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Abstract: Polymer blending is a promising method to overcome stability obstacles induced by phys-
ical aging and swelling of implant scaffolds prepared from amorphous polymers in biomedical
application, since it will not bring potential toxicity compared with chemical modification. However,
the mechanism of polymer blending still remains unclearly explained in existing studies that fail
to provide theoretical references in material R&D processes for stability improvement of the scaf-
fold during ethylene oxide (EtO) sterilization, long-term storage, and clinical application. In this
study, amphiphilic poly(ethylene glycol)-co-poly(lactic acid) (PELA) was blended with amorphous
poly(lactic-co-glycolic acid) (PLGA) because of its good miscibility so as to adjust the glass transition
temperature (Tg) and hydrophilicity of electrospun PLGA membranes. By characterizing the morpho-
logical stability and mechanical performance, the chain movement and the glass transition behavior
of the polymer during the physical aging and swelling process were studied. This study revealed the
modification mechanism of polymer blending at the molecular chain level, which will contribute to
stability improvement and performance adjustment of implant scaffolds in biomedical application.

Keywords: PLGA; PELA; electrospinning; stability; physical aging; swelling

1. Introduction

Polymer materials are increasingly used as medical devices because of their excellent
biocompatibility and biodegradability [1,2]. However, for many glassy polymers, physical
aging is ubiquitous during their storage or application process. Physical aging will change
the structure and properties of the materials [3], seriously affecting the safety and effective-
ness of medical devices, and even leading to significant medical accidents. For example,
when polyurethane (PU) is used as the insulating layer of a cardiac pacemaker, its aging or
degradation will lead to insulation failure and local leakage, causing stimulation and even
damage to surrounding muscles [4]. At the same time, pacemaker pacing failure brings
life danger to patients. When poly(lactic-co-glycolic acid) (PLGA) is used as absorbable
suture, aging may lead to its loss of mechanical properties before wound healing and affect
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tissue repair [5]. Therefore, it is of great importance to prevent or reduce physical aging
and retain the stability of polymer materials during storage and application.

When processed, the polymer is rapidly cooled below its glass transition temperature
(Tg) so that the polymer chains are constrained in the high-energy glassy state. Physical
aging is a process of transition from thermodynamic non-equilibrium to an equilibrium
state, during which excess energy is released through stress relaxation, which is essentially
realized by the micro-Brownian motion of molecular chains [6]. In the relaxation process,
local chain segments are stacked in parallel under the intermolecular force, forming a new
short-range ordered structure [7,8], which reduces the mobility of molecular chains and
leads to the decline of material properties [9]. Therefore, the structure and motion of molec-
ular segments play a decisive role in the aging process of polymers. One of the strategies to
reduce the physical aging of polymer is improving the flexibility and mobility of molec-
ular chains. In past manufacturing, the method often used was to add a small molecular
plasticizer into the polymer materials [10], which could exist between polymer chains to
enlarge the intermolecular distance, making the molecular chain segments more flexible
and, thus, reducing the Tg of materials. However, the health hazards caused by these
compounds have attracted extensive attention in recent years. For example, di-2-ethylhexyl
phthalate (DEHP) was extensively added to soft polyvinyl chloride (PVC) medical products
to reduce hardness, and its ability to migrate to fatty solutions (such as blood) was proved,
which was harmful to the development and reproduction of mammals [11]. Therefore, new
solutions are being developed worldwide, mainly including: (1) chemical modification
such as polymer grafting [12] or copolymerization [13,14]; (2) physical modification such
as polymer blending [15,16]. Compared with chemical modification, physical modification
saves more time and money, has lower technical requirements, and is conducive to large-
scale production. Through polymer blending, products with stable desired properties can
be easily obtained to meet specific clinical needs [17].

In previous studies, we constructed a simple blending system (PLGA /poly(ethylene
glycol)-co-poly(lactic acid) (PELA)) to prepare electrospun scaffolds and used them as
implantable medical devices such as antiadhesion barriers [18,19], tissue scaffolds [20],
and drug delivery systems [21-23]. By optimizing the composition and structure, required
properties could be obtained such as antiadhesion barriers with a stable morphology
and tissue scaffolds with stable mechanical properties and controllable drug-release be-
havior. However, the mechanism for changing the stability of medical devices through
polymer blending has not been clearly explained in existing studies. In addition, how water
molecules in the environment affect the swelling or aging process by changing the flexibility
of the polymer chains, thus changing the stability and properties of the material, remains
unknown. Only by figuring out these mechanisms clearly can we provide a useful theoreti-
cal reference for the early design and optimization of implantable biomedical devices to
reduce physical aging in the later storage or application of materials so that the devices
can perform a consistent and stable function throughout their whole lifecycle. Especially
concerning drug-loading systems, drug release is affected by the relaxation behavior of
molecular chains [23]. Therefore, a detailed study on the physical aging of polymers below
Tg will benefit the design and development of drug-loading systems.

In this study, we continued to use the PLGA/PELA system to prepare electrospun
membranes to study the effect of blended PELA on the stability and swelling process
of PLGA scaffolds and reveal the inner mechanism. PLGA is a biodegradable polymer
approved by the Food and Drug Administration (FDA) and a good model for studying the
physical aging process, because polymer chains are physically constrained and confined
to a particular scale in the electrospun fibers. Diblock copolymer PELA was blended with
PLGA for the following reasons. Firstly, polylactic acid (PLA) segments can enable PELA
to be miscible with PLGA, which avoids diffusion of the second component in the swelling
process. Secondly, polyethylene glycol (PEG) segments are more flexible and can regulate
the Tg of the whole material. Lastly, PEG segments are dissolvable in water and can regulate
the hydrophilicity of the whole material. Four groups of PLGA /PELA fibrous membranes
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(mass ratios of 100/0, 95/5, 90/10, and 85/15) were prepared by electrospinning. The
changes in morphological and mechanical properties of fibrous membranes before and
after being incubated in the dry and wet states were observed and measured to study
the effect of the stability by PELA. Cast films with the dense structure were prepared
for comparison and more comprehensive analysis. Glass transition and enthalpy change
of the fibrous membranes in dry and wet states, directly indicating the flexibility and
relaxation of polymer chains, were characterized by differential scanning calorimetry. The
hydration process of the fibrous membrane was characterized by infrared spectrum and
water absorption to explore the effect of the hydrophilic component on the swelling process.
A reasonable explanation for the improvement of PLGA properties by PELA was given at
the molecular chain level and, thus, the mechanism was revealed.

