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ABSTRACT

Polyethylene glycol (PEG) was added at different concentrations to the blend of poly(L-lactic acid) (PLLA) and
poly(D,L-lactic acid)(PDLLA) to tailor the properties. The differential scanning calorimetry (DSC) measurement
showed that all blends were miscible due to shifting a single glass transition temperature into a lower temperature
for increasing PEG content. The DSC, FTIR, and XRD results implied the crystallinity enhancement for PEG con-
tent until 8 wt%, then decreased at 12 wt% PEG. The XRD result indicated the homo crystalline phase formation
in all blends and no stereocomplex crystal. The in vitro degradation study indicated that PEG content is propor-
tional to the degradation rate. The highest weight loss after 28 days was achieved at 12 wt% PEG. The FTIR ana-
lysis showed a structural evolution overview during hydrolytic degradation, viz. increasing and decreasing
crystallinity during 14 days for the blend without and with PEG, respectively. In conclusion, the PEG addition
increased crystallinity and degradation rate of the PLLA/PDLLA mixture, but PEG higher amounts led to a
decrease in crystallinity, and the weight loss was intensified. This can be useful for tuning PLA-based biomaterials
with the desired physicochemical properties and appropriate degradation rates for applications in drug delivery/
tissue engineering.
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1 Introduction

The use of poly (L-lactic acid) (PLLA) in biomedical applications has been increasing over the past few
decades, such as for tissue engineering scaffolds [1,2], drug carriers [3,4], dental niches [5,6], and orthopedic
fixation [7,8]. PLLA is biocompatible and biodegradable because the degradation product is safe and non-
toxic to humans [9-11]. Its use for bio-absorbable implants also provides a distinct advantage because it
eliminates the need for implant removal.

The isotactic structure of PLLA provides beneficial mechanical properties because of the ease of forming
a crystalline structure. However, the high crystallinity and slow degradation time [12—14] of PLLA hinder the
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technical handling. For the intended application of bone fixation, the flexibility and malleability of the
materials must suit the clinical requirements.

To overcome this limitation, several methods are used to enhance the ductility of brittle poly (lactic acid)
(PLA). Blending with flexible polymers, e.g., poly (caprolactone) (PCL) [15-18] and poly (glycolic acid)
(PGA) [19,20], is commonly used to reduce the rigidity of PLA. However, both PCL and PGA are
immiscible with PLLA [21-23]. Therefore mixing the two causes phase separation, which will potentially
lead to early implant failure. The brittleness of PLLA can also be altered by blending with amorphous
poly (D, L-lactic acid) PDLLA [24]. PDLLA has a random distribution of PLLA and poly (D, lactic acid)
(PDLA), which disrupts its stereoregularity [25]. Since both PLLA and PDLLA have similar chemical
structures, it is interesting to study the miscibility of the two. PLLA alone degrades very slowly [26], but
it is reported that slow degradation is associated with an increased chance of infection [27]. Therefore,
the mixture of PLLA and PDLLA was investigated, which is reported to have more rapid degradation
[24] within 1 to 3 years [27].

Additionally, plasticizers can be added to improve the malleability by lowering the glass transition
temperature (7,) and controlling the degradation rate in the drug delivery application. Several plasticizers,
such as lactic acid oligomer (LAO) [15], citrate esters [28], and PEG [29], have been used for PLA-based
mixtures. The latter has been extensively studied because of its vast range of molecular weights [30],
biocompatibility [29], and high miscibility with PLA [31], owing to the interaction between the end
hydroxyl group of PEG and the carbonyl group of PLA. The addition of PEG into the PLA matrix gives
several advantages, such as improving the hydrophilicity of PLA [29], increasing the flexibility and
impact toughness [30], and enhancing the crystallization rate [31]. Nevertheless, the influence of PEG on
the degradation process of PDLLA and PLLA blends remains poorly understood. In biomedical
applications, the degradation process needs to be completely understood because it determines tissue
healing and regeneration.

