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Abstract

Micro- and nano-fibers of shape memory polymers (SMP) offer multiple advantages like high specific surface area, poros-
ity, and intelligence, and are suitable for biomedical applications. In this study, biodegradable poly (p-dioxanone) (PPDO)
materials were incorporated to improve the brittleness of shape memory polylactic acid (PLA), and plasticizers were used to
reduce the transition temperature of SMP composites such that their transitions could be induced close to body temperature.
Furthermore, an electrostatic spinning technology was applied to prepare SMP fibers with wrinkled structures and regulate
their microstructures and morphologies such that the intelligent transition of wrinkled and smooth morphologies can be
achieved on the fiber surface. The application of this controllable-morphology fiber membrane in intelligent controlled drug
release and scar inhibition after Ahmed Glaucoma Valve (AGV) implantation was also studied. The drug release from the
stretched and deformed drug-loaded fiber membranes was faster than those from membranes with the original shape. This
membrane with micro- and nano-fibers had good anti-scarring effects that improved after drug loading. The achievement
of intelligent controlled drug release and the evident anti-scarring effects of the membrane broaden the application of SMP
fibers in the biomedical field.

Keywords Shape memory polymers - Micro-nano fibers - Wrinkled structure - Smart controlled release of drugs - Anti-
scarring

Introduction

Shape memory polymers (SMPs) are polymeric smart mate-
rials, that respond to external stimuli like heat, magnetism,
electricity, and light and can revert to their original shape
when the stimulus is removed. Compared with shape mem-
ory alloys, SMPs offer advantages like lighter weight and
higher deformation and are used extensively in aerospace,
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smart manufacturing, flexible electronics [1, 2], biomedical
applications [3], and other fields [4—7]. As the demand for
precision manufacturing and small devices grows in various
research fields, smart deformable materials like SMPs are
also being developed toward micro- and nano-sized mate-
rials, including micro- and nano-particles, foams, and fib-
ers [8, 9]. Because of their high specific surface areas and
porosity, micro- and nano-fibers have excellent benefits in
biomedical applications, such as drug release, tissue engi-
neering, and bioscaffolds[10, 11]. Therefore, the study of
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shape memory micro- and nano-fibers is vital for developing
smart micro- and nano-materials.

Electrospinning is a common method for preparing
micro-nanofibers, which is simple to operate and control
[12]. In 2005, Cha et al. [13] first adopted this technique to
fabricate shape memory polyurethane nano-fibers. In 2012,
Gong et al. [14] replaced the flat plate receiver normally
used in electrostatic spinning with a drum receiver and pre-
pared shape memory polymer fibers (SMPFs) with an ori-
ented structure. Research on multi-functional SMPFs has
since progressed significantly. Zhang et al. [15] used elec-
trostatic spinning to prepare Nafion/Fe;0, composite fiber
membranes, the shape fixation and recovery ratios of which
were both greater than 90%. These membranes also showed
multiple shape memory effects (SME). The structure of
SMPFs confers on them significant advantages in biomedical
applications. Lv et al. [16] used electrostatic spinning tech-
nology to fabricate a novel SMPU/ hyaluronic acid bionic
composite fiber that could be used for drug release. Moreo-
ver, hyaluronic acid doping was beneficial for the biodegra-
dation and drug release of the composite fiber. Chen et al.
[17] combined 3D printing, freeze-drying, and cross-linking
technologies to successfully fabricate pore-size-controllable
gelatin/poly(lactic-co-glycolic acid) electrospun fiber scaf-
folds, which successfully aided chondrocyte regeneration.
Recently, Liverani et al. [18] used the electrostatic spinning
technique to produce shape-memory poly (e-caprolactone)
(PCL) fibers loaded with bioactive glass (BG) that possessed
excellent shape-memory properties. BG particles allowed
the composite nano-fiber to have in vitro bioactivity without
inhibiting cell viability. This indicates that SMPFs are of key
research value in the biomedical field.

As the technology has developed, research attention
has been increasingly focused on the regulation of fiber
microstructure and morphology [19, 20]. Since fibers are
processed and shaped by a spinning solution, the fiber struc-
ture will be affected by the nature of the spinning solution
[21]. The types of spinning needles and receiver devices also
have an effect on the fibers [20, 22]. Meanwhile, parameters
like voltage, propulsion speed, temperature, and humidity
should affect the microstructures and morphologies of fibers
during the spinning process [19, 23]. The surface of fibers
spun with highly volatile solvents is relatively rough and
may exhibit porous, wrinkled, or groove structures, among
others. Under fixed spinning conditions, the ambient humid-
ity directly affects the nature of the medium around the jet
at the needle. When highly volatile solvents and hydropho-
bic polymers are used, electrostatic spun fibers with rough
surfaces and porous structures can be obtained because of
the phase separation and curing of the non-solvent-induced
polymer solution jet, and the ambient humidity will be
changed, which in turn affects the solvent volatilization
rate, thereby regulating the fiber surface morphology. In

addition, electrostatically spun fibers with rough surfaces
are obtained by mixing different types of polymers in the
same highly volatile solvent. As different polymer solutions
in the jet have different rates of phase separation and curing,
the fiber surface morphology can be regulated by varying
the spinning solution concentration [24]. Research on the
microstructures and surface morphologies of SMPFs should
promote the development of smart fiber materials, expand
the SMP structures, and promote the development of multi-
structural, multi-functional, and intelligent materials.