2. Results
2.1. Stability Obstacles of Pure PLGA Fibrous Membrane during the Whole Lifecycle

Implant medical devices need to be sterilized after preparation and before surgical
implantation to reduce the risk of infection. For clinical products, the devices need to
ensure the maintenance of intended function within their shelf life, which is generally
more than two years. However, both scaffolds in previous studies and our designed
electrospun membrane showed difficulty maintaining their fitness of use during the above
processes. PLGA is a polymer that can be used in vivo with FDA approval and has
been widely used in various medical devices. We prepared a pure PLGA membrane by
electrospinning and sterilized it according to the official requirements of ethylene oxide
sterilization in the International Organization for Standardization (ISO). It was found
that the temperature induced severe physical aging of the material during sterilization,
resulting in serious shrinkage of the fiber and change in the macro morphology (Figure 1A).
In addition, we also followed the ISO to carry out a shelf-life study of the PLGA electrospun
membrane and stored it under recommended conditions. The results showed that the
performance of the electrospun membrane changed, and the validity period was shortened
due to the atmospheric humidity. As shown in Figure 1B, the fiber began to deform
in the third month, strong adhesion between fibers occurred in the sixth month, fibers
with integrated morphology were challenging to observe in the twelfth month, and the
electrospun membrane finally became transparent. In addition to shelf life, useful life is
also essential for products implanted in the body, because it refers to the length of time the
material can play a role in the body. However, the mechanical properties of pure PLGA
were significantly reduced under the simulated conditions of physiological temperature
and physiological environment, and the material became brittle and showed ductile fracture
(Figure 1C). If the material became brittle rapidly after implantation, its performance would
be significantly affected, and its service life would be significantly shortened.

To sum up, the stability of pure PLGA electrospun membrane will encounter differ-
ent obstacles in the whole lifecycle. In general, it is affected by temperature /humidity,
which induces the physical aging /swelling of the materials. During electrospinning, the
solvent volatilizes rapidly under a high voltage electric field so that the polymer chains are
rapidly frozen in a high-energy state. When the membrane is stored or used in a thermal
environment below its Tg, especially in a hydrothermal environment, the polymer chains
gradually relax/swell until they finally reach an energy balance. These processes are related
to chain movement in the electrospun fibers, which is determined by the materials’ glass
transition/swelling properties. Therefore, we hoped to use a simple physical modification
method in this study, namely, polymer blending, to modify the pure PLGA electrospun
membrane, change its physical aging/swelling process to improve the stability, and reveal
the mechanism (Figure 2A). Here, we selected PELA to be blended with PLGA for the
following reasons: PELA has good miscibility with PLGA because one end of PELA is
PLA; the Tg of PELA is approximately —41 °C, and it could reduce the Tg of PLGA; PEG
segment can improve the hydrophilicity of PLGA and change the water absorption of
PLGA membrane.
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Figure 1. Stability obstacles of PLGA membrane. Morphology and performance changes of pure
PLGA electrospun membrane during manufacture (A); storage (B); application (C).

2.2. Preparation of Fibrous Membrane with the Same Physical Structure and Different
Chemical Components

Four groups of PLGA /PELA electrospun membranes with different proportions (i.e.,
100/0, 95/5, 90/10, and 85/15) were prepared by electrospinning. In order to control a
single variable and only study the influence of components on properties, we adjusted the
spinning parameters so that the four groups of fibrous membranes had the same physical
structure but a different chemical component. As shown in Figure 2B, the four groups of
electrospun membranes had a highly consistent three-dimensional network structure; the
fibers were smooth and solid, and the fiber diameter distribution mainly ranged from 0.8 to
2.4 um. The addition of PELA did not change the morphology of the fibers, which to some
extent proved that PELA had good miscibility with PLGA. Because the molecular weight of
PELA was small and its Tg was far less than room temperature, the addition of PELA would
change the Tg of PLGA and affect its molecular chain movement. With the increase of PELA
content from 0% to 15%, the infiltration time of water on the membranes decreased rapidly
from approximately 60 to 2 min, indicating that the addition of PELA could significantly
enhance the hydrophilicity of the PLGA electrospun membrane. Therefore, we could reveal
how PELA affects the physical aging/swelling process by changing the Tg/hydrophilicity
of pure PLGA membrane in the following study.
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Figure 2. Preparation of fibrous membranes with the same physical structure and different chemical
components. (A) Schematic illustration of blending PLGA with PELA; (B) SEM images, contact
angle images, and diameter distributions of the electrospun membranes (i.e., 100/0, 95/5, 90/10,
and 85/15). Here, 100/0, 95/5, 90/10, and 85/15 indicate the weight ratio of PLGA to PELA in
the membranes.

2.3. Morphological Stability and Mechanical Performance of Fibrous Membrane

Stability is crucial for a biomedical implant scaffold when designed to work inside
the body for an extended period. Maintaining morphological integrity and stability and
mechanical strength and toughness is a crucial necessity for the scaffolds to perform a
stable and long-lasting function in vivo. However, physical aging, which impairs stability
severely, is inevitable in the whole lifecycle of the polymer scaffolds, especially PLGA
fibrous membrane. During the electrospinning process, the rapid volatilization of solvent
under a high voltage field quickly froze the polymer chains in a high-energy state. When
the membrane was stored or used at a temperature lower than its Tg, the polymer chains
relaxed gradually until reaching an energetic equilibrium state, considered physical aging.
Many researchers have already pointed out that physiological temperature would induce
severe physical aging of PLGA [24].

