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A B S T R A C T   

Electrospinning is a widely recognized method for producing Janus or core-shell nanofibers. In 
this study, nanofibrous membranes were fabricated through co-axial electrospinning utilizing 
polycaprolactone (PCL) and silk fibroin (SF) as the Janus shell, and taxifolin (TAX) and SF as the 
core. The resulting nanofibers had diameters of 816 ± 161 nm and core diameters of 73 ± 5 nm. 
The morphology and properties of the PCL-SF@SF/TAX nanofibers were subsequently analyzed. 
The results demonstrated that the nanofibrous membranes achieved physical and chemical 
characteristics potential for tissue engineering and drug delivery. Specifically, the membranes 
exhibited a Young’s modulus of 9.64 ± 0.29 MPa, a water contact angle of 79.1 ± 1.3◦, and a 
weight loss of 17.3 ± 1.0 % over a period of 28 days. The incorporation of TAX endowed the 
membranes with antibacterial properties, effectively combating Escherichia coli and Staphylo-
coccus aureus. Furthermore, the membranes demonstrated antioxidant capabilities, with a DPPH 
radical scavenging efficiency of 38.5 ± 5.6 % and a Trolox-equivalent antioxidant capacity of 
0.24 ± 0.01 mM. The release of the antioxidant was sustained over 28 days, following first-order 
release kinetics. The nanofibrous membranes, referred to as PSST, exhibit promising potential for 
use as biomaterials, characterized by their antibacterial activity, antioxidant and 
cytocompatibility.   

1. Introduction 

For the sophisticated creation of fiber materials across various scientific domains, electrospinning has risen to prominence as an 
essential technological innovation [1]. In the domain of biomedicine, the transformative potential of electrospinning is evident, with 
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applications spanning innovative drug delivery systems, the repair and replacement of tissues via engineering, and the development of 
cutting-edge biosensors [2]. Multifluid electrospinning has emerged as a groundbreaking approach, enabling the production of 
innovative, high-tech fibers with a multitude of functionalities [3]. Janus fibers epitomize a unique bi-functionality, with each of their 
two sides showcasing a singular set of intrinsic attributes [4]. 

In the realm of bio-medical applications, biodegradable and resorbable polymers—highlighted by polycaprolactone (PCL) and poly 
(α-L-glutamic acid)—have been integral to advancements in tissue engineering, drug delivery systems, wound healing, scaffold con-
struction, and the development of surgical sutures [5]. The robust properties of PCL, an FDA-approved polyester, which include 
remarkable strength, tunable biodegradability, non-cytotoxicity, and biocompatibility, have solidified its role in a variety of appli-
cations in the current tissue engineering domain [6,7]. As a result, PCL possesses exceptional toughness, mechanical strength, and 
biocompatibility, it has been employed in tissue-engineering scaffolds to repair skin, vascular tissues, and bone [8]. It is a semi-
crystalline aliphatic polyester that breaks down in the body into repeating units of one ester group and five methylene groups, which 
have non-cytotoxic effects [9]. Furthermore, cell adhesion and proliferation are generally inhibited by PCL hydrophobicity [8]. Silk 
fibroin (SF), with its impressive elasticity and reduced potential for immunogenic reactions, is a biopolymer that has become a staple in 
tissue engineering applications [10]. Glycine, Alanine, and Serine, the amino acid sequence of SF, provide functional groups that 
encourage cell adhesion [11]. However, membranes prepared with SF lack sufficient mechanical strength, which limit its application. 
In order to create nanofiber membranes with adequate mechanical qualities, appropriate hydrophilicity, and suitable degradability, 
PCL and SF were combined. With pharmacological activities that include anti-inflammatory, antioxidant, anti-fibrotic, and immu-
nological regulatory capabilities, taxifolin is a significant naturally occurring dihydroflavone that is being extensively researched and 
utilized in food, medicine, and other health-related goods [12]. Therefore, in order to get antioxidant and antibacterial characteristics, 
we provoked Taxifolin into the nanofiber. 

