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In this study, a multifunctional composite membrane based on polycaprolactone nanofibers having
controlled drug release, shape memory effect, and antibacterial ability was successfully prepared by the
electrospinning technique. The addition of graphene oxide (GO), zinc oxide nanoparticles (ZnO NPs),
polyethylene glycol (PEG), and berberine (BBR) strongly affected the morphology, crystalline degree,
melting temperature, and shape memory performance of the composite membrane, thanks to the
physical crosslinking network formed by the hydrogen bonding or van der Waals interactions between
the components. As a result, the recovery ratio of the composite membrane reached a higher value
(76.3% + 0.7%) than that of the PCL fiber membrane (22.8% =+ 0.7%). The additional components
significantly improved the wettability of the composite membrane, leading to a high amount of BBR
released (42.7 wt%) during 40 hours, as well as effective antibacterial ability. Besides, the BBR release can
be feasibly controlled by modulating the deformation ratio of the composite membrane, whereby the
higher deformation ratio resulted in a higher BBR release. Therefore, it is suggested that the prepared
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1 Introduction

Shape memory polymers (SMPs) are classified as emerging
stimuli-responsive material, capable of switching between
temporary and permanent shapes upon the application of
external stimuli, such as heat, light, pH, electricity, magnetic
field, or moisture. The permanent shape is determined by
a chemical or physical network based on intermolecular inter-
actions, crystalline phases, or molecular crosslinking. Mean-
while, the temporary shape is fixed by the weak interactions
between molecular chains or chain segments of the reversible
phase (switching segments), which are crystalline, liquid crys-
talline and amorphous phases.' Thermally induced SMPs are
commonly studied, whose shape memory mechanism involves
heating above their transition temperature, including glass and
melting temperatures for thermoset-SMPs and thermoplastic-
SMPs, respectively.” The thermoset-SMPs are chemically cross-
linked polymers, and their shape memory behavior occurs at
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wound dressing and drug release systems.

glass temperature (T,). At or above T,, the mobility of the
polymeric chains increases, turning materials from a rigid state
into a rubbery state. Therefore, they can be deformed to
a temporary shape corresponding to a change in the molecular
conformation and entropy by the application of an external
stress.® After that, the materials are cooled down below their T,
to fix the temporary shape and subsequently reheated above the
T, to induce polymeric chain mobility as well as to release the
stored entropic energy, which is the driving force of the initial
shape recovery. In the case of thermoplastic-SMPs, the actua-
tion of shape memory phenomena can be performed at a tran-
sition temperature of either T, or Ty, depending on their
chemical nature and structure, processing, and programming
parameters. In  comparison with thermoset-SMPs,
thermoplastic-SMPs have the advantages of appropriate
adjustment of transition temperature (near the human-body
temperature range) and of being more stretchable, degrad-
able, and easily processed into various structures, such as films,
foams, and micro/nanofibers.

Recently, SMPs with fibrous structures produced by electro-
spinning technique have been increasingly investigated
because of their interesting characteristics extending their
potential applications in biomedical fields. Along with high-
surface-area per volume unit, high porosity, nanoarchitecture

© 2024 The Author(s). Published by the Royal Society of Chemistry
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favor for cell attachment and proliferation, the electrospun
nanofibers show enhanced shape memory behaviors compared
to other structures. Zhang et al.® reported that the microfiber
shape memory polyurethane (SMPU) film had a higher shape
recovery rate and ratio because the high specific surface area of
microfibers resulted in quick heat transfer, subsequently
promoting the shape recovery. By reduction of the fiber diam-
eter of the electrospun polyether urethane mat from the micro-
to the nano-size, the molecular orientation in the fibers
changed, leading to the improvement of the shape memory
performance, however, decrease in shape-fixity.® Some
advanced shape memory composites in fibrous or bulk forms
are being fabricated by incorporating various nanomaterials,
such as graphene,”® graphene oxide,”'* ZnO,"** MgO,* clay,'®
and multi-walled carbon nanotubes.'” Addition of GO at
a content of 4 wt% in SMPU nanofibrous mat notably improved
the mechanical strength, surface wettability, thermal stability,
and shape memory effect because hydrophilic GO sheet played
a role as crosslinking points that prevented the stretch and
contraction of SPMU chains and reached the final structure
more quickly.” Meanwhile, the SMPU/nano ZnO composite had
good memory properties due to the formation of hydrogen
bonds between ~OH groups of nano ZnO and -NHCOO- groups
of polyurethane, promoting the self-assembly and inducing the
micro-phase separation.™