Based on this research, a biodegradable material poly(p-
dioxanone) (PPDO) was introduced herein to improve the
brittleness of polylactic acid (PLA), and plasticizers were
used to reduce the transition temperature of SMP composites
such that their transitions could be induced close to body
temperature [25, 26]. Furthermore, electrostatic spinning is
adopted to fabricate SMP fibers with wrinkled structures
and regulate their microstructures and morphologies to real-
ize the intelligent transformation of wrinkled and smooth
fiber surface morphologies. Furthermore, the application of
this controllable-morphology fiber membrane was investi-
gated in the intelligent controlled release of mitomycin C
(MMC). The drug-loaded fibrous membrane was stretched
and deformed above the transition temperature, and then
cooled and fixed. Due to the unfolding of the wrinklings, the
drug release rate of the stretched fiber membrane was faster
than that of the unstretched membrane. When the tempera-
ture was raised above the transition temperature, the shape
of the fiber recovered to wrinkled, and the drug release rate
reduced. And the SMP fiber membrane had the inhibition of
scarring of the filtering bleb produced after glaucoma drain-
age device implantation to broaden the scope of biomedical
applications of SMP fibers. (The schematic diagram of the
research process is shown in Scheme 1).

Experimental Section
Materials

Polylactic acid (PLA) was acquired from Natureworks LL.C
(USA) with the product code PLA 4032D. Polydioxanone
(PPDO) was provided by BASF AG (Germany). Tributyl
citrate (TBC, >98%) was bought from Aladdin Reagents
Ltd. Dichloromethane (DCM) (Analytical Reagent) was
obtained from Tianjin Fuyu Fine Chemical Co., Ltd (China).
N,N-dimethylformamide (DMF, >99.9%) (Molecular biol-
ogy grade) was supplied by Tianjin Fengchuan Chemical
Reagent Technology Co., Ltd (China). Phosphate-buffered
saline (PBS, without calcium and magnesium) was procured
from Shanghai Aladdin Biochemical Technology Co., Ltd
(China). MMC was bought from Shanghai Anhui Pharma-
ceutical Co., Ltd (China).
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Scheme 1 The schematic diagram of the research process. a Electrospinning and formation of PLA/PPDO wrinkled fibers, b Intelligent con-

trolled release of drugs, ¢ Anti-scarring effect of fiber membranes

Preparation and Characterization of Shape Memory
PLA/PPDO Composites

The raw materials, PLA and PPDO, were dissolved in
dichloromethane (20 wt%) at a mass ratio of 9:1 and
stirred at 100 rpm for 8 h to produce a PLA9/PPDO1 com-
posite solution. The solution was ultrasonically shaken for
1 h to allow evaporation to a constant weight and thereaf-
ter demolded and hot-pressed to produce a PLA9/PPDO1
composite sheet. Five samples of equal mass were weighed
and added to 10, 20, 30, 40, and 50 wt% of TBC, followed
by dissolution in dichloromethane (20 wt%). The solutions
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were stirred at 100 r/min for 4 h to produce a PLA/PPDO/
TBC composite solution. Eventually, the plasticized PLA/
PPDO composite sheet (20 x20x 2 mm) was obtained
after evaporation (22 °C), demolding, and hot-pressing
(60 °C).

Differential scanning calorimetry (DSC, Mettler Toledo,
Switzerland), dynamic mechanical analysis (DMA, Waters,
USA), and shape memory performance tests were then per-
formed on the samples. The temperature range of DSC was
0-200 °C, and the heating rate was 10 °C/min. The tensile
mode was used in the DMA tests. The temperature range
of the DMA test was 20-140 °C, the heating rate was 5 °C/
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min, and the test frequency was 1 Hz. The shape fixation
ratio (Ry), shape recovery ratio (R,), and recovery rate of the
samples were determined during the shape memory perfor-
mance tests.

An in vitro cytotoxicity assay was performed on the sam-
ples. Primary culture and cell passages were performed on
rabbit conjunctival Tennon’s capsule fibroblasts. Third to
fifth-generation cells were selected for the experiments. The
samples were sterilized by UV irradiation for 30 min, and
the cells were grown in 24-well plates at a density of 10*
cells/well. Transwells (6.5 mm with 8 um pore) were added
to each well on the second day, and samples and blank con-
trols were added to the upper chamber. On days three and
five, the medium was replaced by 100 ul 10% cell counting
kit-8 (CCK-8) solution for 30 min, and the absorbance of
the medium was measured at 450 nm. On day five, the sta-
tus of the cells was observed under a light microscope, and
live/dead cell staining was performed using a fluorescence
microscope (Leica DM2500, Germany).

A test for in vivo toxicity was also performed on the sam-
ples. The samples were sterilized and implanted under the
skin on the backs of C57 mice. After 3 months, the subcuta-
neous tissues were taken for hematoxylin and eosin (H&E)
staining. The control group was sham-operated.

