation period (Fig. 6a). This indicates a con-
stant rate of release of the degradation products. In the
case of modified specimens, the degradation rate was
much higher than for the reference specimens, and
changes in the pH value of the incubation solution
suggest a different nature of the degradation for modi-
fications of P1 and P2 (Figs. 6b and 6¢) compared to

P3 (Fig. 6d). Modification of PLGA as a result of
ablation and thermal degradation (P3) caused not only
evaporation of the material from the surface but also
its melting [2]. The pH of the solution in which
PLGA_P3 specimens were incubated dropped sharply
after two weeks, and then the process continued at
a lower rate. The observed effects may be due to the
presence on the specimen surface of a highly degraded
material, weakly bound to the rest of the specimen
[25], which caused faster release of degradation prod-
ucts, resulting in increased acidity of the incubation
environment.

The stress—strain characteristics of the PLGA speci-
mens determined on the basis of a uniaxial tensile test
indicate that the applied laser treatment changed the
material model. In the case of reference specimens
and PLGA specimens irradiated with a CO, laser,
there was a gradual transition from ductile failure
characteristic of untreated PLGA to brittle failure of
laser-modified materials [200- ENREF _19]. Regard-
less of the considered case of surface modification,
the range of plastic deformations and strain softening
decreased due to deformation (Fig. 1). As the degra-
dation time increased, the plastic region and strain
softening became smaller; after 12 weeks of the deg-
radation, brittle failure of PLGA_REF and all types of
surface modification (P1, P2 and P3) were observed.
There were no observed strain hardening for any cases
of modification or at any degradation stage. That
would be characteristic of polymers composed of an
entangled network [11]. This was due to a strong proc-
essing of the surface layer of the material as a result of
laser irradiation, which was accompanied by an in-
crease in the degree of crystallinity proportional to the
fluence value [14]. Typically, higher crystallinity of
aliphatic polyesters results in a brittle material without
ductile deformation [21].

Young’s modulus and tensile strength were deter-
mined in accordance with the PN-EN ISO 527-3:1998
standard [12] for all types of specimens at all stages of
the degradation. The determined values of tensile
strength and Young’s modulus of the reference PLGA
before degradation were, respectively, 66.4 £ 1.6 MPa
and 1,740.8 £ 19.4 MPa, corresponding with the lit-
erature data [1], [27]. The very process of irradiation
of PLGA specimens caused a reduction of the tensile
strength and Young’s modulus values, which was
described in detail in a previous study by the authors
of this article [14]. Incubation of unmodified PLGA in
a water bath decreased the mean values of tensile
strength (Fig. 2a) without significantly changing the
mean values of Young’s modulus (Fig. 2b). Bartko-
wiak-Jowsa et al. [3] in the same observation period
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(3 months) for pure PLGA noted an abrupt reduction
in tensile strength after the first month of incubation,
followed by a plateau, and then a gradual but slight
reduction in Young’s modulus. The mechanical prop-
erties of PLGA specimens modified by a CO, laser
during the hydrolytic degradation test also changed.
Tensile strength decreased with degradation time,
regardless of the case of surface modification. After the
first stage of the degradation (third or fourth week), the
Rm values fell rapidly (Fig. 2), and then the dynamics
of changes decreased or there was a plateau as in the
study by Bartkowiak-Jowsa et al. [3]. The percentage
reduction in tensile strength after the first stage of the
degradation of modified PLGA specimens amounted
to = 25%, ~ 38%, and =~ 42% for P1, P2, and P3, re-
spectively. After 12 weeks of incubation, the percent-
age decrease in the tensile strength values for all com-
pared groups of specimens was similar and amounted
to ~ 46%, ~ 49%, and ~ 45% for P1, P2, and P3, re-
spectively. The mean value of Young’s modulus de-
termined for the modified PLGA specimens in the
first stages of the degradation increased insignifi-
cantly, which may be the result not of the degradation
process itself, but of the recorded heterogeneous
changes in the values of geometric dimensions of the
specimens (Table 3), and thus the values of the cross-
sectional area (data are not presented here) after incu-
bation. These changes occurred as a result of water
absorption. It is also worth emphasising that the re-
sults obtained in all stages of the degradation were
characterized by significant variability. For all modi-
fication cases and references specimens, the recorded
scatter of the results was significantly lower before the
degradation (Figs. 3a and 3b) than during the degra-
dation. This was due to the progressing specimen
decomposition, which was heterogeneous for both
unmodified PLGA and specimens modified by a CO,
laser regardless of the applied fluence, as a result of
the degradation in aqueous environment. The reasons
for this phenomenon can be found in the weakened
links between mers, which are found in aliphatic
polyester films, including PLGA, provided that the
oligomers [23] are present in the material structure.
The presence of oligomers in the examined PLGA
specimens was not confirmed experimentally, but
both the process of specimen irradiation and incuba-
tion in an aqueous solution cause the breakage of
chemical bonds in the macromolecule and the forma-
tion of shorter fragments with a much lower molecular
weight, i.e., oligomers [2], [28].