Owing to the above-mentioned characteristics, the
nanofibers-based shape memory scaffolds have great potential
for use in biomedical applications. Due to the shape memory
property, deformed nanofiber SMP scaffolds can recover their
original shape using internal/external stimulation for repairing
bone defects with minimally invasive surgical implantation. It is
reported that'®'? the shape memory capability of nanofiber SMP
scaffolds electrospun from a blend of chitosan, gelatin, and
shape memory polyurethane can benefit the wound healing
process through pre-programming shape recovery that assists
in closing the wound.” In addition, the shape memory effect
can be combined with drug delivery to perform multifunction,
including the release of therapeutic drugs over an extended
period, providing nanoarchitecture for cell adhesion and
proliferation, and wound healing. Bil et al.>* fabricated two
types of electrospun shape memory nanofibers (PU-PLLA and
PU-PLLA/PEG) incorporated with rapamycin for the design of
implantable devices for self-fitting and drug delivery for
cardiovascular system regeneration. Both electrospun scaffolds
had a transition temperature that was close to body tempera-
ture, Ry and R, values above 90%, and controlled delivery of
rapamycin over 45 days with effective therapeutic dosage. A
sandwich structure membrane composed of electrospun shape
memory polyurethane nanofibers in the top and bottom layers
and berberine (BBR) incorporated nanofibers in the middle
layer was developed as a drug delivery system.** 80 wt% of BBR
was released from the sandwich structure membrane in 144 h.
Interestingly, the release of BBR can be accelerated by stretch-
ing and fixing the membrane in different deformation ratios.

Polycaprolactone is a biodegradable polymer with excellent
mechanical properties and biocompatibility, endowing its
widespread use in biomedical applications. However, the PCL
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process poor shape memory effect and a high transition
temperature of above 60 °C. The aim of this study was to
improve the shape memory capability of electrospun PCL
nanofiber scaffold at lower temperatures using inorganic and
organic additive components, including GO, ZnO nano-
particles, polyethylene glycol, and BBR. The effect of these
components on the shape memory performance of the PCL
nanofiber scaffold was explained based on the mechanism of
molecular interactions and crystalline structure. In addition,
the release of BBR as a model drug from these composite
nanofiber scaffolds was investigated in relation to their defor-
mation shape. The antibacterial activity of the scaffolds was
examined to evaluate their potential capacity in extensive
biomedical applications, such as wound dressing and drug
delivery.

2 Materials and method
2.1 Materials

BBR chloride (pharmaceutical primary standard), poly-
caprolactone (M,, = 48.000 ¢ mol '), and polyethylene glycol
(M,, = 4.000 g mol ") were supplied from Sigma Aldrich. N,N-
Dimethylformamide (DMF purity =99.5%) and chloroform
(purity =99.5%) were purchased from Samchun Chemicals,
Korea. Titan Biotech (India) provided nutrient agar. Bi-distilled
water through a Milli-Q® system was used. All the chemicals
were used without further purification.

Two bacterial strains, including Escherichia coli and
Methicillin-resistant Staphylococcus aureus (MRSA) represented
Gram-negative and Gram-positive bacterium, respectively, were
provided by the Department of Bacteriology at the National
Institute of Hygiene and Epidemiology Vietnam.

2.2 Preparation of electrospun composite membranes

ZnO nanoparticles (ZnO NPs) and graphene oxide sheets (GO)
were prepared according to the procedures reported in our
previous studies.**?*

The electrospun PCL membrane containing polyethylene
glycol (PEG), GO, ZnO NPs, and BBR was fabricated using the
electrospinning method. Firstly, 0.012 g of ZnO NPs were
dispersed in 7.6 g of chloroform by ultrasonic for 15 minutes.
Then, 1.9 g PCL and 0.1 g PEG corresponding to a 95/5 weight
ratio of PCL/PEG were added into the above ZnO NP suspen-
sion. The mixture was stirred for 2 hours at room temperature
using a magnetic stirrer. Besides, 0.02 g of GO was dispersed in
0.4 g of N,N-dimethylformamide (DMF) using an ultrasonic
bath for 1 hour to ensure its uniform dispersion. Subsequently,
the GO suspension and 0.02 g of berberine (BBR) were mixed
with the above PCL/PEG/ZnO NPs mixture to obtain a 20 wt%
PCL/PEG solution containing 0.6 wt% ZnO, 1 wt% GO, and
1 wt% BBR compared to the PCL/PEG amount. Finally, the
mixture was stirred using magnetic stirring at 35 °C for at least 2
hours until a homogeneous PCL/PEG/ZnO NPs/GO/BBR (PCL/
PZG/BBR) mixture was obtained.

To prepare the PCL/PZG/BBR nanofibrous membrane, the
above PCL/PZG/BBR mixture was subsequently subjected to
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processing using an electrospinning system, which involved the
utilization of a 5 mL syringe connected to a steel needle with an
inner diameter of 24 gausses. The solution was administered at
a flow rate of 1.0 mL h™". A high-voltage power supply was used
to establish a voltage of 9 kV while maintaining a working
distance of 20 cm between the needle's tip and a roller collector.
The electrospinning process was conducted for 6 hours to
obtain the PCL/PEG/ZnO/GO membrane under the ambient
condition with relative humidity <60% and a temperature of
27 °C = 3 °C.

Electrospun PCL fiber membranes containing one or more
components of GO, ZnO NPs, PEG, and BBR were fabricated
using a similar procedure.

2.3 Characteristics of electrospun composite membranes

The scanning electron microscopy (SEM) images were taken
using a JSM-6510LV instrument to observe the morphology of
the prepared composite membranes. The diameter distribution
of nanofibers was conducted by measuring the diameter of
approximately 50 randomly selected nanofibers from SEM
images using the Image] software.