Preparation and Characterization of Shape Memory
PLA/PPDO Micro- and Nano-Fiber Membranes

The PLA9/PPDO1 +40% TBC composite was dissolved
in dichloromethane to produce solutions with concentra-
tions of 5-30 wt%. The solution viscosity was tested using
a rheometer (DHR-2, Waters, USA) with shear rates in
the 0-120 s~! range. The electrostatic spinning (Beijing
Fuma, China) process was conducted at a propulsion rate of
3 mL/h, a voltage of 14 kV, a receiving distance of 20 cm,
and room temperature. Eventually, microspheres, beads, or
fibers were obtained on the receiving cloth. A scanning elec-
tron microscope (SEM, SU5000, Hitachi, Japan) was used
to observe the spinning products, and the fiber diameters
and distributions were measured using Image J software.
The mechanical properties of the fiber membrane were
tested using a microcomputer-controlled electronic univer-
sal testing machine (CMT2103, Shenzhen Sansi, China)
with a tensile rate of 10 mm/min and sample dimensions of
12x5x0.1 mm. The water contact angle of the fiber mem-
brane was tested using a contact angle measuring instrument
(JY-82B, KRUSS, Germany). The specific surface area and
pore size distribution of the fiber membranes were measured
by using a fully automatic rapid specific surface area ana-
lyzer (ASAP 2020, Micromeritics, USA).

Preparation of Shape Memory PLA/PPDO
Drug-Loaded Fibrous Membrane and its Application
in Drug Release

MMC, which is commonly used in glaucoma surgeries,
was selected as the experimental drug to validate the anti-
scarring function of the device. The PLA9/PPDO1 +40%
TBC composite was dissolved in dichloromethane (22
wt%) to produce a carrier solution. Different masses of
MMC were weighed and dissolved in trace amounts of
dimethylformamide to produce a drug solution. The two
solutions were mixed and stirred in the dark for 48 h to
produce the drug-loaded spinning solution. The shape
memory PLA/PPDO micro- and nano-fiber membranes
loaded with MMC were obtained by electrostatic spinning,
with MMC contents of 0.15, 0.3, and 0.4 wt% (relative to
the mass of the polymer). The drug-laden fiber membranes
were tested by Fourier-infrared absorption spectroscopy
(AVATAR360, Nicolet, USA) to confirm that the MMC
was successfully loaded and did not affect the molecular
structure of the composites.

To validate the drug release function, a UV spectropho-
tometer (UV7, Mettler Toledo, Switzerland) was used to
determine the absorbance of the MMC solution at 365 nm,
and a standard curve was plotted. Samples consisting of
40 mg of drug-loaded fiber membranes containing MMC
at 0.15, 0.3, or 0.4 wt% were placed in centrifuge tubes
containing 40 mL of PBS buffer. The samples were then
placed in a thermostatic water bath shaker (SHA-B,
Changzhou Jintanliangyou, China) at 37 °C at an oscilla-
tion speed of 90 r/min (simulating the environment of the
human body). Thereafter, 2 mL of leachate was removed
after 6 and 12 h, and at 1, 2, 3, 4, 5, 6, and 7 days. The
absorbance was measured to calculate the drug concen-
tration and cumulative drug release rate according to the
standard curve. The drug concentration was corrected
according to the following formula:

n—1

c=Cc+—)C, 1)

where C; corrected concentration, C, concentration meas-
ured at time point n, V|, total volume of the drug release
buffer, V volume of sample.

The microinjection pump method was adopted to simu-
late the aqueous humor flow rate in the drug release experi-
ment. The two ends of an extension tube were connected to
a 20-mL syringe filled with the PBS buffer and the inlet end
of a needle-type filter (450 mm?), respectively. The drug-
loaded fiber membrane was placed in the filter. The outlet
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end of the filter was connected to a centrifuge tube (for col-
lecting daily filtrate). The infusion pump was pre-started
to fill the whole device with the PBS buffer and expel any
air. The experiment was conducted at 22 °C and protected
from light. The specific parameters were as follows: the area
of the fiber membrane was 980 mm?, and the microinjec-
tion pump was pushed at a rate of 0.1 mL/h (2.4 mL/d).
The absorbance of MMC in the daily filtrate was measured
at 365 nm using an enzyme marker. The concentration of
MMC in the filtrate was calculated according to the standard
curve to plot the daily drug release curve.

Application of Shape Memory PLA/PPDO Micro-
and Nano-Fiber Membrane in Scarring Inhibition
of Bleb After Glaucoma Drainage Device (GDD)
Implantation

Animal studies were conducted with the approval of the
Animal Ethics Committee of the Second Affiliated Hospital
of Harbin Medical University (SYDW?2020-051). Slit lamp
microscopy, fundus examinations, and baseline intraocular
pressure (IOP) measurements were performed on all rab-
bits. Twenty-four healthy white rabbits were divided into six
groups (n=4/group): the Ahmed Glaucoma Valve (AGV)
control group, fiber-coated AGV groups including PLA,
PLA9/PPDO1 +40% TBC (PPT), stretched and deformed
PPT, 0.3% MMC-PPT, and stretched and deformed 0.3%
MMC-PPT fiber membranes groups. All fibers were UV dis-
infected for 30 min. The AGV was wrapped with the fiber
membranes. The rabbits were intravenously anesthetized
using 3% pentobarbital sodium (1 mL/kg). A conjunctival
flap was constructed over the superior-temporal side of the
eyeball, and Tenon’s capsule was bluntly detached backward.
AGV was first initiated through the drainage tube by nor-
mal saline, sutured with a nonabsorbable suture, and then
fixed to the sclera 3.5 mm posterior to the corneoscleral
limbus. In addition, a 23G needle was punctured through
the sclera into the anterior chamber, a drainage tube was
inserted, and the bulbar conjunctiva was sutured. Antibiotic
drops were applied 3 times a day for 1 month. The maximum
and minimum thickness values of the wall of the filtering
bleb were measured by anterior segment optical coherence
tomography (AS-OCT) 1 week and 1 month postoperatively.
The rabbits were euthanized 1 month postoperatively for
pathological observation. The statistical analysis was applied
as follows: data were reported as mean + standard devia-
tion (mean + SD), and a one-way ANOVA was utilized to
compare the groups (P <0.05 was considered statistically
significant).
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Results and Discussion
Shape Memory PLA/PPDO Composites