Recent years have seen a major advancement in electrospinning technology-based strategies for biomedical applications [13]. The 
capacity of electrospinning technology to create fibers with nanoscale dimensions that have the potential to closely resemble the 
structure and functions of the extracellular matrix has drawn attention [14,15]. The prevalence of research in uniaxial electrospinning, 
shell-core nanofibers, and Janus nanofibers contrasts with the dearth of studies on Janus and shell-core fibers from co-axial electro-
spinning, indicating an area ripe for exploration [16]. Utilizing electrospinning, it becomes a simple and efficient task to produce 
nanofibrous architectures that parallel the characteristics of the native extracellular matrix [17]. In biomedical applications, the shell 
material of nanofibers is strategically employed to modulate the burst release kinetics of embedded particles, thereby enhancing their 
sustained and controlled release over an extended period. Meanwhile, the core material serves as a protective reservoir for encap-
sulating sensitive bioactive agents such as growth factors, proteins, and medications [18]. Electrospinning is used in research to 
prepare nanofibers with specified structural properties for use in innovative medication delivery systems [19,20]. By carefully 
regulating drug release behavior, these nanofibers not only increase drug solubility and bioavailability but also improve therapeutic 
efficacy [21–23]. 

In the present study, we successfully fabricated core-shell nanofiber membranes via the technique of coaxial electrospinning. These 
membranes feature a PCL-SF Janus shell and a TAX/SF core, endowing them with a triad of desirable properties: antibacterial activity, 
antioxidant capacity, and cytocompatibility. The preparation of the nanofiber membrane that combines the positive cell adhesion 
characteristics of SF with the strong mechanical qualities of PCL is the goal of this work. Moreover, by adding TAX, to impart specific 
antibacterial and antioxidant characteristics, promising for use in tissue engineering and drug delivery. 

2. Experimental 

2.1. Materials 

PCL with a molecular weight of 80,000, hexafluoroisopropanol (HFIP), and dichloromethane (CH2Cl2) were sourced from Aladdin 
Biochemical Technology Co., Ltd, located in Shanghai, China. SF was procured from Simatech Incorporation, based in Soochow, China. 
The National Institutes for Food and Drug Control of China supplied TAX, identified by batch numbers 111,816-201,102, and char-
acterized by a 98.0 % purity level. For cell culture, DMEM and a combination of penicillin and streptomycin were acquired from 
Hyclone, situated in Logan, Utah, USA. Fetal bovine serum (FBS) was secured from Biological Industries, a company in Cromwell, 
Connecticut, USA. Additionally, the Calcein-AM/PI viability stain kit and the CCK-8 cell proliferation assay kit were both supplied by 
BestBio, a company in Shanghai, China. 

2.2. Fabrication of PSS and PSST nanofiber membranes 

Solution a was created by dissolving PCL (8.6 wt%) in HFIP. Solution b was created by dissolving SF (6.8 wt%) in HFIP. Solution c 
was created by dissolving SF (5.2 wt%) in HFIP and CH2Cl2 (10:1 wt percent). The solution c, now known as solution d, had TAX (1.7 
wt%) added to it. At 37 ◦C, the solutions were agitated all night. The sheath solution was then combined with solutions a and b (1:1 v/ 
v) and injected into a 5 mL syringe attached to the external spinneret. An internal spinneret-mounted 5 mL syringe was filled with 
either solution c or d, which was named PSS or PSST. The tip-to-collector distance was 15 cm with 18 kV voltage applied, the inner 
shaft feed rate was 0.6 mL h− 1 through the 21-G needle and the outer shaft feed rate was 2 mL h− 1 through the 16-G needle for the 
coaxial electrospinning process, which were collected on a grounded aluminum plate completely covered by aluminum foil. The 
electrospinning was carried out at room temperature and ~40 % humidity. 
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2.3. Surface and structure characterization 

The surface structures of both PSS and PSST were examined through SEM (model SHIMADZU X-550, operating at 15.0 kV) 
following gold coating, and TEM (JOEL JEM-201). The presence of functional groups in the nanofibers was identified with an FTIR 
spectrometer (model FTIR-650). Wettability of the nanofibers was measured using a contact angle meter (SL2000KS). For the 
degradation test, nanofibers, averaging 100 mg in mass, were immersed in 5 mL of artificial saliva, with weight measurements taken at 
intervals of 1, 3, 7, 14, 21, and 28 days. In a separate experiment, PSST samples, weighing approximately 50 mg, were immersed in 5 
mL of PBS at a temperature of 37 ◦C. At regular intervals, 2 mL of the solution were extracted and replaced with an equal volume of 
fresh PBS. The Taxifolin content in the samples was quantified using HPLC, with a calibration curve employed to ensure the accuracy of 
the measurements. 