The melting properties of the composite membranes were
examined by differential scanning calorimetry (DSC 204F1
Phoenix, Netzsch). The tests were performed by heating and
cooling the sample several times at a rate of 10 °C per minute,
over a temperature range of 25 °C to 80 °C. DSC data extracted
from the second cycle were reported. The degree of crystallinity
was calculated using eqn (1):

AH,

X, =
AH,

x 100 (1)

In which AH, is the heat of fusion of the membrane, AH, is the
heat of fusion of 100% crystalline PCL.

The chemical characteristics of the composite membranes
were analyzed using an Infrared Spectrometer (Nexus 670 from
Nicolet) with wavenumbers ranging from 500 to 4000 cm " and
a Raman spectrometer (MacroRAM, Horiba) in the wavelength
range of 500-3000 cm .

2.4 Shape memory performance of the composite
membranes

Each composite membrane was cut into uniform rectangle
shapes with original dimensions of 5 mm width, 10 mm length,
and 0.1 mm thickness. Thermal-induced shape memory
performance of these samples was evaluated in hot circulating
air in an oven by following steps: (a) the sample with the origin
length L, (mm) was heated at 55 °C for 10 minutes in an oven,
(b) the heated sample was rapidly stretched to obtain a defor-
mation shape with a new length L; (mm), (c¢) the deformed
sample was fixed by cooling it at 5 °C in a fridge for 5 minutes to
obtain temporary shape with the length of L, (mm), and (d) the
sample was recovered by reheating at 55 °C for 60 minutes in
the oven and the final length was recorded as L; (mm).

The fixity ratio (Ry) and recovery ratio (R,) were calculated
according to eqn (2) and (3), respectively:
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The shape memory test of each sample was repeated at least
three times and the average data of the fixity and recovery ratios
are reported.

The shape memory capacity of samples deformed at different
ratios of elongation (0%, 20%, and 50%) was also investigated.
The deformed samples were marked according to their elon-
gation ratios as PCL/PZG/BBRO, PCL/PZG/BBR20, and PCL/PZG/
BBR50. The length of deformed, temporary, and recovered
samples was measured using a digital camera of the fluores-
cence stereomicroscope (M165 FC, Leica).

2.5 BBR release behavior of the composite membranes

In order to determine the quantity of BBR released from the
composite membranes, a calibration curve of UV-vis absor-
bance versus BBR concentration was built as follows: BBR
solutions with serial concentrations from 1 to 50 ug mL ™" were
prepared by diluting the BBR stock solution (0.2 mg mL ") in
phosphate-buffered saline (PBS, pH = 7.4). Then, the absor-
bance of these BBR solutions was measured using a UV-vis
spectrophotometer (6850 UV/vis, Jenway) at a maximum wave-
length of 421 nm for building the BBR calibration curve.

The composite membranes were cut into rectangular pieces
containing the same amount of BBR in each sample. The cut
samples were separately placed into 10 mL bottles containing
3 mL PBS. Then, these bottles were placed in a shaker PTR-35
vertical multifunction under room temperature with constant
agitation at 30 rpm. At each time interval, the UV-vis absorbance
of the solution in each bottle was measured at the wavelength of
421 nm and the quantity of BBR released from composite
membranes was calculated based on the calibration curve. The
percentage of BBR released at each time interval was deter-
mined using eqn (4) as follows:

W 100% (4)

m

Percentage of BBR release (%) =

where W, (mg) is the weight of BBR released at each time
interval and W,,, (mg) is the weight of BBR incorporated into the
membrane.

The BBR release behavior of the composite membranes
deformed at different ratios of elongation (0%, 20%, and 50%)
was also evaluated by the same procedure. All the experiments
were repeated three times.

2.6 Assessment of antibacterial activity of the composite
membranes

The composite membranes stretched at various ratios were
tested for antibacterial activity against two representative
pathogens causing infections, namely Methicillin-resistant
Staphylococcus aureus (MRSA) and Escherichia coli O157:H7 (E.
coli 0157:H7), by the agar diffusion method. A bacterial

© 2024 The Author(s). Published by the Royal Society of Chemistry
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suspension with a concentration of 10” CFU mL ™' was spread
evenly on the surface of nutrient agar contained in a sterile
plastic Petri dish. The composite membranes with different
deformation ratios were gently placed on the agar surface.
Subsequently, the Petri dishes were covered and incubated at
37 °C for 24 h. The dimensions of the inhibitory zones encir-
cling the membranes were identified using a digital camera of
the fluorescence stereomicroscope (M165 FC, Leica) and the
average results are reported.

Electrospun PCL membranes containing one or more
components of BBR, GO, and ZnO NPs were fabricated with
a similar procedure.