To study the effect of PLA-b-PEG on the stability of PLGA-based membranes, we
incubated the membranes in phosphate buffered saline (PBS) at 37 °C for two days to
simulate the physiological environment. Not surprisingly, 100/0 membrane (pure PLGA)
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showed severe membrane shrinkage, whereas 85/15 membrane retained better morpholog-
ical stability as shown in Figure 3A,B. In other words, the addition of PLA-b-PEG increased
the morphological stability of the PLGA fibrous membrane during physical aging. The
shrinkage of the PLGA membrane was mainly attributed to the relaxation behavior of
polymer chains in the fibers. When the temperature increased, the thermal motion of
molecular chains in electrospun fibers became violent, and they gradually relaxed from a
rigid state to a random coil shape, causing the fibers to deform. The relaxation behavior of
the molecular chains was mainly related to Tg and the thermal history of the material.
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Figure 3. Morphological stability and mechanical performance of fibrous membrane. The macro
morphological change before and after swelling in PBS of 100/0 (A) and 85/15 (B) electrospun
membranes. (C) Tensile strength (left), modulus (middle), and elongation at break (right) of 100/0
and 85/15 membranes (fibrous membranes and cast films) in a dry state (top) and wet state (bottom).

In addition to morphological stability, mechanical properties are also important for
the implanted scaffold. The embrittlement of electrospun membrane during storage is
difficult to judge directly with the naked eye. If inadvertently implanted into the body, the
performance of the scaffold would be damaged, and the life safety of patients would be
threatened. Therefore, dry and wet states were used as comparative experiments here. Dry
and wet membranes (incubated in PBS) were incubated in the incubator at 37 °C, and the
tensile strength, modulus, and elongation at break were tested at different incubation time
spots (i.e., 0,2, 5, and 12 h).

As shown in Figure 3C, the elongation at break decreased significantly with time, since
the polymer physically aged under the influence of temperature. The micro-Brownian
motion of the molecular chains made some chain segments form a local parallel arrange-
ment under the intermolecular force. This local ordered structure could be considered a
crystalline region, and the number of crystals increased with the extension of aging time.
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Elongation at break microscopically reflected the relative displacement between molecular
chains in the tensile process. The ordered structure between these molecular chains made it
difficult for them to slide relatively during the stretching process of the membrane, so the
elongation at break decreased with time.

Most importantly, we found that the elongation at break of the 85/15 membrane was
significantly greater than that of the 100/0 membrane, indicating that the addition of PELA
improved the toughness of the PLGA electrospun membrane, which was mainly related to
their different Tg. When both were at the same ambient temperature, the higher the Tg,
the worse the mobility of the molecular chains, relatively increasing the difficulty of slide;
therefore, the toughness was worse.

With the increase in incubation time, the tensile strength and modulus of the two
groups of fibrous membranes were almost unchanged in both the dry and wet states. For
polymer networks, these two mechanical properties could be considered to reflect the force
that the chain segments were able to bear during stretching, which was mainly related to
the number of entanglements formed between molecular chains. It is speculated that the
entanglement was not fully opened when tested at the time spots during the experiment,
so both tensile strength and modulus were not affected.

In order to further verify the mechanism of PELA improving PLGA’s performance,
we also prepared cast films with a dense structure, and the proportions of PLGA /PELA
were 100/0 and 85/15, respectively. Compared with the 100/0 and 85/15 electrospun
membranes, the material with the same polymer ratio would have the same Tg. However,
different from the electrospinning process, the preparation of cast film was a slow quenching
process during which polymer chains were subject to continuous stress relaxation, resulting
in easier and faster local crystallization of polymer chains in the cast film during physical
aging, which was explicitly manifested in the rapid decrease in elongation at break (as
shown in Figure 3C). Therefore, we could conclude that the mechanism of PELA improving
the stability of PLGA electrospun membrane is that PELA affected the stress relaxation of
molecular chains in the electrospun fibers by adjusting material Tg to change the chain
movement. It was also noted that the fibrous membrane had lower tensile strength and
modulus compared with the cast film. Therefore, the electrospun membrane would have
better compliance than the cast membrane when used in vivo, which is significant for
clinical application.

2.4. Glass Transition and Enthalpy Change of Fibrous Membrane

According to the previous experimental results, we know that PELA can significantly
improve the morphological stability and mechanical properties of PLGA electrospun mem-
branes. Analysis showed that this improvement was based on Tg regulation that affected
chain segments’ stress relaxation and movement. For example, when the temperature
was closer to the Tg of the material, the molecular chain activity increased and showed
better toughness. In the process of glass transition, fibers with more enthalpy relaxation
would have more significant deformation. In order to verify our analysis, we wanted to
measure the Tg and enthalpy of the material. Differential scanning calorimetry (DSC) could
measure the Tg of the material and obtain the enthalpy relaxation in the process of glass
transition. According to DSC, in the heating process, when the temperature was still lower
than the Tg of the fiber, the chain segments were frozen in a glassy state. At this time, the
motion of the long polymer chains was bound and could only vibrate limitedly in situ.
When the temperature gradually rose to approximately the Tg of the fiber, the chain motion
became active, and the excess energy was released in the form of enthalpy in the process of
chain relaxation to realize the transition from a non-equilibrium to an equilibrium state.
Therefore, an endothermic peak could be observed near Tg in the DSC curve.

According to the method in Figure 4A, four groups of fibrous membranes with dif-
ferent proportions were tested in the dry and wet states, respectively. The results showed
only one Tg peak in all fibrous membranes, whether in a dry or wet state, which indicates
that PLGA and PELA had good miscibility and could form fibers with uniform texture
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after high-voltage electrospinning. With the increase in PELA content, the Tg of the fibrous
membranes gradually decreased (Figure 4B). Since PELA had low Tg, it is not difficult
to explain this result according to the principle of polymer blending. Among them, we
found that the Tg of the 85/15 membrane decreased from 49 (pure PLGA membrane) to
36 °C, so it could be considered to be in a rubbery state when incubated at 37 °C, which
also explains why its toughness was significantly better than that of the 100/0 membrane
in the tensile experiment.
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Figure 4. Glass transition and enthalpy change of fibrous membrane. (A) Program of DSC process
(left) and determination of peak temperature and enthalpy change from DSC curve (right). T1, Ts,
and T2 were 0, 40 (standby temperature), and 80 °C, respectively. (B) The glass transition temperature
of the fibrous membrane in the dry and wet state. (C) DSC curve of the fibrous membrane in the dry

state (top) and wet state (bottom).