The purpose of this study was to scrutinize the effect of PEG incorporation as a plasticizing agent into
the PLLA/PDLLA blend. Moreover, this study aimed to analyze the morphological evolution, thermal
characteristics alteration, chemical structure, crystal formation, and degradation behavior using the
addition of PEG with various concentrations. PEG was used as the main plasticizing agent, and the
PLLA/PDLLA blend ratio was kept constant at 70:30 wt%. Scanning electron microscopy (SEM),
differential scanning calorimetry (DSC), x-ray diffraction (XRD), and Fourier transform infrared (FTIR)
spectroscopy were conducted to evaluate the changes that occurred to the plasticized polymer blends.
Hydrolytic degradation was also performed in vitro using phosphate-buffered saline (PBS) media to
analyze the mass loss and structural changes.

2 Materials and Method

2.1 Samples Preparation

PLLA (average M,, 30,000), (Sigma-Aldrich, Missouri, USA) and PDLLA (M,, 75,000) (P1691, Sigma-
Aldrich, Missouri, USA) with a composition ratio of 70:30 by weight were dissolved in dichloromethane
(DCM) (Merck, Darmstadt, Germany) (hereafter denoted as PLA blend). The choice of PLLA and
PDLLA compositions was based on research showing that 70:30 is widely used for PLA implant
applications because adequate mechanical strength is obtained with appropriate degradation rates at this
ratio [27,32]. A polymer/solvent ratio of 1:5 g/ml was used in this study. PEG400 (Merck, Darmstadt,
Germany) was added into the blends with a varying degree of content, specifically 0%, 4%, 8%, and 12%
by total weight (hereafter denoted as PLA/PEGO, PLA/PEG4, PLA/PEGS, and PLA/PEGI2,
respectively). The solution blending process was conducted using a magnetic stirrer (C-MAG HS 7, IKA,
Malaysia) at room temperature with a mixing speed of 60 rpm. The blending reactor was fluxed with a
vacuum suction machine, and nitrogen was continuously streamed into the reactor at a pressure of 3 bar.
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The stirring process took place for 1 h until the solution became clear. After 1 h of stirring, the solution was
cast into a silicone mold with a dimension of 1 cm® x 1 cm?. The obtained samples were then stored in a
vacuum oven at 40°C for 24 h to vaporize the DCM solution from the samples, where they would be
trapped inside a liquid-nitrogen-atmosphere chamber. Before characterization, a hot press was used on the
samples at a temperature of 200°C for 10 min to obtain a plate shape.

2.2 Characterization

2.2.1 Fourier Transform Infrared (FTIR) Spectroscopy

Chemical structures and functional groups of the samples were characterized using direct measurement
by FTIR spectroscopy (Perkin Elmer UATR Two) using the attenuated total reflection method. The solid
sample was directly scanned without prior preparation. All samples were scanned using IR spectra of
4000 to 400 cm™ ' with a resolution of 4 cm ™' and 37 scans per sample. FTIR was employed to analyze
the structure alteration to examine the intensity ratio from the two band pairs (I;384/1361). The l1384/1361
value of the blends at 14 and 28 days of degradation was calculated according to the following formula
[33]:

2 — 10g(%T)1384 _ A13g4
2 —log(%T)36;  Ausel

Li384/1361 = (1)
with Aj3g4 and Aj36; referring to the absorbance at the 1384 and 1361 cm ! bands, respectively. The %T
indicates the percent of transmittance at the respective band.

2.2.2 Differential Scanning Calorimetry (DSC)

The characterization of thermal properties was performed by DSC (Research Center for Biomaterial,
Indonesia Institute of Sciences, Indonesia). The sample, approximately 5 mg in weight, was crimped into
an aluminum pan with a cover. An empty pan was used as a reference. The first heating was conducted
from 0°C to 200°C with a heating rate of 10°C/min and kept at 200°C for 3 min. The samples were then
cooled down to 0°C at a cooling rate of 10°C/min and reheated for the second run to 200°C with the
same heating rate as before. The process was kept under a nitrogen atmosphere throughout the
experiment. The degree of crystallinity (X.) was calculated using the following Eq. (1) [34].