3 Discussion
3.1 Morphology of the composite membranes

The notable difference in surface morphology of the electro-
spun PCL, PCL/GO, PCL/ZnO/GO (marked as PCL/ZG), PCL/
PEG/ZnO/GO (marked as PCL/PZG), PCL/BBR, and PCL/PZG/
BBR membranes was distinguished in SEM images shown in
Fig. 1. The PCL fibers (Fig. 1a) appeared with not uniform
shape, having an average width size of 2190 nm. There was
adhesion between the fibers, creating an interconnected
network. In addition, branched fibers with a significantly
smaller size were observed, probably due to the split of the main
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jet during the electrospinning process. It is reported that several
crucial parameters decide the morphology of electrospun
nanofibers, which are polymer concentration, solvent type,
applied voltage, and distance from the needle to the collector.>®
Yarin et al** studied the electrospinning process of PCL in
acetone at a voltage of 4-10 kV and distance between the needle-
and-collector in the range of 15-70 mm and observed branching
jets emanating from the primary jet. This phenomenon was
attributed to the undulating surface of the cylindrical jet
becoming unstable, forming the branches from the primary jet
under an electrical field. Similarly, the electrospinning param-
eters applied in this study (a solvent mixture of chloroform and
DMF with a ratio of 19:1, a PCL concentration of 20 wt%,
a voltage of 9 kv, a needle-and-collector distance of 20 cm, and
a feed rate of 1.0 mL h™") might cause the secondary jets that
induce the formation of branched fibers. Using the same
solvent mixture of chloroform and DMF with different ratios,
Zargarian et al.”” received wide distributions of fiber diameter
when electrospinning the PCL solution at a concentration of
12 wt%, a voltage of 17 kV, a needle-and-collector distance of
13 ¢cm, and a flow rate of 1.0 mL h™.

In the case of the electrospun PCL/GO membrane, a broad
distribution of fiber diameter was obtained in the presence of
very fine branched fibers at a size of several hundred nanome-
ters, resulting in an average diameter of 1340 nm. It is found
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Fig.1 SEM images of electrospun (a) PCL, (b) PCL/GO, (c) PCL/ZG, (d) PCL/PZG, (e) PCL/PGZ/BBR, and (f) PCL/BBR fibers, average diameter of
the fibers (g), and diameter distributions of electrospun (e’) PCL/PGZ/BBR and (f') PCL/BBR fibers.
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that the reduction of solution viscosity and the increase in the
conductivity caused a decrease in the diameter of PCL fibers
with GO addition. Besides, the variation in surface tension of
the PCL/GO solution was attributed to the diameter variation of
the electrospun PCL/GO fibers.”® There was no aggregation of
GO sheets on the surface of the PCL/GO membrane, indicating
good compatibility of GO in the PCL solution. However, the
addition of ZnO NPs significantly changed the morphology of
PCL/GO fibers, forming discontinuous fibers sticking together
(Fig. 1c). It is possible that the physical interaction between
ester groups of PCL and hydroxyl groups of ZnO NPs hindered
the entanglement between polymer chains,” leading to
a reduction in the ability to produce continuous fibers. Inter-
estingly, more uniform, continuous, and smaller size fibers
were obtained when adding PEG into the PCL/GO/ZnO NPs
solution. Similar to PCL, PEG could form hydrogen bonding
with ZnO NPs, where the proton acceptor oxygen of PEG bonded
with the proton donor hydroxyl of ZnO NPs. Thus, PEG chains
could reduce the PCL-ZnO NPs interaction and induce the
dispersion of the inorganic particles and the organic phase,*
forming a better fiber morphology.

The SEM images and fiber diameter distribution of PCL/PZG/
BBR (Fig. 1e and €’) and PCL/BBR (Fig. 1f and f') reveal that the
incorporation of BBR led to the formulation of thinner nano-
fibers with an average diameter of 1054 + 97 nm and 500 +
42 nm, respectively. Berberine chloride is a quaternary ammo-
nium salt, which may increase the solution conductivity and
thus increase the jet stretching under the electrical field,
leading to a decrease in the fiber diameter of the composite
membranes.** The Influence of the fiber diameter on the shape
memory performance was investigated by Sauter et al.** It was
reported that the reduction of the fiber diameter from the micro
to the submicron, and finally to the nanoscale increased
molecular orientation along the direction of the fiber due to
radial geometrical confinement. A high molecular orientation
in nanoscale fibers led to an increase in stress generation that
facilitated a high shape recovery behavior (R, increased).
Meanwhile, the shape-fixity ratio (R¢) was reduced when the
fiber diameter decreased to the nanoscale because higher stress
generation induced higher retracting forces. Similarly, drug
release behavior was also strongly affected by the fiber diameter.
Chen et al.* prepared 5-fluorouracil-loaded polylactide (PLA)
with fiber diameter in the range of 350 nm and 1020 nm to
discover the influence of fiber diameter on drug delivery. The
results showed that the drug was released faster from the fine
fibers than the large fibers, attributed to the fact that the fine
fibers had a higher specific surface area and the drug diffused
more easily from inside the fiber, which was beneficial for drug
release. A similar conclusion has been drawn in the case of
ampicillin trihydrate-loaded PLA.** However, some studies re-
ported a reverse phenomenon, for example, larger doxorubicin
(DOX)-loaded PLA nanofibers released DOX faster than larger
ones;* burst release percentage for donepezil and curcumin
was increased by the increase of fiber diameter.*® Therefore, the
drug release behavior is complex and depends not only on fiber
morphology but also other factors, such as the interactions
between the drug, solvent and polymer matrix, the degree of
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View Article Online

Paper

swelling and degradation rate of the polymer matrix. In our
study, the release rate of BBR from PCL/PZG/BBR nanofibers
was faster than that of PLA/BBR nanofibers, attributing to the
above-mentioned factors, in addition, the hydrophilicity degree
of PCL/PZG/BBR nanofibers might be higher because of PEG
composition (ESI data 17).