As can be seen from the DSC curve (Figure 4C), the 100/0 membrane had a pronounced
endothermic peak in the dry state, and the peak area decreased with the increase in PELA
content. The endothermic peak reflected the excess energy released by the molecular chain
during the relaxation process, which was associated with the Tg and quenching history of
the material. For the 100/0 membrane with a Tg of 49 °C, its molecular chain was rapidly
stretched and cooled to room temperature (approximately 25 °C) during spinning. At
this time, the polymer chains were in an unstable high-energy state. During the heating
process of DSC, when the temperature was raised to near Tg, the internal stress of the
molecular chains was relaxed through the movement of the chain segments so that an
apparent endothermic peak could be observed on the DSC curve. With the increase in
PELA content, the Tg of the fibrous membrane decreased. The 85/15 membrane had a
Tg of 36 °C, which was closer to room temperature than the 100/0 membrane. Although
the polymer chains were also frozen at room temperature, the Brownian motion was more
active than the 100/0 membrane. During the quenching process, some molecular chains of
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the 85/15 membrane released part of the internal stress through segment motion, so the
endothermic peak area on its DSC curve was smaller.

However, it can be observed that the endothermic peaks were not evident in the wet
state. Water molecules acted as plasticizers, increasing the free volume between polymers
thus increasing the activity of molecular chains and reducing the Tg of fibrous membranes
in the wet state (Figure 4B) [25]. It was speculated that the molecular chains released
the internal stress in advance in a wet state so that no apparent endothermic peak could
be observed on the DSC curve when experimented. For electrospun membranes, when
the polymer chains inside the fibers relaxed from the non-equilibrium stretching shape
to the equilibrium random coil shape, the fiber would shrink, which would lead to the
shrinkage of the fibrous membrane macroscopically. In this process, if the molecular
chain relaxed more, the deformation would be more significant and the fibrous membrane
would shrink more seriously. Therefore, it was observed in the previous results that the
100/0 membrane shrank significantly after immersion in PBS for two days, while the
structure of the 85/15 membrane was more stable.

2.5. Swelling Behavior of the Fibrous Membrane

For implant devices, the stability should be maintained in a dry state (such as storage
or transportation) and in a wet state (such as an in vivo application). From the mechanical
properties results, we found no significant difference in the process of toughness deteriora-
tion of the 100/0 membrane in the dry and wet states, while that of the 85/15 membrane
in the wet state was significantly faster than that in a dry state. However, PELA has been
proved to improve the morphological stability and mechanical properties of the PLGA
membrane. Nevertheless, it was found that the addition of PELA worsened the mechanical
properties of the 85/15 membrane in the wet state. Therefore, we characterized the swelling
behavior of the 100/0 membrane and the 85/15 membrane to explore the role of water
molecules in the swelling process of different component fibers.

The micro morphology of electrospun membranes after swelling (PBS, 37 °C) for two
days was characterized. As shown in Figure 5A, all of the fibers became curly after swelling,
and the degree of curl decreased with increasing PELA content, resulting from the enthalpy
relaxation of molecular chains inside the fibers, which had already been analyzed earlier. In
addition, the fiber diameters became larger after swelling due to the increase in the distance
between the polymer chains with the existence of water molecules. Theoretically, if more
water entered the polymer (for example, when the membrane was more hydrophilic), the
fiber diameter would increase more. However, the phenomenon observed here did not
correspond. It can be seen from the comparative data of fiber diameters in Figure 5B that
the fiber diameter of the 85/15 membrane during swelling was always less than that of the
100/0 membrane.

A previous study found that the fibers of the 100/0 membrane were smooth and solid
after swelling for two days, while small cavities appeared on the fibers of the 85/15 mem-
brane [18]. This could be attributed to the phase separation of the blended polymer during
swelling, namely, PELA and PLGA. Because PLA segments had better compatibility with
PLGA, PELA would not diffuse from the system to the surrounding solvent during swelling.
Because the hydrophilicity of the PEG segments was better, it might exist at the end close
to the solvent after phase separation.

The premise of swelling was hydration. For electrospun fibers, hydration occurred
successively from the outside to the inside. The hydration process was affected by the
interaction between polymer and water molecules. As shown in Figure 5C,D, the interaction
between PLGA/PELA and water molecules during swelling was characterized by FTIR.
It could be seen from the infrared spectrum that there were two broad peaks at 3400 and
2400 cm ™!, respectively. According to the structure of PLGA and PELA in Figure 2A and
the detection principle of the infrared spectrum, it could be inferred that the 3400 cm !
peak was the hydrogen bond between PLGA or PLA and water molecules, while the
2400 cm ! peak was the hydrogen bond between PEG and water molecules, and it could



Int. . Mol. Sci. 2022, 23, 2185

10 of 16

be considered that the hydrogen bond formed by PEG was more substantial than that
formed by PLGA or PLA. With the extension of swelling time, the absorption value of the
2400 cm~! peak increased, indicating that more hydrogen bonds were formed between
PEG and water molecules.
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Figure 5. Swelling behavior of fibrous membrane. (A) SEM images of the electrospun membranes
(i.e., 100/0,95/5,90/10, and 85/15). (B) Diameter changes of the 100/0 and 85/15 electrospun fibers.
Here, 0 and t represent the initial state and the state at time t, respectively. (C,D) ATR-FTIR spectra
for the process of deuterated water diffusion in the 85/15 membranes. (E) Water absorption of the
electrospun membranes (i.e., 100/0, 95/5, 90/10, and 85/15) during swelling.

Based on the above analysis, we can deduce that the swelling process of fibers in the
85/15 membrane was as follows: When the fibers were immersed in water, water molecules
gradually entered the fibers. In this process, the phases of PELA and PLGA gradually
separated, and cavities formed on the fiber with the PEG segments faced outward and
the PLA segments faced inward. Strong hydrogen interactions formed between the PEG
segments and water molecules that “locked” a large number of water molecules around
PEG and hindered their entrance into the PLGA chains. Although the 85/15 membrane
showed a high water absorption rate and reached absorption saturation in less than 10 h
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(Figure 5E), most of the water existed in the gap between the fibers or the cavities formed by
phase separation in the fibers. For the 100/0 membrane, without the water retention effect
of PEG, water molecules could continuously enter into the fibers, increasing the distance
between polymer chains and, thus, increasing the fiber diameter. Therefore, the increase in
the fiber diameter of the 100/0 membrane during swelling was more significant than that
of the 85/15 membrane.