AH,, — AH,,
X 100% )

X, =
where AH,, and AH,. refer to the enthalpies of melting and cold crystallization, respectively, and o is the
weight fraction of PLA in the sample. AH? is the melting enthalpy for 100% crystalline PLA, which is
93.7 J/g [25].

2.2.3 X-Ray Diffraction (XRD)

Crystal structures and orientation of the samples were analyzed by XRD (Research Center for Physics,
Indonesia Institute of Sciences, Indonesia). The diffraction angle 20 was scanned in the range of 10°-30°
with a scanning speed of 5°/min at room temperature. Further analysis of the peak diffraction profile
identification and index of crystallinity (/.) calculation was conducted using Match! (Version 3.12,
Crystal Impact, Bonn, Germany).

2.2.4 Hardness Testing

Micro Vickers hardness testing was used to examine mechanical properties (Research Center for
Physics, Indonesia Institute of Sciences, Indonesia). The experiment was conducted five times for each
specimen at different locations, with each indentation approximately 3 mm away from the previous one.
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The force applied in this experiment was 0.03 N for 12 s. Diamond was used as the indenter with an
indentation degree of 120°.

2.2.5 Scanning Electron Microscopy (SEM)

Polymer blend samples were fractured into two sections to study the cross-sectional fracture
morphology. Gold was sputter-coated on the surface of the fracture with a thickness of 10-20 nm to
improve the conductivity of the sample surface. SEM (Inspect F50, FEI Company, Hillsboro, USA) was
utilized to visualize the surface morphology.

2.2.6 Weight Loss in Phosphate-Buffered Saline

The degradation behavior of PLA/PEG blends was assessed in vitro using PBS. The process was
conducted in an incubator to protect the environment from impurities and maintain the temperature at
37°C to imitate the human body condition. All samples were immersed inside a petri dish that was
covered with aluminum foil. Mass loss was measured at 0, 7, 14, 21, and 28 days. Every 7 days the PBS
solution was changed to maintain a pH of 7.

3 Results and Discussion
3.1 Physicochemical Properties of PLA/PEG Blends

3.1.1 Structural Evolution in the Blending System

Functional group alteration upon PEG addition into the blend was studied by FTIR analysis, as shown in
Fig. 1A. Pure PLLA exhibited a sharp peak at 1751 cm™', which corresponds to C=O stretching of the
carbonyl group. Meanwhile, the same functional group displayed a slight shift to 1748 cm ™' in the pure
PDLLA sample. The miscibility between PLA and PEG can be observed through intensity evolutions of
specific peaks, particularly at 1750 cm ' (indicative of carbonyl groups [14]). With the higher content of
PEG, stronger intermolecular hydrogen bonding occurred because of the rise of terminal hydroxyl
fraction in the matrix, as observed with the increase in /1759, as shown in Fig. 1B.
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Figure 1: (A) FTIR spectra of PLA/PEG blends. (B) Intensity at the band of 1750 cm™' (/7s0) and
(©) Lizsanser
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Furthermore, the structural evolution due to the PEG incorporation was investigated. Dou et al. [33]
reported that the absorbance ratio of the band pairs (I1384/1361) changes to a significantly larger value with
the increase of amorphous PLLA structures. In this study, we found that the value of Ij3g4/1361 also
evolves with the increase of PEG content, as seen in Fig. 1C. Compared to that of PLA/PEGO, the
Ii3g4/1361 greatly decreased with 4% incorporation of PEG. This indicated that the PEG significantly
accelerated the crystallization by improving the mobility of PLA chains [31]. The intensity ratio achieved
the lowest value of 0.82 for PLA/PEGS8. However, when the content of PEG increased to 12%, 1i354/1361
slightly increased. This rise represented a decrease in crystallinity, which was confirmed by DSC and XRD.