2.4. Antibacterial assay in vitro 

The nanofiber was exposed to a 5 mL solution of bacteria, with a concentration of 1 × 107 CFU per milliliter. Following a 12-h 
incubation period, a 500 μL aliquot from each sample group was collected and diluted to a factor of 1 × 107. This diluted sample 
was spread evenly across an agar surface, also in a volume of 500 μL. After a subsequent 24-h incubation at a temperature of 37 ◦C, 
bacterial colonies were observed. The study involved the separate cultivation of two distinct bacteria: the gram-negative Escherichia 
coli and the gram-positive Staphylococcus aureus. Both were grown in Luria-Bertani (LB) broth at a constant temperature of 37 ◦C. 

2.5. Antioxidant activity 

The membranes’ antioxidant potential was evaluated by examining their ability to neutralize the DPPH radical. For this, a precise 
amount of 30 mg of the membranes was mixed with a 0.039 mg/mL concentration of DPPH solution, totaling 2 mL, and the mixture 
was kept in darkness for a duration of 30 min. The level of absorbance was then recorded at a wavelength of 517 nm, employing a 
UV–vis spectrophotometer. The efficiency of the DPPH radical scavenging was determined by the equation: Scavenging rate (%) = (A0 
- A)/A0 × 100, where A0 is the absorbance of the control and A is the absorbance of the sample under test. Additionally, the mem-
branes’ overall antioxidant capacity was gauged using the ABTs assay, strictly adhering to the protocol provided by the assay’s 
supplier. In this process, 30 mg of the membranes were blended with the ABTs reagent and allowed to react at ambient temperature for 
a period ranging from 2 to 6 min. The optical density was subsequently measured at 734 nm using a microplate reader, facilitating the 
computation of the membranes’ total antioxidant capacity through the creation of a calibration curve. 

2.6. Biocompability in vitro 

Discs of fibrous membranes, each 10 mm in diameter, were prepared and subjected to a 12-h ultraviolet disinfection process. The 
RAW264.7 cells were grown in DMEM enriched with 10 % FBS and maintained in a controlled environment at 37 ◦C with 5 % CO2. To 
assess the compatibility of the materials with living cells, a seeding density of 5 × 10^3 RAW264.7 cells per well was applied onto the 
fibrous membranes in a 96-well format, and their growth was monitored over 24 h using the CCK-8 assay. The assay involved the 
addition of a 10 % volume fraction of CCK-8 reagent to the culture medium, followed by a 1-h incubation under the same atmospheric 

Fig. 1. (A and B) SEM images of PSS and PSST nanofibrous membranes. (a and b) The image of diameter distribution. (C) SEM images of the cross- 
section of the PSST nanofibrous membranes. (D) SEM images of the PSST nanofibrous membranes after soaking in PBS for 14 days. (E) TEM image of 
PSST nanofiber. (F) STEM image of PSST nanofiber. 
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conditions. The resulting absorbance was measured at 450 nm with a Bio-Rad microplate reader, and the relative cell viability was 
determined using the formula: Cell viability (%) = OD value of sample/OD value of control × 100. 

Furthermore, the nanofibers’ impact on cell survival was examined using a calcein-AM/PI staining method. After allowing the cells 
to grow for 24 h, they were exposed to the staining solution for 15 min at 37 ◦C in darkness. The stained cells were then examined under 
a fluorescence microscope, where viable cells displayed green fluorescence and non-viable cells exhibited red fluorescence. 

2.7. Statistical analysis 

The study employed a fully randomized design with a single variable and triplicate measurements. The hypothesis testing was 
conducted in accordance with this design, assessing the differences in treatment means via one-way ANOVA. GraphPad Prism 9 was 
utilized for the statistical computations. 