Generally speaking, water molecules can be regarded as plasticizers because they
increase the mobility of molecular chains. However, we found that the toughness of the
85/15 membrane in the wet state was lower than that in the dry state. According to
Figure 4B, the Tg of the 85/15 membrane in the wet state (approximately 39 °C) was more
significant than that in the dry state (approximately 36 °C). It was thought that the strong
interaction between PEG and water molecules reduced the mobility of the molecular chains.
Theoretically, the toughness of the 100/0 membrane in the wet state should be greater
than that in the dry state, but we did not observe a significant difference from the results
in Figure 3C. This might be because the 100/0 membrane was not entirely hydrated at
the time spots of the mechanical properties test, where the water absorption was only
approximately 40% after 12 h.

3. Discussion

In this research, we studied the effect and mechanism of the second component PELA
on reducing the physical aging of PLGA. PELA could significantly improve the morpholog-
ical stability and mechanical properties of the PLGA membrane (Figure 6). With increasing
PELA content, the Tg and enthalpy relaxation of the electrospun membranes decreased
gradually. After the same quenching process and being kept in the same environment, the
fiber with low Tg released part of the internal stress into the environment during quench-
ing, and the enthalpy released during aging was less; thus, the fiber deformation and the
membrane shrinkage was relatively slight. The lower the Tg, the higher the mobility of the
polymer chains, so the mechanical properties were better. In addition, we also used the
amphiphilic of PELA to explore the effect of water molecules on the swelling process of
fibers when the content of PELA increased to a certain amount due to the strong hydrogen
interaction formed between PEG segments and water molecules and the water retention
ability of PEG. The activities of chain movement were constrained, which reduced the
swelling of fibers and made the toughness relatively poor.

The findings in this study could offer numerous theoretical references for various
scientific fields. Firstly, the production, storage, and application of polymeric electrospun
scaffolds could be guided. For example, during ETO sterilization, the high temperature
would cause membrane shrinkage. The enthalpy relaxation of the scaffold during aging
could be reduced by adding a second component with lower Tg to reduce the deformation
caused by stress relaxation. In order to reduce aging, the material should be kept at a low
temperature as far as possible to reduce the thermal motion of molecular chains. During
long-term storage, the environmental humidity should be reduced as much as possible to
avoid swelling caused by water molecules penetrating the PLGA membrane, or hydrophilic
components could be added to reduce the penetration of water molecules by holding water
molecules in the hydrophilic part. To create material with better mechanical properties, a
second component with lower Tg could be added to enhance the toughness by improving
the activity of the molecular chains. However, it should be noted here that if the low Tg
component was hydrophilic at the same time, when the content was too much, the material
might show worse toughness in the wet state than in the dry state. Therefore, the content
should be controlled within a specific range, rather than the more the better.
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storage (B); application (C). (D) Schematic illustration of the drug-release behavior of the 85/15 mem-

brane in aqueous solution.

Secondly, by exploring the relaxation and swelling behavior of polymers, we devel-
oped a deeper understanding of the drug-release behavior of drug-loading systems with
different hydrophilicity. In a study by Wang et al., they prepared the same proportion of
PLGA/PELA drug-loaded electrospun membranes (i.e., 100/0, 95/5, 90/10, and 85/15)
and found that the drug had a significant burst release with the increase in PELA content
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while showing sustained release in the pure PLGA membrane [18]. Wu et al. revealed the
evolution of drugs released from electrospun membranes to surrounding medium [23]:
(1) water penetrated the fiber, and the drug aggregation began to expand in the fiber;
(2) the drug began to dissolve and gradually evenly distributed in the fiber; (3) the drug
excreted the fiber and diffused into the surrounding medium. In general, the drug needed
to travel first within the fibers and then between the fibers. Another study by Wu et al.
revealed that drug release in electrospun membranes could be divided into three stages [22],
and they discussed the influence factors of each stage: (1) stage I was mainly affected by
the hydrophilicity and Tg of the polymer chain; (2) stage II was mainly affected by fiber
swelling; (3) stage III was mainly affected by polymer degradation.

Combined with the results of this study, we offer a deeper understanding of drug-
release behavior in drug-loaded membranes with different hydrophilicities as follows: For
pure PLGA membrane, when immersed in a solution, water molecules begin to enter the
fiber. Because the diffusion of drugs inside the fiber is mainly affected by the relaxation of
the molecular chains and the large Tg of pure PLGA indicates lower mobility, the diffusion
of drugs into PLGA fiber is slow, resulting in only a tiny amount of drugs being transported
into the surrounding medium. Therefore, PLGA has a slower initial drug-release rate and
lower initial release amount. When more and more water molecules enter, the fiber begins
to seriously swell, leading to fiber fusion. The membrane becomes a gel-like structure with
the travel channels of the drugs between the fibers blocked. The drug can only diffuse
from the upper and bottom of the swollen membrane. Therefore, the drug-release rate is
slowed down, and it takes a long time (until the polymer is degraded) to completely release
the drug.

For the 85/15 membrane, the existence of PELA reduced the Tg of the overall material,
resulting in enhanced molecular chain mobility. PELA also enhanced the hydrophilicity
of the fiber, and more water entered the fiber to contact with the drug at the initial stage
compared to PLGA, which promoted the dissolution of the drug and made the drug spread
out of the fiber faster. Therefore, the 85/15 membrane showed a sizeable initial release
rate and a large initial release amount. However, in the second stage, the hydrogen bond
restricted the migration of water molecules, which slowed down the swelling of the fibers,
so the fibers did not fuse like the pure PLGA fibers (Figure 6D). The channels of drug
diffusion from the fibers to the surrounding medium were not blocked. Therefore, the
drug still maintained a faster release rate than in the PLGA membrane. As we mentioned
earlier, only when PELA reached a certain content would the hydrogen interaction play a
leading role in chain mobility and fiber swelling. Zhang et al. found that in PLGA /PELA
(93/7) membrane, PELA could not prevent the fibers from fusing [21]. Understanding the
drug-release behavior of electrospun membranes with different Tg and hydrophilicities
would be conducive to the design and optimization of the drug-loading system to develop
drug-loaded membranes with specific drug-release curves according to different clinical
conditions needs.