3.1.2 Crystallinity of the Blends

Further observation of PEG plasticization in the PLA matrix was conducted by evaluating the crystal
formation by XRD (Fig. 2). The diffraction peaks at 26 = 12.5°, 14.8°, 16.7°, 19.1°, and 22.4°
corresponded to the (103), (010), (200)/(110), (203), and (210) planes of the PLA homo a-crystalline,
respectively [35,36]. No diffraction peak at 26 = 11.9°, corresponding to the stereocomplex (SC) crystal,
was detected in the PLA or PEG-plasticized blends. This result is almost similar to that reported by Tsuji
et al. [37,38], where only a-form crystallites of PLLA were detected in the PLLA-b-PDLLA polymers,
regardless of the PLLA fraction.
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Figure 2: XRD diffractogram of PLA/PEG blends

In addition, the amount of PEG in our study does not affect SC formation. In contrast, a study [39]
showed that the PEG in the PLLA/PDLA blends not only facilitates the crystallization of the PLLA
matrix but also promotes SC crystal formation. Although PEG can act as a diluting agent in PLA blends,
such that the interaction among PLA chains is reduced and the T, is decreased, the content of p-lactic
acid in our PDLLA may be too low.

From the XRD results, the crystallinity index was also quantified. Fig. 3 reveals that the increase of
crystallinity index for 0 to 8 wt% PEG blends occurred stably from 36.71% to 40.18%. This suggests that
PEG plasticized the PLA chains based on the lubrication theory. PEG caused the PLA chains to move
more easily by reducing the friction between intermolecular polymer chains [40]. As a result, after going
through the formation of crystal nuclei in the solidification process, PLA chains were more prone to
undergo a chain folding process, which consequently increased the index of crystallinity [41,42]. This
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evidence supports the decrease of [1354/1361 (as shown in Fig. 1C) that was observed when PEG was added up
to 8 wt%.

Interestingly, the crystallinity decreased to 37.32% for PLA/PEG12. The decrease of crystallinity is in
accordance with the increased 1334/1361, SUggesting an increase in the amount of amorphous chain regions.
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Figure 3: Effect of PEG incorporation to the index of crystallinity (/) of PLA/PEG blends

3.1.3 Thermal Behavior

Fig. 4 shows DSC thermograms of pure PLLA, PDLLA, PLA blends, and PEG-plasticized PLA blends,
and Table 1 summarizes their thermal parameters. Pure PDLLA exhibited completely amorphous behavior
[43] in which the T, is observed at 45.1°C, and neither the melting temperature (7,,) nor crystallization
temperature (7;.) nor cold crystallization temperature (7,.) were detected. Pure PLLA showed a relatively
high T, at 74.9°C, which may be due to its low molecular weight. Upon blending with PDLLA, a single
T, is observed, and the value decreases to 51.9°C. This result agrees with Pan et al. [44], who reported
that mixing PLLA with PDLLA (Xpprra = 0.25) lowered the T,. This is attributed to the effect of
stereoregularity on the helical conformation of PLA blends, which depends on the content of | -lactic acid
units. For the PLLA/PDLLA blends (e.g., the fraction of p-lactic acid decreases), as the stereoregularity
decreases, the T, value decreases [44,45].

As seen in Table 1, all the blends with increasing fractions of PEG exhibited a single 7, peak that shifted
to a low temperature. Plasticization using 4 wt% of PEG drastically reduced the T, to 35.19°C, and an
increase in PEG concentration proportionately reduced the T,. The lowest T, was achieved by PLA/
PEGI12 at 26.09°C, just below the ambient temperature. A similar trend was reported by Hu et al. [46],
showing that the addition of PEG into PLA blends significantly decreased the T, and the content of 30%
PEG yielded a T, below the ambient temperature. These results indicate effective plasticizing by PEG
and that the three components in the blend systems are miscible.