PLA has excellent shape memory properties; however, its
poor toughness and high transformation temperature have
limited its applications in the biomedical field [27-29].
PPDO is also a biodegradable material with good flexibility
[30, 31]. To produce composites with good shape memory
properties, PLA and PPDO were dissolved in dichlorometh-
ane at a mass ratio of 9:1, evaporated, and hot-pressed to
produce PLA9/PPDO1 composites. Figure 1a indicates that
the first absorption peak in the DSC curve of PLA results
from the glass transition of the amorphous part, correspond-
ing to a transformation temperature of 66 °C, which is the
temperature at which shape memory behaviors are induced
[32]. The transformation temperature of the PLA9/PPDO1
composite is approximately 59.9 °C. The addition of PPDO
decreases the transformation temperature of PLA; however,
its reduction effects are limited. Furthermore, the addition of
too much PPDO may affect the shape memory properties of
the composite. Therefore, based on the PLA9/PPDO1 com-
posite, the transformation temperature was further reduced
by adding the plasticizer TBC. Figure 1a indicates that the
higher the TBC content, the lower the transformation tem-
perature of the composites. When the TBC content is 40
wt%, the transformation temperature for the PLA9/PPDO1/
TBC composite decreases to 41.3 °C, which meets the
requirements of the transformation being induced close to
body temperature and thus has good prospects for biomedi-
cal applications.

The shape memory properties of PLA, PLA9/PPDOI1,
and PLA9/PPDO1 +40% TBC composites were tested by
preparing uniformly sized samples, heating them uniformly,
and changing them to a U-shape. The samples were then
cooled, and the external force was removed to obtain a tem-
porary “U-shaped” sample. The samples were maintained
at room temperature for 12 h to fix the shape. Shape recov-
ery occurred after the sample was reheated, as shown in
Fig. 1b. Table 1 lists the data related to shape memory. It
can be observed that it takes 60 s for the PLA temporary
“U-shaped” part to revert to its initial shape with an R, value
of 96%. Under the excitation of the heat source at 42 °C, the
“U-shaped” part of the PLA9/PPDO1 +40% TBC composite
fully recovers within 26 s. Therefore, the plasticized PLA/
PPDO composites display excellent shape memory proper-
ties and meet the requirements of inducing transformation
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Fig. 1 Characterizations of shape memory materials. a DSC test, b
Shape memory performance test, c DMA test (20-140 °C, the heating
rate was 5 °C/min), d DMA test of PLA9/PPDO1+40%TBC com-

close to body temperature. TBC small molecules can pro-
mote the crystallization of PLA and increase the proportion
of crystalline states in the semi-crystalline polymer PLA.
The crystalline state serves as a stationary phase that can
thus provide stronger chain segment fixation [18, 33, 34].

posites (20-140 °C, the heating rate was 5 °C/min), e Cytocompat-
ibility, histocompatibility of materials: green arrows (fibrous tissue);
blue circles (inflammatory cells), f Cell viability evaluated by cck-8

Results of the DMA test (Fig. 1c) indicate that the
storage modulus of PLA is significant (3800 MPa) at
room temperature. Furthermore, the storage modulus of
PLA decreases rapidly at 75 °C and is close to zero at
80 °C. This indicates that PLA can maintain significant
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Table 1 Shape memory performance data of PLA and PLA/PPDO
composites

Material R; (%) R, (%) t(s)
PLA 100 96 60
PLA9/PPDO1 100 97.2 40
PLA9/PPDO1 +40%TBC 97.5 100 26

mechanical strength within a narrow temperature range.
PLA is stiffer at low and softer at high temperatures,
reflecting the variable stiffness property of shape memory
materials [35]. The storage modulus of the composite
decreases, and the flexibility increases owing to PPDO.
The storage modulus of the PLA9/PPDO1 composite is
approximately 3000 MPa at room temperature, indicat-
ing the variable stiffness property. Figure Ic indicates
that the storage modulus of the composites was greatly
reduced by TBC, indicating palpable toughening effects.
The TBC small molecules could promote chain segment
movement of the polymer, thereby improving the flexibil-
ity of the composites [36]. The storage modulus of PLA9/
PPDO1 +40% TBC at room temperature is approximately
120 MPa, which is 1/25 that of PLA9/PPDO1. Moreo-
ver, its modulus decreases rapidly at approximately 40 °C
(glass transition temperature, T,), thus exhibiting the
variable stiffness property (Fig. 1d). Therefore, by adding
the plasticizer, TBC produces a composite system that is
more flexible, easier to deform, and more compatible with
human tissues.