Finally, this glass transition property was also significant for shape memory polymers
(SMPs) [26,27]. SMPs can be deformed into a temporary shape under external force at a
temperature lower than Tg and then re-quenched into a permanent shape in the design
state under external force at a temperature higher than Tg. As an intelligent material, SMP
is expected to be widely used in medical devices [28] such as intelligent sutures [29] and
intelligent drug release [30]. Its unique shape memory function will simplify complicated
operations during surgical treatment, significantly reduce the pain and risk faced by
patients, and bring convenience to doctors. Research and exploration of SMPs have good
social significance and good medical prospects. If the characteristics and mechanism of
glass transition of materials in different environments can be explained clearly, it will help
control SMPs better and improve their function.
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4. Materials and Methods
4.1. Materials

Two copolymers, PLGA (Mw = 60 k, LA/GA =75/25) and PLA-b-PEG (Mn =10 k,
LA/EG = 50/50, mass ratio), were purchased from Ji'nan Daigang Biology Engineer Co.,
LTD. N, N-dimethyl formamide (DMF) and acetone double-distilled water were obtained
from Beijing Chem. Co. (Beijing, China). Ultrapure water (18.2 M()-cm) was obtained from
a Millipore Simplicity unit. Deuterium oxide (D, 99.9%, Cambridge Isotope Laboratories,
Inc., Middlesex County, NJ, USA) was used for water diffusion studies. All reagents were
used as received.

4.2. Fabrication of Electrospun Membrane

Polymer solutions consisting of PLGA or PLGA /PLA-b-PEG were prepared in a mixed
solvent of N, N-dimethyl formamide (DMF) and acetone (Vpmr/V Acetone = 5/5). The total
concentration of the solution was 50 w/v% (w in g and v in mL). The weight ratio of PLGA
60 k to PLA-b-PEG 10 k was 100/0, 95/5, 90/10, and 85/15. The electrospinning process
was carried out in a sterile environment at 20 kV with a steady flow rate of 10 pL/min
(spinneret with a hole diameter of 0.3 mm). The electrospun fibers were collected on a
metal drum (as an electrode, 9 cm in diameter, and a TCD (the tip-to-collector distance) of
15 cm) rotating at approximately 120 rpm. The resulting scaffolds contained interconnected
webs of fibers 1~3 microns in diameter, which were vacuum dried at room temperature for
3 days prior to usage.

Post-processing, the scaffolds underwent a hot press of 150 g/cm? at 50 °C for 20 min
in a sheet mold before usage. This process helped reduce the in vivo shrinkage of the
PLGA-based electrospun scaffold by reducing the stress relaxation of the fibers.

4.3. Sterilization Process

The prepared electrospun membranes were sterilized with ethylene oxide (EtO) fol-
lowing the official requirement of ISO 11135 with verified manufacturer parameters. The
macro morphology of the membranes was photographed directly. The micro morphology
of the fibers was characterized by scanning electron microscope (SEM, JEOL JSM-6700F,
Tokyo, Japan).

4.4. Shelf-Life Study

The prepared electrospun membranes were stored in a constant environment with
temperature of 25 £ 5 °C and relative humidity of 60 &+ 20%. All the conditions followed
the official requirement of ISO 11979. The macro morphology of the membranes was
photographed directly. The micro morphology of the fibers was characterized by scanning
electron microscope (SEM, JEOL JSM-6700F, Japan).

4.5. Characterizations

The morphologies of the electrospun membranes were observed using a scanning
electron microscope (SEM, JEOL JSM-6700F, Japan) at an accelerating voltage of 5 kV. The
swelled membranes were vacuum dried at room temperature before characterization. Each
sample was sputter-coated with platinum for analysis.

The water contact angle was measured using a sessile drop method using a Digital
Contact Angle Measurement System with a CCD camera (JC2000A). A water droplet of 5 puL.
was used, and the image was frozen to measure the static contact angle. The infiltration
time of water droplets was measured during the contact angle test, while a water droplet
of 200 uL. was used.

After 2 days of in vitro incubation, the scaffolds were evaluated for a stress—strain
response with a stretch velocity of 10 mm/min using a tensile testing machine (Series IX
Automated Materials Testing System, Instron Co., Boston, MA, USA). Scaffolds were cut
in a rectangle shape with an area of 10 x 50 mm? prior to the tensile test. The thickness
of each membrane was measured using a micrometer, and the reported tensile properties
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were the average obtained from five specimens. The elongation at break (%) and elastic
modulus (MPa) of membranes was calculated from the stress—strain curves.

Time-resolved ATR-FTIR spectroscopy was carried out, and ATR-FTIR spectra were
recorded on an infrared spectrometer (IR, BRUKER TENSOR 27, Germany) equipped with
a DTGS detector and an ATR accessory (Golden Gate ATR, Specac GS10642). All spectra
were collected at a 4 cm ™! resolution with 32 scans in the range of 4000-500 cm .

The thermal properties were investigated using a differential scanning calorimeter
(DSC, TA Q2000, NewCastle, DE, USA) under a nitrogen atmosphere with a heating rate of
20 °C/min.

5. Conclusions

In this work, the effect and mechanism of PELA on improving PLGA membranes were
studied in detail. Compared with pure PLGA membrane, PLGA /PELA membrane contain-
ing 15% PELA could significantly reduce the damage of physical aging to the structure and
properties, which represented better morphological stability, better mechanical properties,
and slower swelling behavior. The primary modification mechanism was to reduce Tg
by PELA to improve chain mobility and adjust hydrophilicity to control the migration of
water molecules. This work revealed the modification mechanism of polymer blending,
showing the feasibility of physically modifying the materials through polymer blending,
providing a theoretical reference for the design and optimization of blended materials. This
is especially conducive to the development of medical devices.