The incorporation of PEG up to 8% also led to an increase in 7, and crystallinity (X.). This result
suggested that PEG enhances the crystallization rate, thus increasing X, as shown in Table 1. However,
the X, decreased for PLA/PEG12. Higher contents of PEG may interfere with the crystallization process
by disrupting PLA chains, which in turn leads to a decrease in crystallinity. Moradkhannejhad et al. [47]
reported the same phenomenon for PEG in the PLA/curcumin blend, where the crystallinity decreased.
The degree of crystallinity generated from the DSC data has a trend similar to that produced from FTIR
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(Fig. 1C) and XRD (Fig. 3), in which the crystallinity showed an increase up to 8% PEG and then decreased
at 12% PEG. The difference in value between /. and X, was mainly related to the different characterization
methods. In addition, double melting peaks appeared upon PEG incorporation, revealing the polymorphic
structures of 6 and a crystals [30,48].
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Figure 4: DSC thermograms of pure PDLLA, pure PLLA, PLA blends, and plasticized PLA blends during
heating (A) and cooling (B)

Table 1: Thermal parameters of the blends obtained from the DSC thermograms

Samples Heating Cooling
Tz (°C) T..(°C) AHc (J/g) T, (°C) AH, (J/g) T. (°C) AH. (J/g) X (%)

PDLLA 45.1 - - - - - - -
PLLA 74.9 111.8 14.2 172.7 32.8 106.8  26.4 19.9
PLA/PEGO 519 98.9 23.7 174.2 50.2 97.8 19.5 40.5
PLA/PEG4 352 - - 169.2; 169.2 40.2 101.9  31.6 63.7
PLA/PEGS8  29.0 - - 155.8; 166.6 42.2 102.0 34.6 69.4
PLA/PEG12 26.1 — — 155.7; 167.1 40.1 99.1 31.8 68.5

3.1.4 Microstructure Morphology of PLA/PEG Blends

SEM micrographs of the plasticized blends are presented in Fig. 5. Smooth ductile morphology was
observed in PLA blends (Fig. 5A) and plasticized blends (Figs. 5B—5D), indicating that PEG is mixed
homogeneously in the PLA matrix. PLA/PEG8 showed a smooth surface with some micro cracks
(denoted by a blue arrow). On PLA/PEG12, a wider crack formation was visible, as seen in Fig. 5D. This
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microcrack may have developed upon quenching the specimen in liquid nitrogen for sample preparation of
SEM. The cryo-fracture may have caused the phase separation between PLA and PEG, generating the
observed microcracks.

3.1.5 Hardness Properties of PLA/PEG Blends

Chain lubrication on the surface was further confirmed by the hardness of the blends (Fig. 6). The
incorporation of PEG (4 wt%) significantly reduced the hardness from 24 HV to 10 HV. This is due to
the lubricating ability of PEG, which is consistent with a significant reduction of 7, upon the addition of
PEG (Table 1). PLA/PEGS possessed a slightly lower hardness value of 7.88 HV. Further addition of
PEG at 12 wt% reduced the hardness on the surface to 4.76 HV. This phenomenon occurred because the
interaction of the polymer chain is weakened by the insertion of the PEG as a plasticizer [49].

3.2 In vitro Degradation Behavior of PLA/PEG Blends

3.2.1 Weight Loss

The hydrolytic degradation was evaluated by immersion of the specimens in PBS and incubating at
37°C, which resembles the physiological temperature of the human body. As seen in Fig. 7, the weight
loss generally increased as the content of PEG increased. For the PLA and PLA/PEG4 blends, the weight
loss was not observable in the first 7 days. In contrast, PLA/PEGS lost weight by approximately 0.28%,
and PLA/PEG12 experienced the highest mass loss, around 1.5%, on day 7. Then, the hydrolytic
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degradation of all blends progressed further, as indicated by the increasing weight loss from time to time,
with PLA/PEG12 showing the most significant mass reduction. The blends with a high content of PEG
are more hydrophilic than those with lower contents [47]. This is because PEG is easily dissolved in
water, especially PEG with low molecular weight. Therefore, PLA/PEG12 can easily lose PEG content
during immersion in PBS. This result is in accordance with Kim et al. [50], reporting that the degradation
rate rose with increasing the PEG content in PLLA.
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Figure 6: Effect of PEG incorporation on the hardness of PLA blends
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Figure 7: In vitro degradation of PLA/PEG blends for 28 days