3.2 Chemical characteristics of the composite membranes

The interaction between functional groups of components in
the composite membranes was studied from their IR spectra as
shown in Fig. 2. The characteristic peaks of PCL membrane
appeared at 1176 cm™ ' (-CH,~ deformation), 1240 cm ' (-C-O-
C- stretching), 1720 em™ ' (-C=O0 stretching), and 2865 and
2944 cm™ ! (-CH,- stretching).?” Interestingly, when adding GO
and ZnO NPs components in the PCL membrane, the vibration
of the -CH,- deformation and ~C=0 stretching bands slightly
shifted to 1165 cm™ " and 1722 cm ™, respectively, accompanied
by the significant decrease in the intensity of typical peaks of
PCL (Fig. 2a1 and a2). This change might be attributed to the
interaction through the hydrogen bonding between the oxygen-
containing functional groups of PCL with hydroxyl groups of GO
sheets and ZnO NPs.””*®* Meanwhile, the IR spectrum of PCL/
PZG showed an increase in the intensity of -CH,- and -C-O-
C- bands compared to the bands in PCL/ZG due to the
supplementation of the PEG component. However, there was an
absence of the absorption band of -OH stretching vibration
which is specific to the PEG molecule and an increase in the
intensity of the -C=0 stretching band in the IR spectrum of
PCL/PZG, indicating that PEG molecules preferred to interact
with GO and ZnO NPs components,***° reducing the interaction
between -C=0 groups of PCL with others. It was reported in
our previous study that the IR spectrum of pure BBR revealed
the existence of -OH (3414 cm™ '), -O-CHj; (2844 cm™ '), C=N"
(1633 cm™ "), and -C=C- bonds (1567 and 1506 cm ™ ').** These
characteristic bands of BBR either coincided with those of PCL
or disappeared in the IR spectra of PCL/BBR and PCL/PZG/BBR
membranes. The BBR component also reduced the intensity of
typical vibration bands of both PCL and PCL/PZG membranes
(Fig. 2b1 and b2). The change in the intensity of IR absorption
bands may be attributed to changes in the polymer chain
configuration as well as phase transitions.”” The bands at
1720 cm™ ' and 1176 cm ™" assigned to the stretching of -C=0
and deformation of -CH,- groups, respectively, contained in
the crystalline regions of PCL. It is reported that the decrease in
the intensity of these bands indicated a decrease in the crys-
talline phase.**** A similar result occurred when BBR was added
to the PCL matrix.

The effect of each component on the crystalline phase of the
composite membranes was analyzed using Raman spectroscopy
as shown from the spectra in Fig. 3. The assignment of vibration
bands in Raman spectra of PCL and PCL/GO membranes is
listed in Table 1. It can be observed that the characteristic bands
referred to the crystalline fraction of PCL significantly enhanced
in number and intensity, while the vibration band characterized
by the amorphous phase disappeared when GO was added to
the PCL membrane. These results are consistent with other

© 2024 The Author(s). Published by the Royal Society of Chemistry
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studies reporting that GO acted as a nucleation agent increasing
the crystallization of PCL.** However, compared with the PCL/
GO membrane, all the vibration bands of the PCL/ZG
membrane were reduced in their intensity, indicating
a decrease in the crystalline degree of the PCL matrix. Augustine
et al. explained that the formation of the complex between PCL
and ZnO NPs restricted the mobility of PCL chains, and thus
inhibited the crystallization of PCL in the composite.*® In the
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A e
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0 ’ v v +
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case of the PCL/PZG membrane, the typical vibration bands of
PEG and PCL molecules overlapped. As mentioned above, PEG
chains could reduce the PCL-ZnO NPs interaction, resulting in
not only better morphology but also a higher crystalline degree
of the PCL/PZG fibers compared to that of PCL/ZG fibers.
Meanwhile, the addition of BBR into PCL and PCL/PZG
membranes slightly reduced the intensity of all typical bands,
indicating a decrease in the crystalline phase.

PCL/BBR
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Fig. 3 Raman spectra of the PCL fiber membrane and the composite fiber membranes.
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Table 1 The assignment of vibration bands in Raman spectra of PCL and PCL/GO membranes

Raman bands of PCL (cm™*)

Raman bands of PCL/GO (cm ™)

Assignment

922 875 (broad band)
1073 —

1114 1140

1308 1308

1421 and 1443 1416 and 1483
— 1606

1727 1732 and 1745
2918

3.3 Shape memory property

The thermally activated shape memory behavior of electrospun
PCL composite membranes could be performed at their melting
temperature, at which switching segments have sufficient
mobility to recover their original shape from a deformed shape.
Therefore, DSC analysis was used to determine the transition
temperature of the composite membranes for shape memory
performance (Fig. 4 and Table 2). The DSC thermogram of the
electrospun PCL membrane showed a transition peak, which
indicated the melting temperature of PCL fibers at 65.4 °C. The
incorporation of GO, ZnO NPs, and PEG components slightly
decreased the melting peak of the PCL/PZG membrane to 64.1 °
C and broadened its melting temperature in the range of 39 to
74 °C. Moreover, calculating from the heat of fusion of the
membranes, the degree of crystallinity of the PCL/PZG