To validate its biological applicability, the cytotoxicity
of the material system was tested, and the results are shown
in Fig. le. Compared to the blank control group, the in vitro
live/dead staining assay showed no significant death of cells
within five days, and the growth trends were normal. There
was no significant difference in cell viability between the
groups (Fig. 1f). In vivo cytotoxicity experiments were per-
formed. The mice all had intact skin on their backs after
three months. H&E staining was performed by taking sub-
cutaneous tissues from the wrapped materials. The tissues
were dominated by pink stromal tissue, and a small amount
of fibrous tissue was observed. Furthermore, no inflamma-
tory cells were evident, and tissue healing was unaffected
[37-39]. Thus, the PLA/PPDO/TBC material system is
biocompatible.

Shape Memory PLA/PPDO Micro- and Nano-Fiber
Membranes

In the electrostatic spinning process, the structure and mor-
phology of fibers are primarily influenced by two param-
eters: the spinning process and the spinning solution sys-
tem [16, 40, 41]. The concentration of the spinning solution
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belongs to the latter category, which affects the structure,
morphology, and diameter distribution of the fibers and even
directly determines whether the fibers can be formed [42].
For the PLA9/PPDO1 +40% TBC composite system in this
study, when the spinning solution concentration was less
than 15 wt%, the spinning products were microspheres or
adherent string beads (Fig. 2a). The fibers formed continu-
ously only when the spinning solution concentration was
greater than 15 wt%. A three-dimensional network struc-
ture formed when the fibers were arranged heterogeneously
(Fig. 2b). Meanwhile, the viscosity test indicates that the
higher the solution concentration, the higher the viscosity
(Fig. S1). When the viscosity is moderate, the droplets are
pulled and cleaved into fibers under high pressure. When the
viscosity is too high, the electric field force cannot overcome
the surface tension and cohesion of the droplets to cleave
them into fibers. When the viscosity is too low, the droplets
are unstable and cannot create a stable jet to form fibers
[43]. The spinning solution concentration also influences
the diameter and distribution of the fibers. As demonstrated
by measurement statistics of Image J (Fig. 2b), the average
diameter of the PLA/PPDO micro- and nano-fibers increased
from 3.89 to 8.12 pm as the spinning solution concentration
increased from 18 to 30 wt%, and the larger the concen-
tration, the larger the fiber diameter distribution interval.
The primary reason for this outcome is that the greater the
concentration of the solution, the higher the viscosity of
the droplet and the greater its surface tension and cohesion.
Under the same electric field, the more viscous the droplet
is, the fewer fibers it is cleaved into, and the less stable it
is. Hence, the fiber diameters and distribution intervals are
larger.

In addition, the effects of the solution concentration on
the surface morphology of the fibers were investigated. Fig-
ure 2b shows that the wrinkling on the fiber surface first
increases as the concentration was increased to 22 wt%s and
then decreased as the concentration was increased further.
The formation of a surface wrinkling morphology is related
to the high-speed motion of the solution in the high-volt-
age electric field, solvent volatilization, phase separation,
and solidification of the solution in the jet. The high-speed
motion of the solution jet is subject to electric field trac-
tion and repulsion of the surface charge. Meanwhile, surface
buckling instability also occurs, which can be affected by the
volatilization of the solvent and environmental conditions
[44]. The competition between this surface instability and
the phase separation and curing rate of the solution in the
jet causes the wrinkling of the fiber surface via the mecha-
nism shown in Fig. S2. As the concentration increases,
the PLA/PPDO/TBC content in the electrospinning solu-
tion increases. Thus, the gap between the different phase
separation and curing rates widens, and wrinklings become
easy to produce, realizing positive effects. In contrast, with
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jnkled

..; Mean diameter = 5.91 pm

Fig.2 Effects of PLA9/PPDO1 +40%TBC solution concentration on
fiber structure, diameter, distribution, and surface morphology (The
solvent is DCM). a SEM images of 5-15 wt% solution spinning prod-

increasing concentration, the solvent content and volatili-
zation decrease, reducing the surface buckling instability
and rendering it less likely to produce wrinklings, thereby
realizing adverse effects. Therefore, the positive effects of
increasing the concentration on deepening wrinkling are
greater than the initial negative effects, i.e., the positive
effects of further increasing the concentration on this basis
are less than the negative effects of increasing the wrinkling.
Therefore, with the increase of spinning solution concentra-
tion, the wrinkles on the fiber surface first deepened and
then decreased.

We selected micro- and nano-fiber membranes with deep
surface wrinkles that were prepared by using the PLA9/
PPDOI1 +40% TBC spinning solution at a concentration of
22wt% and tested their shape memory, mechanical, water
contact angle, specific surface area, and other properties,

. Mean diameter = 7.44 pm

30 wt%

ucts, b SEM image and diameter distribution of fibers prepared from
18 to30 wt% solution

with a PLA fiber membrane used as the control. First, the
macroscopic shape memory performance of the fiber mem-
brane was tested. The transformation temperature of the
material system was 41.3 °C, and the long fiber membrane
was heated uniformly to 42 °C. Spiral- and U-shapes were
made, cooled, and cured. The fiber membranes were then
heated to 42 °C and fully reverted within 3 and 5 s, respec-
tively, as shown in Fig. 3a, b. The changes in microstructure
and wrinkled surface morphology of the fiber during the
shape memory process were further analyzed, and the fiber
membrane stretched to assign a shape. Thereafter, SEM was
used to observe the fiber membrane before and after stretch-
ing and deformation and after reverting to its initial shape.
Figure 3c shows the macroscopic shape memory process of
the fiber membrane with a heating temperature of 42 °C.
The stretched and fixed fiber membrane reverts within 2.6 s
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() Original Shape