3.2.2 Evolution of PLA Blends States of Order during in Vitro Degradation

The evolution of PLA blends state of order during in vitro degradation is evaluated using FTIR,
particularly at the bands of 1384 and 1361 cm !, where the increase in the intensity ratio Ij3g4/1361
represents the increase of amorphous segments according to Dou et al. [33]. For the PLA blend without
plasticizer, the weight loss in the first 14 days may indicate the degradation of amorphous PDLLA
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segments, leaving the crystalline PLLA chains. Thus, the decrease in 13541361 1S Observed, as seen in Fig. 8.
Tsuji et al. [51] studied the hydrolytic degradation of PDLLA/PLLA blends and found that PDLLA was
largely degraded and removed from the blends, and thus the degradation rate of blends was elevated by
the addition of PDLLA. The intensity ratio then rose again at 28 days, indicating the increase of
amorphous segments due to the swelling of the crystalline PLLA chains by water penetration.

S S o
% % e o
X &% ) ™

1384/1361 —, amorf

0.82

Figure 8: The variation of the intensity ratios Iy3g4/1361 for PLA and PLA/PEG blends during in vitro
degradation

In contrast, for all plasticized PLA blends, the 1;334/1361 increased gradually in the first 14 days, which
indicated the increase of amorphous segments. The presence of PEG assisted the mobility of the molecular
chains of PLLA through swelling, increasing the free volume between the molecular chains and thus leading
to the increase of amorphous PLLA. For PLA/PEGS and PLA/PEG12, 1 384/1361 kept rising from 14 to
28 days, suggesting a further increase in the amorphous area, which was probably caused by re-swelling
of the crystalline chains.

Meanwhile, for PLA/PEG4, a slight decrease of 11334/13¢1 Was observed at 28 days. This suggested that
the PEG had completely dissolved in the water, inducing the decomposition of the amorphous chain and
thereby increasing the crystalline segments.

In several reports, the hydrolytic degradation of PLA tended to increase the degree of crystallinity [52].
However, our results showed that all the plasticized blends experienced a decrease in crystallinity during the
first 14 days of hydrolytic degradation. The analysis of I;334/1361 may be more sensitive to the changes in
PLLA chain ordering [33].

4 Conclusions
This study evaluated the effects of PEG incorporation on the physicochemical and degradation behavior
of PLA blends. The conclusions can be expressed as follows:

1. The addition of PEG up to 8 wt% into PLA blends increased the crystallinity because of the
plasticization effect of PEG. At 12 wt% PEG, the crystallinity decreased, which was attributed to
the increase in amorphous segments. The DSC data indicated that PLA/PEG blends were miscible
up to 12 wt% PEG. The XRD data revealed that no stereocomplex crystallites were observed,
only homocrystallites. The increase of PEG content progressively decreased the hardness of the
blends.
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2. The in vitro degradation behavior showed that the increase in PEG content generally enhanced the
degradation rate. In this case, PLA/PEG12 experienced the highest weight loss during 28 days of
immersion.

3. The analysis of I;334/1361 from the FTIR study provided an overview of structural evolution during
hydrolytic degradation. Without PEG, the blends exhibited an increase in crystallinity during the first
14 days of degradation. In contrast, PEG-plasticized blends experienced a decrease in crystallinity
during the first 14 days of degradation, owing to the effective plasticization by PEG.
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