2569, 3136, and 3227

»(C-COO) crystalline
»(COC) amorphous
»(COC) crystalline
»(CH) crystalline and
amorphous

D band of GO

0(CH,) crystalline

G band of GO
»(C=O0) crystalline
»(CH) crystalline

membrane was higher than that of the PCL membrane (Table
2). This is attributed to GO acting as a nucleation agent.*
Additionally, it is reported that PEG and PCL could mutually
promote the formation of thicker and more perfect crystals in
the blend.” Interestingly, two overlapped melting peaks were
observed in the DSC thermogram of PCL/BBR and PCL/PZG/
BBR membranes (Fig. 4c and d) accompanied by the reduc-
tion in the crystalline degree, which was also identified by IR
and Raman analyses. A possible explanation is that BBR might
interfere with the crystalline packing of the PCL segments,
causing a micro-phase separation and a larger range of melting
temperatures. Therefore, in this study, the recovery temperature
for the shape memory test of the composite membranes was
chosen to be 55 °C lower than the melting peak of the PCL
membrane.

254 (a) 2.54 (b)
—PCL ——PCL/PZLG
2.04 .04
1.54
1.5

1.04
o~ 1.04
=1
g o059
~ 0.54
B 0.0 T T T T
E 50 60 70 80 50 60 70 80
~ 25 2.5
z © @
= 2.0, PCL/BBR b0 ——PCL/PZG/BBR
N
=
E 1.5+ 1.54
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Fig. 4 DSC curves of (a) PCL, (b) PCL/PZG, (c) PCL/BBR, and (d) PCL/PZG/BBR membranes.
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Table 2 The melting temperatures of the composite membranes measured by DSC analysis

Melting temperature

Melting temperature

Crystalline

Samples peak (°C) range (°C) Heat of fusion AH, (J g77) degree X. (%)
PCL 65.4 53 + 73 78.31 57.5
PCL/PZG 64.1 39 + 74 91.94 67.6
PCL/BBR 61.1 and 66.5 40 + 72 71.14 52.3
PCL/PZG/BBR 62.5 and 69.0 39 - 76 65.66 48.2

PCL-based SMPs have been widely studied because of the
flexible adjustment of their phase transition temperature and
shape memory behavior for biomedical applications. These
materials were prepared by blending PCL with different poly-
mers or covalently crosslinking PCL molecules to improve their
shape memory characteristics.*”>** In this study, the shape
memory behavior of electrospun PCL membrane incorporated
with GO sheets, ZnO NPs, PEG, and BBR was examined (Fig. 5,
Table 3, and ESI data 27). The PCL membrane showed a high R¢
(95.3% =+ 2.6%) but a low R, (22.8% =+ 0.7%). When the
deformed shape of the PCL membrane was fixed at 5 °C, the
switching segments (amorphous phase) stopped moving and
a stable new shape was maintained. Because the fixed sample
was reheated at a temperature of 55 °C, lower than the melting
temperature range of the PCL membrane, the switching
segments did not have enough energy to elastically return to
their original shapes, resulting in a low recovery ratio. The
addition of GO, ZnO NPs, or BBR into the PCL membrane
exhibited a positive impact on the shape memory characteris-
tics of the composite membrane with an increase in both R and
R, values. The R; value of PCL nanofiber membrane cumula-
tively increased from 22.8 & 0.7 to 40.8 0.8, 51.6 + 3.2, 58.6 £
3.7,and 76.3 4 0.7 after the addition of GO, ZnO, PEG, and BBR
components, respectively. These components contain polar
chemical groups forming interaction points with PCL molecular
chains, acting as additional physically cross-linked sites. This
physical crosslinking reduced molecular chain slippage during
deformation, keeping a high fixity ratio. Besides, the physical
crosslinking strengthened hard domains (crystalline phase),
causing more energy to be stored in the temporary shape, which

PCL PCL/GO PCL/ZG

improved the recovery performance.'>**** The presence of PEG
in the PCL/PZG membrane led to an increase in R, value but
areduction in R¢value. This can be explained by the plasticizing
effect of PEG that improved the chain flexibility, leading to an
enhancement in the recovery ability of the deformed sample.*®
Besides, the addition of PEG induced the formation of the
crystalline phase of the blend,* which is responsible for energy
storage and release during the thermal-activated shape memory
program. The higher crystallinity was likely to form a harder
network to produce a greater recovery energy in the case of the
PCL/PZG membrane.*® Various studies indicated that the shape
memory performance of polymers gradually augmented as the
crystallinity increased®** because the crystal regions acted as
network nodes that are responsible for the memorization of the
original permanent shape of SPMs. The higher crystallinity
resulted in more network nodes that hindered the chain
mobility, leading to more entropic energy being stored in the
SPM. When the deformed state of the SPM was reheated, that
stored energy was released to regenerate the chain mobility,
which could be the main driving force to regain the original
shape. Therefore, higher crystallinity could improve shape
memory performance. Additionally, the crosslinking density
caused by the chemical or physical bonds also generates the
network nodes that determine the shape memory performance.
According to Fulati et al.,>® the shape recovery performance of
PCL-based SMPs was more affected by the crosslinking density
than the degree of crystallinity. In our study, the significant
increase in the recovery ratio of PCL/PZG fiber membrane might
be attributed to the increase of both crystallinity and physical
crosslinking. With the addition of the BBR component, the