Fig.3 Shape memory performance test of PLA9/PPDO1 +40%TBC
fiber membranes. Macroscopic shape memory process of a Helical, b
“U”-shaped, and ¢ Stretched fiber membranes; d Microscopic shape

with R, >90%. Figure 3d indicates that the original-shaped
fibers were arranged in a disordered manner, with a porous
structure between the fibers and a wrinkled structure on
the fiber surface. Furthermore, stretching in the horizontal
direction can make the fibers oriented and arranged, thus
reducing the pores between the fibers. The wrinklings on the
fiber surface are pulled apart, thereby exhibiting a relatively
smooth shape. After shape recovery, the fibers are no longer
oriented, and the porous structure between fibers is recov-
ered, thus returning the fiber surface to a wrinkled shape. We
measured the diameter of the fibers before and after stretch-
ing and found that the diameter of the fibers became signifi-
cantly thinner after the tensile deformation(Fig. S3). Fig-
ure 3e indicates that the degree of tensile deformation affects
the degree of wrinkling on the fiber surface, and the fiber
surface is relatively smooth when the deformation exceeds
75%. It can be observed that the macroscopic stretching and
shape memory effect can make the surface shape of the fiber
switch between wrinkled and smooth; stretching the fiber to
different degrees of deformation can regulate the wrinkled
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Temporary Shape

Recovered Shape

memory process of stretched fiber membrane; e Microstructure of fib-
ers with 25-100% tensile deformation

morphology of the fiber surface to meet the various applica-
tion requirements. The wrinkled morphology will increase
the specific surface area of the fiber, and its deformation
temperature is 41.3 °C, which is close to the body tempera-
ture. Hence, this PLA/PPDO micro- and nano-fiber mem-
brane demonstrate a potential for application in intelligent
controlled drug release.

Fiber membranes were placed in PBS buffer (37 °C) for
7 days of degradation experiments, and it can be seen from
Fig. 4a that they all have good degradability. Among them,
PLA9/PPDO1 +40% TBC fiber membrane has the fastest
degradation rate, which is due to the presence of TBC small
molecules. Figure 4b shows the stress—strain curves of PLA
and PLA9/PPDO1 +40% TBC fiber membranes with 90 and
89.3% elongation at break point, respectively. The composite
fiber membranes exhibited a fracture strength of 1.43 MPa,
implying good resilience. Compared with ordinary fibers,
micro- and nano-fibers are more suitable for cell growth
owing to their large specific surface area and high adsorption
capacity [45]. The hydrophobicity of the material itself is
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Water contact angle test; Pore size distribution curve drawn by d BJH and e HK method

directly related to cell adhesion. Given the drug release and
anti-scarring applications of this fiber membrane, the micro-
and nano-fibers are required to be relatively hydrophobic
such that they do not exacerbate scar proliferation while
releasing the drug. The water contact angle of the fiber mem-
branes was tested (Fig. 4c). Specifically, the water contact
angle of the PLA9/PPDOI fiber membrane was the largest;
however, the other membranes were relatively hydrophobic.
The water contact angle of the PLA9/PPDO1 +40% TBC
fiber membrane was 125.10+2.37°, which is suitable as a
drug-loaded material for inhibiting scarring after glaucoma
surgeries.

For drug-loaded fibers, the specific surface area influ-
ences drug loading and the drug release rate [46]. Nitrogen
adsorption tests were performed on the fibers, and the Bar-
ret-Joyner-Halenda (BJH) model was selected to calculate
the pore size distribution of the fiber membranes. As shown
in Fig. 4d, the PLA9/PPDO1 +40% TBC fiber membranes
have the largest pore volume and number, and a relatively
small size, thus creating a peak centered at 4 nm. These
pores may result from the unstable volatilization of highly
volatile solvents inside the fibers. Furthermore, some fine
fibers with nanoscale diameters are staggered, and the voids
between them may be filled with nitrogen, thereby equat-
ing to a portion of the pores. The Horvath-Kawazoe (HK)
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model was used to calculate the microporous pore size dis-
tribution of the fiber membranes, as shown in Fig. 4e. There
were virtually no micropores in the PLA fiber membranes.
In contrast, micropores in the PLA9/PPDO1 +40% TBC
fiber membranes were the most evident, smaller in size, and
could effectively increase the specific surface area of the
fibers. The specific surface area of each fiber membrane was
derived using a BET algorithm. The PLA9/PPDO1 +40%
TBC fiber membrane had the largest specific surface area
of 39.3245 m?/g. The likely reason is that the surface of
this fiber is wrinkled, and the average diameter is small
(3.6078 pm). The total pore volume and average pore size
of the different fiber membranes are listed in Table 2. The
PLA9/PPDOI1 +40% TBC fiber membrane with the larg-
est specific surface area has the largest total pore volume
and the smallest average pore size, indicating that this fiber
membrane has a high specific surface area and porosity.

Shape Memory PLA/PPDO Micro- and Nano-Fiber
Membranes for Biomedical Applications

MMC was blended with the PLA9/PPDO1 +40% TBC solu-
tion and electrospun to prepare shape memory micro- and
nano-fiber membranes loaded with 0.15, 0.3, and 0.4 wt%
MMC. Infrared spectroscopy (Fig. S4) revealed that the
addition of MMC did not affect the molecular structure and
the chemical stability was sound. Fig. S5 shows the standard
concentration curve of MMC, which demonstrates a good
linear correlation between its concentration and absorbance
within the range of 0-50 pg/mL.