The results presented in this study concern the as-
sessment of changes in the mechanical properties of
PLGA under the influence of hydrolytic degradation.

The degradation time of PLGA depends on the ratio
of lactide to glycolide in the polymer chain and is
4-8 weeks for PLGA in the 50:50 lactide to glycolide
ratio, 1620 weeks for the 75:25 ratio, and 2024 weeks
for the 85:15 ratio [16]. PLGA has found application
in the production of regenerated bone, scaffolds, drug
carriers, and sutures, where its short degradation time
is an advantage. /n vitro, the implants are subjected to
not only the degrading action of the incubation envi-
ronment but also various mechanical, static or dynamic
loads, including highly cyclic loads resulting from
normal life functions. As evidenced by Guo et al. [9],
polymers undergoing hydrolytic degradation while
being subjected to loading show more intense changes.
This aspect should be considered when designing bio-
resorbable medical devices made of PLGA, especially
after subjecting the material to surface modification,
which intensifies the process of material degradation.

An unquestionable advantage of bioresorbable
polymers is the ability to obtain a gradual reduction of
load-bearing properties of an implant through material
degradation in order to ensure appropriate biome-
chanical conditions for the reconstruction and remodel-
ling of the tissue structure. On the other hand, the im-
plant should maintain its geometry for a predetermined
period of time necessary for effective treatment and
regeneration of tissue. The results of the conducted
research showed that geometric dimensions of the
PLGA reference specimens decreased at each stage of
the degradation. On the other hand, geometric dimen-
sions of PLGA modified with P1 and P2 fluences did
not change significantly during the 12-week incuba-
tion in distilled water. Moreover, the masses of the
PLGA P1 and PLGA P2 specimens after a 48-hour
drying period did not change at any degradation stage.
Only in the 9th and 12th week of incubation for the
case of PLGA P3 modification, there was a signifi-
cant reduction in the geometric dimensions and
masses. The increase in the mass observed for all the
specimens immediately after incubation was due to
the phenomenon of water absorption. After 48-hour
drying at room temperature, the absorbed water
evaporated. This phenomenon is typical of amorphous
materials [8].

Observations of polymer surface topographies
showed the presence of characteristic structures that
were the result of the technology of irradiating PLGA
surfaces with a CO, laser. Modifications of PLGA with-
out ablation resulted in a clear pattern of parallel and
equidistant grooves and ridges repeating over a dis-
tance of 40—60 um. Irradiation of PLGA with P2 and
P3 fluences also resulted in the above repetitive pat-
tern, however, it was characterized by a lower degree
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of ordering, with less clearly visible boundaries be-
tween grooves and ridges. The performed hydrolytic
degradation had a slight influence on the surface to-
pography of the analysed materials. After the end of
the degradation process, there were small visible
changes, causing in microscopic evaluation a blurring
of the boundaries between the structures originally
formed on the surface. This type of surface structuring
can be used for the purpose of its functionalisation or
structuralization, especially considering the fact that
in the analysed PLGA the induced surface topography
was stable and underwent only slight changes in the
12-week incubation period. On the other hand, in the
course of polymer degradation, there was a gradual
tarnishing of the surfaces of the specimens. It was
associated with a progressive hydrolysis of the poly-
ester bonds, which resulted in the formation of shorter
chains. Short chains of higher mobility form ordered
structures, thereby changing the optical properties of
the material confirmed their crystallization [24].

The analyses presented in this study contribute
scientifically to research studies on the production of
implants from bioresorbable polymers with the use
laser modifications [2], [3], [14], [25]. The purpose of
the comprehensive assessment of the effects of im-
plant production processes and technologies is to
maintain the characteristics of the material or their
optimal modification in a strictly intended manner.

Limitations

The main limitation of this study is the number of
specimens: the size of each group was 5 for each
modification case in successive degradation stages. In
order to compensate for the low number of specimens
in the groups, nonparametric statistical tests were used
to define the significance of the differences in the
obtained results. At the same time, the results are pre-
sented as means with standard deviations, which is a
deliberate procedure allowing easier comparison of
the obtained data with the state-of-the-art knowledge.
Due to the lower power of nonparametric tests, which
translates into a lower accuracy of identification of
statistically significant differences, the analysis also
covered the trends and directions of changes.

The second limitation of this study is the duration
of the degradation, set at 12 weeks due to expected
increased susceptibility of the specimens subjected to
surface modification by a CO, laser to the degradation
in aqueous solution. The 12-week incubation for
PLGA REF and PLGA Pl specimens enabled the
authors to determine the trend of changes in mechani-

cal parameters, while the nature of changes in the case
of geometric dimensions or masses was not clearly
defined. A longer incubation period would allow
to identify the time necessary to disintegrate the
specimens, which could be defined by the specimens’
geometrical dimensions and their masses.
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