PCL/PZG PCL/PZG/BBR

PCL/BBR

Fig.5 Photographs showing the shape memory behavior of the PCL fiber membrane and the composite membranes. (A) The original shape, (B)

the fixed shape, (C) the recovered shape.
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Table 3 Fixity and recovery ratios of PCL fiber membrane and the composite membranes

Membranes Fixity ratio (%) Recovery ratio (%) Membranes Fixity ratio (%) Recovery ratio (%)
PCL 95.3 + 2.6 22.8 £ 0.7 PCL/ZG 98.1 = 0.4 51.6 + 3.2
PCL/BBR 96.2 £ 1.5 40.5 £ 4.75 PCL/PZG 95.2 £ 1.5 58.6 + 3.7
PCL/GO 98.0 + 0.6 40.8 + 0.8 PCL/PZG/BBR 94.3 £ 2.8 76.3 £ 0.7

recovery ratio of PCL/BBR and PCL/PZG/BBR notably enhanced
although the degree of crystallinity reduced, indicating the
dominant effect of the crosslinking density. As the impact of all
components, the PCL/PZG/BBR membrane showed high values
of Rr (94.27% + 2.8%) and R, (76.3% =+ 0.7%), indicating
a significant improvement in shape memory performance
compared with the PCL membrane. Razqui et al.>* reported that
the physical form of materials, such as film, foam, or micro/
nanofibers, remarkably affected its shape memory behavior.
Thanks to the porous morphology, the electrospun nanofiber
membrane could be more adaptable to the deformed shape,
resulting in a high fixity ratio. On the other hand, the higher
orientation of the polymer chains during the electrospinning
process produced better crystal morphology, attributed to
a better recovery ratio.

3.4 Drug release profiles

The release behavior of BBR was investigated relating to the
composition and deformation ratio of the composite
membranes (Fig. 6). The PCL/BBR membrane showed an
extremely low release rate of BBR for the first 8 hours, releasing
5.5 wt% of the total BBR incorporated in the membrane. This
result can be accounted for by the hydrophobic property of the
PCL/BBR membrane surface, forming a barrier layer for water
permeation and BBR diffusion in the initial state of release.
After that, the membrane was wetted and BBR was gradually
released, achieving a release percentage of 28.6 wt% at an
equilibrium state after 40 hours. The addition of GO sheets,
ZnO NPs, and PEG components significantly improved the
wettability of the composite membrane, leading to a burst
release of BBR in the first 2 hours and a higher amount of BBR
released (42.7 wt%) during 40 hours.

Fig. 6b and c show the BBR release behavior of the PCL/BBR
and PCL/PZG/BBR membranes relating to the stretching
deformation ratios of 0%, 20%, and 50%. It can be observed
that the higher deformation ratio caused the larger release of
BBR from membranes. Briefly, the percentage of BBR release
from PCL/BBR50 and PCL/PZG/BBR50 was 2.5 and 2.3 folds that
of BBR release from PCL/BBRO and PCL/PZG/BBRO at the
equilibrium state, respectively. As expected, the stretching
deformation of the composite membrane during the shape
memory program can speed up the release of the drug. It can be
explained that the polymer chains and BBR molecules were
reoriented in the stretching direction, accompanied by
a decrease in the fiber diameter. Hence, the diffusion pathway
of BBR was shortened, inducing the release of BBR.*> Conse-
quently, the drug release can be feasibly controlled by modu-
lating the deformation ratio. The PCL/PZG/BBR membrane with

26892 | RSC Adv, 2024, 14, 26884-26895

a high deformation ratio would be effective in treatments
requiring a high concentration of BBR over a long period. This
assertion was examined by the antibacterial activity of the
composite membranes at different deformation ratios.

3.5 Antibacterial activity of the composite membranes

The antibacterial activity of the composite membranes at
deformation ratios of 0%, 20%, and 50% against MRSA and E.
coli 0157:H7 was evaluated based on the size of the inhibitory
zone as shown in Fig. 7 and Table 4. It can be observed that the
PCL/PZG/BBR membrane exhibited a larger size of inhibitory
zones compared with the PCL/BBR membrane at the same
deformation ratio. This is attributed to the addition of GO and
ZnO NP components, which themselves possess antimicrobial
action.*>*¢ Although GO and ZnO nanoparticles were reported to
be effective antibacterial agents, their antibacterial activity
depended on the polymer matrix containing the nanoparticles.
Electrospun zein/GO nanofibers containing 1.0 wt% of GO
displayed strong bactericidal activity against E. coli and S.
aureus with the mean diameter of inhibition zones of 17.51 £+
0.76 and 19.18 £ 0.88 mm, respectively. This may be attributed
to the fact that zein nanofibers possess a favorable surface for
cell adherence.”” In the case of electrospun PLA/poly(butylene
carbonate)/GO nanofibers containing 0.06 wt% of GO, the
zone of inhibitions against E. coli and S. aureus were 1.208 £
0.352 and 1.364 + 0.327 mm, respectively.*®