A thermostatic water bath shaker was used to investigate
the effects of drug loading on the drug release rate. Figure 5a
shows the cumulative drug release curves of shape memory
PLA/PPDO micro- and nano-fiber membranes with MMC
contents of 0.15, 0.3, and 0.4 wt%. It can be observed from
the graphs that the higher the drug loading, the faster the drug
release. Furthermore, the cumulative drug release reached
equilibrium after approximately 4 days. To further investigate
the effects of drug content on the drug release rate, SEM tests
were performed on the PLA/PPDO fiber membranes with
different MMC contents, and Image J software was used to
conduct the quantitative statistical analysis. The results are pre-
sented in Fig. 5b. The average diameters of the drug-loaded
fiber membranes were smaller than those of the unloaded

fiber membranes. In addition, the larger the drug loading, the
smaller the fiber diameter and the more uniform the thickness.
The likely reason is that, on the one hand, adding the drug
solution slightly decreases the concentration of the spinning
solution. On the other hand, the drug may make the solution
more conductive, and the droplets are more likely to be pulled
by high-voltage electricity and cleaved into fibers. Both factors
could reduce the diameter of the fiber, increase the specific
surface area, and increase the drug release rate.

The experiments demonstrate that the wrinkled surface
morphology of this fiber can be changed by macroscopic
stretching, which we believe will affect its drug-release
behavior. Samples containing 40 mg of MMC-loaded fiber
membranes with different MMC contents of 0.15, 0.3, and
0.4 wt% were weighed, heated to 42 °C, and completely
stretched and deformed. In this way, the surface wrinklings
were completely stretched out. After being cooled and cured,
a seven-day drug release experiment was performed (taking
the original shape of the fiber membrane with different drug
loadings as the control), and the results are shown in Fig. 5c.
The drug release rate of the stretched and deformed (smooth
surface) membrane was higher than that of the membrane
of the original shape (wrinkled surface). The cumulative
release reached equilibrium after approximately four days.
The higher the drug loading, the smaller the gap in the drug
release rate between the two states of the fiber membrane. The
possible reason for this result is that stretching changes the
surface morphology of the fibers from wrinkled to smooth,
thus making for the solvent to infiltrate the fibers, which in
turn facilitates the dissolution of the drug molecules hidden
in the wrinklings and fibers. Thus, the drug release rate is
higher. The stretched and deformed drug-loaded fibers can
be placed in the affected area to rapidly release the MMC in a
short time and then stimulated by a heat source to recover the
shape and achieve a slow release. We used in vitro dynamic
drug release to simulate the above process, and found that
after excitation of heat source at 42 °C, the drug-loaded fiber
membrane slowed down the drug release rate due to shape
recovery, and achieved the effect of slow release(Fig. 5d). 0.3
and 0.4 wt% MMC fiber membranes can also achieve con-
trolled drug release, as shown in Fig. S6.

We used the microinjection pump to simulate the flow rate
of rabbit ocular aqueous humor in drug release experiments
over 16 days. Figure 6a shows the daily drug release curves

Table 2 Comparison of

. : . Material Diameter (um) Total pore volume Average pore Specific
properties f)f different micro- (cm’/g) size (nm) surface area
and nano-fiber membranes 2

(m*/g)
PLA 7.5243 0.064170 8.4611 24.3120
PLA9/PPDO1 6.6179 0.071808 7.4471 33.8243
PLA9/PPDO1 +40%TBC 3.6078 0.071025 6.3787 39.3245
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of the drug-loaded fiber membranes with MMC contents of
0.15, 0.3, and 0.4 wt%. The daily drug release of the fiber
membranes gradually decreased. The daily drug release of the
0.4 wt% MMC fiber membrane was basically the same in the
first seven days and started to decrease after seven days. The
daily release amount decreased from 2.19 to 1.75 pg within
16 days. The higher the drug loading, the faster and more stable
the drug release (equal daily release amounts).

The effects of stretching and deformation on the drug-
release behaviors of SMPF membranes were also investigated.
The drug-loaded fiber membranes were heated and stretched,
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cooled, and cured. Drug release experiments were performed
(taking the original shape of the fiber membranes with dif-
ferent drug loading as the control group), and the results are
shown in Fig. 6b—d. The daily drug release of the stretched
and deformed (smooth surface) fiber membranes was greater
than that of the original shape (wrinkled surface) fiber mem-
branes. The drug release trend was consistent for the fiber
membranes in all the groups. The release of the stretched 0.4
wt% MMC fiber membrane was 2.13 pg on day 16, compared
with 1.82 pg for the unstretched fiber membranes. Simulation
of the ocular environment demonstrates that the drug-loaded
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fiber membrane can achieve long-term slow drug release
in the eye and exhibit the function of intelligent controlled
release.