Author Contributions: Conceptualization, Y.L. and S.X.; Data curation, S.H., CW., Y.Z., M.S.U.R.
and H.C,; Funding acquisition, Y.L. and S.X.; Methodology, S.H., CW., Y.Z., Q.X. and H.C.; Writing—
review and editing, Y.L., S.X. and C.H. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the National Key R&D Program of China of the Ministry
of Science and Technology of the People’s Republic of China (No: 2017YFC1600204), the National
Natural Science Foundation of China (Nos: 32071332 and 31971318), the Key-Area Research and
Development Program of Guangdong Province (No: 2020B0101020001), the Shenzhen Science and
Technology Innovation Project (No: JCY]20170818101220860), the Shenzhen High-End Talent Project
(No: KQRC2017-000244), the Key Laboratory of Biomedical Effects of Nanomaterials and Nanosafety,
CAS (No: NSKF202016), and the Graduate Student Innovation and Development Funding of Shen-
zhen University (No: 315-0000470803).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  George, A.; Sanjay, M.R.; Srisuk, R.; Parameswaranpillai, J.; Siengchin, S. A Comprehensive Review on Chemical Properties and
Applications of Biopolymers and Their Composites. Int. ]. Biol. Macromol. 2020, 154, 329-338. [CrossRef]

2. Dos Santos, D.M.; Correa, D.S.; Medeiros, E.S.; Oliveira, J.E.; Mattoso, L.H.C. Advances in Functional Polymer Nanofibers: From
Spinning Fabrication Techniques to Recent Biomedical Applications. ACS Appl. Mater. Interfaces 2020, 12, 45673-45701. [CrossRef]

3.  Cangialosi, D.; Boucher, V.M.; Alegria, A.; Colmenero, J. Physical Aging in Polymers and Polymer Nanocomposites: Recent
Results and Open Questions. Soft Matter 2013, 9, 8619-8630.

4. Strobl, S.; Haubner, R.; Partlic, T.; Linhardt, P. Stress Corrosion Cracking on a Stainless Steel Container Triggered by the Ageing of
a Polyurethane Insulation. Prakt. Metallogr.-Pract. M. 2017, 54, 153-162. [CrossRef]

5. Haghighat, F; Ravandi, S.A.H. Mechanical Properties and In Vitro Degradation of PLGA Suture Manufactured via Electrospinning.
Fibers Polym. 2014, 15, 71-77. [CrossRef]

6.  Hutchinson, ].M. Physical Aging of Polymers. Prog. Polym. Sci. 1995, 20, 703-760.

7. Zhang, T.; Hu, J.; Duan, Y,; Pi, E; Zhang, ]. Physical Aging Enhanced Mesomorphic Structure in Melt-Quenched Poly(L-Lactic

Acid). J. Phys. Chem. B 2011, 115, 13835-13841. [CrossRef] [PubMed]


http://doi.org/10.1016/j.ijbiomac.2020.03.120
http://doi.org/10.1021/acsami.0c12410
http://doi.org/10.3139/147.110448
http://doi.org/10.1007/s12221-014-0071-9
http://doi.org/10.1021/jp2087863
http://www.ncbi.nlm.nih.gov/pubmed/22007760

Int. . Mol. Sci. 2022, 23, 2185 16 of 16

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Na, B;; Lv, R;; Zou, S; Li, Z,; Tian, N.; Fu, Q. Spectroscopic Evidence of Melting of Ordered Structures in the Aged Glassy
Poly(I-lactide). Macromolecules 2010, 43, 1702-1705. [CrossRef]

McGonigle, E.-A.; Daly, ].H.; Jenkins, S.D.; Liggat, ].J.; Pethrick, R.A. Influence of Physical Aging on the Molecular Motion and
Structural Relaxation in Poly(Ethylene Terephthalate) and Related Polyesters. Macromolecules 2000, 33, 480-489. [CrossRef]
Rahman, M.; Brazel, C. The Plasticizer Market: An Assessment of Traditional Plasticizers and Research Trends to Meet New
Challenges. Prog. Polym. Sci. 2004, 29, 1223-1248. [CrossRef]

Jamarani, R.; Erythropel, H.C.; Nicell, J.A.; Leask, R.L.; Maric, M. How Green is Your Plasticizer. Polymers 2018, 10, 834. [CrossRef]
[PubMed]

Wang, J.L.; Chen, Q.; Du, B.B,; Cao, L.; Lin, H.; Fan, Z.Y,; Dong, J. Enhanced Bone Regeneration Composite Scaffolds of
PLLA /beta-TCP Matrix Grafted with Gelatin and HAp. Mater. Sci. Eng. C-Mater. Biol. Appl. 2018, 87, 60—69. [CrossRef] [PubMed]
Jikei, M.; Takeda, M.; Kaneda, Y.; Kudo, K.; Tanaka, N.; Matsumoto, K.; Hikida, M.; Ueki, S. Synthesis and Antiplatelet Adhesion
Behavior of a Poly(L-Lactide-co-Glycolide)-Poly(1,5-Dioxepan-2-One) Multiblock Copolymer. ACS Omega 2021, 6, 27968-27975.
[CrossRef] [PubMed]

Zhang, L.; Wang, Z.; Xiao, Y.; Liu, P.; Wang, S.; Zhao, Y.; Shen, M.; Shi, X. Electrospun PEGylated PLGA Nanofibers for Drug
Encapsulation and Release. Mater. Sci. Eng. C Mater. Biol. Appl. 2018, 91, 255-262. [CrossRef] [PubMed]

Nofar, M.; Sacligil, D.; Carreau, PJ.; Kamal, M.R.; Heuzey, M.C. Poly (Lactic Acid) Blends: Processing, Properties and Applications.
Int. J. Biol. Macromol. 2019, 125, 307-360. [PubMed]

Saini, P.; Arora, M.; Kumar, M. Poly(Lactic Acid) Blends in Biomedical Applications. Adv. Drug Deliv. Rev. 2016, 107, 47-59.
[PubMed]

Nyamweya, N.N. Applications of Polymer Blends in Drug Delivery. Future . Pharm. Sci. 2021, 7, 18. [CrossRef]