While the antibacterial ratios of polyacrylonitrile/GO
1.0 wt% nanofiber membranes against E. coli and S. aureus
were 85.9% and 95.9%, respectively.’® These studies indicate
that GO had higher antibacterial performance against Gram-
positive bacteria than Gram-negative bacteria due to the
difference in the structure of microorganism membranes.
Meanwhile, ZnO nanoparticles incorporated in electrospun
PCL/chitosan/curcumin nanofibers showed different effects on
the antibacterial activity against E. coli and S. aureus, that is the
increase in the antibacterial effectiveness against E. coli while
a decrease in the antibacterial performance against S. aureus.*
In our study, GO and ZnO helped to improve the antibacterial
activity of the PCL/BBR nanofiber membrane. The electrospun
PCL/PZG/BBR showed a higher antibacterial activity against
MRSA than E. coli 0157:H7.

Additionally, the PCL/PZG/BBR membrane released a signif-
icantly higher BBR concentration than the PCL/BBR membrane
during 24 hours, therefore it provided a better antibacterial
ability. According to the BBR release profiles, the higher
deformation ratio of the composite membranes caused the
higher BBR release, as a result, the larger size of the inhibitory
zone was obtained. At the deformation ratio of 50%, 63.4% and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Drug release curves of (a) PCL/BBR and PCL/PZG/BBR membranes, (b) PCL/BBR at different deformation ratios, (c) PCL/PZG/BBR at
different deformation ratios, and (d) photography pictures of PCL/PZG/BBR20 during release and shape memory tests.

86.6 wt% of total BBR incorporated in PCL/BBR50 and PCL/
PZG/BBR50 membranes were released for 24 hours, achieving
the inhibitory zone of 0.131 mm and 0.156 mm against E. coli
0157:H7 and 0.182 and 0.201 against MRSA, respectively. This

result is consistent with other studies reporting that BBR had
higher antibacterial activity against Gram-positive bacteria
(MRSA) than against Gram-negative bacteria (E. coli).”* Xia

PCL/BBRO

PCL/BBR50

PCL/PZG/BBRO

1 mm

PCL/PZG/BBR50

1 mm

PCL/BBR20 PCL/PZG/BBR20

PCL/BBR0O

PCL/BBRS50

1 mm

PCL/BBR20

PCL/PZG/BBRO

PCL/PZG/BBR50

PCL/PZG/BBR20

1 mm

Fig. 7 Photographs of antibacterial test of PCL/BBR and PCL/PZG/BBR membranes against (a) E. coli O157:H7 and (b) MRSA.
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Table 4 Size of the inhibitory zones of PCL/BBR and PCL/PZG/BBR membranes at different deformation ratios

Size of the inhibitory zones (mm)

PCL/BBR PCL/PZG/BBR
Bacterial pathogen 0% 20% 50% 0% 20% 50%
E. coli 0157:H7 0.091 £ 0.024 0.107 £ 0.033 0.131 £ 0.015 0.118 £ 0.033 0.133 £ 0.012 0.156 £ 0.004
MRSA 0.16 + 0.02 0.176 £ 0.022 0.182 +£ 0.020 0.168 £ 0.014 0.184 +£ 0.009 0.201 £ 0.016

et al.” reported that BBR significantly damaged the cell wall and
membrane of MRSA, causing bacterial death.

4 Conclusions

In conclusion, an improvement in the shape memory perfor-
mance of the electrospun PCL membrane was achieved by the
incorporation of GO sheets, ZnO NPs, PEG, and BBR compo-
nents. It was examined that the additional components formed
the physical crosslinking network between PCL molecules
through hydrogen bonding or van der Waals interactions that
tuned the morphology, crystalline degree, and melting
temperature of the composite nanofiber scaffold, thereby
enhancing its shape memory performance. The composite PCL/
PZG/BBR membrane had smaller nanofibers with an average
diameter of 500 £+ 42 nm, broader melting temperature in the
range of 39-76 °C, high shape memory performance with fixity
ratio of 94.27% =+ 2.8% at 5 °C and recovery ratio of 76.3% =+
0.7% at 55 °C. Because the composite PCL/PZG/BBR membrane
showed more wettability, it released a higher amount of BBR
(42.7 wt%) during 40 hours, providing better antibacterial
effectiveness compared to the PCL/BBR membrane. Further-
more, the release of BBR could be programmed by modulating
the deformation ratio, and higher BBR release was achieved by
a higher deformation ratio. Thanks to its multifunction,
including shape memory effect, controlled drug release, and
antibacterial ability, the composite PCL/PZG/BBR membrane is
a prospective smart material in biomedical applications such as
wound dressing and drug release systems.
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