Anti-glaucoma medication or laser therapy is generally used
to treat glaucoma, whereas glaucoma filtration surgery is the
preferred procedure in cases where both methods fail to con-
trol IOP [47]. GDD implantation is commonly used to treat
refractory glaucoma. However, tissue damage repair tends to
lead to scarring in the filter channel, preventing aqueous humor
outflow and leading to surgery failure. Therefore, scarring inhi-
bition after glaucoma surgeries is crucial to raise the success
rate of the surgery [48]. Micro- and nano-fibers can effectively
inhibit tissue proliferation owing to their large specific surface
area and porosity. MMC is a common therapeutic drug during
glaucoma surgeries and has good anti-scarring effects. Thus,
unloaded/loaded MMC shape-memory micro- and nano-fiber
membranes boast application benefits in scar inhibition in glau-
coma surgery [49-51].

AGYV control, PLA, PLA9/PPDO1 +40% TBC (PPT),
stretched and deformed PPT, 0.3 wt% MMC-PPT, and
stretched and deformed 0.3% MMC-PPT fiber membranes
were implanted into rabbit eyes (Fig. 7a). The relevant
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conditions of the filtering bleb were measured in vivo by AS-
OCT. The OCT of the anterior segment allows in vivo obser-
vation of the thickness of the filtering bleb wall, patency of
the drainage tubes, and whether the cornea and conjunctiva
are edematous in rabbit eyes after glaucoma drainage valve
implantation. These reflect the biosafety of the implant and
specific changes in the thickness of the filtering bleb wall.
Figure 7b presents the OCT scans of the filtering bleb wall in
rabbits’ eyes one week and one month after implantation of
the different fiber membranes and indicate that the drains were
patent and no significant inflammatory reaction was observed.
Compared with the AGV control group, the other groups all
exhibited a reduction in the wall thickness of the filtering bleb,
with the exception of the PLA group. Moreover, the MMC-
PPT group, after stretching and deformation, exhibited the best
effects in alleviating scarring. Image J software was used to
measure the thickest and thinnest parts of each filtering bleb
wall in the OCT scans, and a statistical graph of the maximum
and minimum values was obtained, as shown in Fig. 7d and
e, respectively. Mild conjunctival edema was observed one
week after surgery. The thickness of the drug-loaded group was
slightly higher than that of the unloaded group, probably owing
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to the heavier postoperative conjunctival reaction affected by
MMC. One month after surgery, the thickness of the filter-
ing bleb wall exhibited varying degrees of decrease in each
group, and the conjunctival edema was eliminated; however,
the bleb thickness in the PLA group remained higher than that
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ness of filtering bleb stained with Masson staining in each group.
*P<0.05, ** P<0.01 as compared to the control (n=4), g Repre-
sentative AS-OCT at postoperative 1 and 4 weeks. Scale bar 2 mm

of the control group. The thickness of the filtering bleb in the
stretched and deformed MMC-PPT group decreased signifi-
cantly, and the maximum value was a mere 992.5 +26.47 pm.

A pathological observation of the wall of the filtering bleb
was also performed. Figure 7c shows a Masson and H&E
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stained map of the wall of the filtering bleb at the drainage
valve covered with different fiber membranes one month after
the implantation. No inflammatory cells were observed in the
postoperative pathology, and a denser collagenous fibrous tis-
sue was visible. As demonstrated by Masson’s staining, the
scar tissue was stained by a more varying degree than the
scleral tissue, and the thickness of the filtering bleb was sig-
nificantly less in the PPT group than in the control group,
demonstrating that the fiber could alleviate scarring. Image
J software was used to measure the stain map and derived
the statistical graph of the filtering bleb wall thickness for
each group one month after implantation, as shown in Fig. 7f
and g. The scleral surface thicknesses were 190.2 +6.319,
256.3+8.310, and 159.0+4.618 pm (mean + SD) in the
AGYV control, PLA, and tensile-deformed MMC-PPT groups,
respectively. It can be observed that PLA fibers cannot inhibit
scar proliferation. In contrast, PPT fibers have sound anti-scar-
ring functions, probably owing to the relative hydrophobic-
ity and wrinkled morphology of the fiber membrane surface.
Moreover, stretching and deformation enhance the anti-
scarring effects of the fiber membranes. Drug-loaded PPT
fiber membranes exhibit better effects in alleviating scarring
because of the effects of MMC. Drug-loaded PPT fiber mem-
branes have the best effects in inhibiting scarring because the
drug release of the fiber membrane increases after stretching
and deformation. The oriented fibers can inhibit tissue growth,
thereby reducing the formation of scarring. Therefore, the
PLA/PPDO micro- and nano-fiber membrane serve to allevi-
ate the scarring while controlling the drug release intelligently
and thus has a good prospect for biomedical applications.

Conclusions

In this study, a shape memory PLA/PPDO composite was
designed and fabricated with a transformation temperature of
41.3 °C and meets the requirements of being induced under
body temperature. The electrostatic spinning technique pre-
pared shape memory PLA/PPDO micro- and nano-fibers.
These fibers have a wrinkled surface morphology, and the
SMEs can make the surface morphology of the fibers switch
between wrinkled and smooth. Moreover, the fiber membrane
has a high specific surface area. The bath oscillation and micro-
injection pump methods were used to investigate the function
of intelligent controlled drug release of the shape memory
micro- and nano-fiber membrane and found that the membrane
had good effects on scar inhibition after AGV implantation. In
conclusion, this wrinkled-surface shape memory PLA/PPDO
micro- and nano-fiber broadens the application scope of SMPFs
and has great potential for biomedical intelligence.

Supplementary Information The online version contains supplemen-
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