Wang, HR.; Li, M.; Hu, ].M.; Wang, C.H.; Xu, S.S.; Han, C.C. Multiple Targeted Drugs Carrying Biodegradable Membrane Barrier:
Anti-Adhesion, Hemostasis, and Anti-Infection. Biomacromolecules 2013, 14, 954-961. [CrossRef]

Xu, S.; Wang, C.; Mao, R;; Liang, X.; Wang, H; Lin, Z,; Li, ].; Li, S,; Jiang, J.; Zhang, T.; et al. Surface Structure Change Properties:
Auto-Soft Bionic Fibrous Membrane in Reducing Postoperative Adhesion. Bioact. Mater. 2021, 12, 16-29. [CrossRef]

Wang, C.; Liu, Z.; Zhang, N.; Huang, S.; Mao, R.; Wang, H.; Xia, Q.; Han, C.C; Xu, S.; Liu, Y. Three Dimensional Fibrous Scaffolds
as Tissue Repairing Templates during Post-Operative Healing. Mater. Des. 2021, 210, 110019-110029. [CrossRef]

Zhang, Z.; Tang, J.; Wang, H.; Xia, Q.; Xu, S.; Han, C.C. Controlled Antibiotics Release System through Simple Blended Electrospun
Fibers for Sustained Antibacterial Effects. ACS Appl. Mater. Interfaces 2015, 7, 26400-26404. [CrossRef] [PubMed]

Wu, J.; Zhang, Z.; Gu, J.; Zhou, W,; Liang, X.; Zhou, G.; Han, C.C.; Xu, S.; Liu, Y. Mechanism of A Long-Term Controlled Drug
Release System Based on Simple Blended Electrospun Fibers. J. Control Release 2020, 320, 337-346. [CrossRef] [PubMed]

Wu, J.; Xu, S.; Han, C.C.; Yuan, G. Controlled Drug Release: On the Evolution of Physically Entrapped Drug inside the Electrospun
Poly(Lactic-co-Glycolic Acid) Matrix. J. Control Release 2021, 331, 472-479. [CrossRef]

Yoshioka, T.; Kawazoe, N.; Tateishi, T.; Chen, G.P. Effects of Structural Change Induced by Physical Aging on the Biodegradation
Behavior of PLGA Films at Physiological Temperature. Macromol. Mater. Eng. 2011, 296, 1028-1034. [CrossRef]

Blasi, P; D’Souza, S.S.; Selmin, E.; DeLuca, P.P. Plasticizing Effect of Water on Poly(Lactide-co-Glycolide). J. Control Release 2005,
108, 1-9. [CrossRef] [PubMed]

Lendlein, A.; Gould, O.E.C. Reprogrammable Recovery and Actuation Behaviour of Shape-Memory Polymers. Nat. Rev. Mater.
2019, 4, 116-133.

Kim, Y.-].; Matsunaga, Y.T. Thermo-Responsive Polymers and Their Application as Smart Biomaterials. |. Mater. Chem. B 2017, 5,
4307-4321. [PubMed]

Chan, B.Q.; Low, ZW.; Heng, SJ.; Chan, S.Y.; Owh, C; Loh, X.J. Recent Advances in Shape Memory Soft Materials for Biomedical
Applications. ACS Appl. Mater. Interfaces 2016, 8, 10070-10087. [CrossRef] [PubMed]

Biswas, A.; Singh, A.P; Rana, D.; Aswal, V.K.; Maiti, P. Biodegradable Toughened Nanohybrid Shape Memory Polymer for Smart
Biomedical Applications. Nanoscale 2018, 10, 9917-9934. [CrossRef]

Huang, H.J.; Tsai, Y.L.; Lin, S.H.; Hsu, S.H. Smart Polymers for Cell Therapy and Precision Medicine. J. Biomed. Sci. 2019, 26, 73.


http://doi.org/10.1021/ma100012c
http://doi.org/10.1021/ma9909197
http://doi.org/10.1016/j.progpolymsci.2004.10.001
http://doi.org/10.3390/polym10080834
http://www.ncbi.nlm.nih.gov/pubmed/30960759
http://doi.org/10.1016/j.msec.2018.02.011
http://www.ncbi.nlm.nih.gov/pubmed/29549950
http://doi.org/10.1021/acsomega.1c03846
http://www.ncbi.nlm.nih.gov/pubmed/34722996
http://doi.org/10.1016/j.msec.2018.05.045
http://www.ncbi.nlm.nih.gov/pubmed/30033253
http://www.ncbi.nlm.nih.gov/pubmed/30528997
http://www.ncbi.nlm.nih.gov/pubmed/27374458
http://doi.org/10.1186/s43094-020-00167-2
http://doi.org/10.1021/bm301997e
http://doi.org/10.1016/j.bioactmat.2021.10.040
http://doi.org/10.1016/j.matdes.2021.110019
http://doi.org/10.1021/acsami.5b09820
http://www.ncbi.nlm.nih.gov/pubmed/26596498
http://doi.org/10.1016/j.jconrel.2020.01.020
http://www.ncbi.nlm.nih.gov/pubmed/31931048
http://doi.org/10.1016/j.jconrel.2021.01.038
http://doi.org/10.1002/mame.201100109
http://doi.org/10.1016/j.jconrel.2005.07.009
http://www.ncbi.nlm.nih.gov/pubmed/16098624
http://www.ncbi.nlm.nih.gov/pubmed/32263961
http://doi.org/10.1021/acsami.6b01295
http://www.ncbi.nlm.nih.gov/pubmed/27018814
http://doi.org/10.1039/C8NR01438H

	Introduction 
	Results 
	Stability Obstacles of Pure PLGA Fibrous Membrane during the Whole Lifecycle 
	Preparation of Fibrous Membrane with the Same Physical Structure and Different Chemical Components 
	Morphological Stability and Mechanical Performance of Fibrous Membrane 
	Glass Transition and Enthalpy Change of Fibrous Membrane 
	Swelling Behavior of the Fibrous Membrane 

	Discussion 
	Materials and Methods 
	Materials 
	Fabrication of Electrospun Membrane 
	Sterilization Process 
	Shelf-Life Study 
	Characterizations 

	Conclusions 
	References