3. Results and discussion 

3.1. Morphology of PSS and PSST nanofibrous membranes 

SEM images of PSS and PSST nanofibrous membranes (Fig. 1A and B) showed the nanofibrous membranes displayed a three- 
dimensional network with high porosity, and the mean diameters of PSS and PSST was 951 ± 152 nm and 816 ± 161 nm (Fig. 1a 
and b), which was similar to the study of Zhou et al. [24]. PSST nanofibers with core-shell structured in SEM image of the cross-section 
of the nanofibers (Fig. 1C), and with the PCL Janus-structured sheaths with a grooved, which was located the SF core and another SF 
Janus-structured sheaths, in SEM image of the nanofibers after soaked in PBS 14 days (Fig. 1D). The nanofibers were separated into 
three portions in TEM image (Fig. 1E) and STEM image (Fig. 1F), in which the diameters of the core was 73 ± 5 nm. 

The single-fluid blending electrospinning is facile to encapsulate a certain drug with a high encapsulation efficiency. As shown in 
Fig. 2A, PCL demonstrates absorbance peaks at 1731 cm− 1 denoted the C––O carbonyl ester stretching [25]. In SF, the peaks at 1653 
cm− 1 (C––O stretching vibration) and 1541 cm− 1 (N–H vibration) were due to random coil structure [26]. In PSS and PSST, the peaks at 
1731 cm− 1, 1653 cm− 1 and 1541 cm− 1 were observed. The hydrogen bonding and benzene ring structure were indicated by the peaks 
between 2700 cm− 1–3800 cm− 1 in TAX [27], but not observable in PSST, which indicated the TAX loaded and intermolecular 
hydrogen bond formation due to the phenolic hydroxyl group in TAX and the free amino groups and free carboxyl groups in SF. 

For nanofibers to be able to withstand the stress brought on by tissue engineering, they must possess a sufficient level of mechanical 
strength. The stress and strain curve of manufactured PSS and PSST is shown in Fig. 2B. By examining the average ultimate tensile 
stress, ultimate tensile strain, and Young’s modulus of the nanofibers, this study investigated their mechanical characteristics. A highly 
porous scaffold made of polymer will frequently display early elastic behavior, which means it will bend before breaking. The tensile 
stress, tensile stain and Young’s modulus of PSS and PSST are 5.35 ± 0.37 MPa, 12.63 ± 0.46 %, and 5.67 ± 0.43 MPa, respectively, 
and 4.62 ± 0.30 MPa, 13.85 ± 0.39 % and 9.64 ± 0.29 MPa, which are similar to Bio-Gide@ [28]. 

The surface wettability of a biomaterial is an important component in tissue engineering because it affects the level of cellular 

Fig. 2. (A) The FITR spectra of SF, PCL, TAX, PSS, PSST membranes. (B) The mechanical properties of PSS and PSST membranes. (C) Water contact 
angels of PSS and PSST membranes. (D) The degradation profiles of the PSS and PSST membranes. (E) Cumulative TAX release from the 
PSST membranes. 
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adhesion, the dispersion of cells inside nanofibers, and the rate of tissue regeneration. Fig. 2C displays the water contact angle image of 
electrospun mats possessing values 68.6 ± 1.9◦ and 79.1 ± 1.3◦, even increased after TAX loaded, which indicates that PSS and PSST 
are suitable for stimulating cell growth and supports studies had demonstrated that for cell adhesion and proliferation, a contact angle 
value less than 90◦ is preferable. 

The mass of the PSS and PSST is reduced by 15.2 ± 0.8 % and 17.3 ± 1.0 % in 28 days (Fig. 2D), which is necessary for tissue 
regeneration. Drug-loaded nanofibrous membranes demonstrated an excellent drug release ratio and rate. Fig. 2D shows how the 
addition of TAX regulated the nanofibrous membranes’ drug release profile trend and stopped the first “burst” release. There was an 
acute release of TAX in the first two days from PSST. Afterwards, the release rate gradually slowed down during days 2–28. Four 
simulation models were fitted to intuitively evaluate the release kinetics of TAX. The fitting equation in Table 1 supported the fact that 
the release of TAX in PSST conformed to the first order release kinetics with 0.97 for R2, of which R2 was 0.67, 0.87 and 0.93 for zero- 
order, Higuchi and Ritger-Peppas release kinetics. 

3.2. Biocompability in vitro 

No cytotoxicity is the most basic requirement of biomaterials. After culturing for 24 h, most of the seeded RAW264.7 cells stayed 
alive (green fluorescence) on the two nanofibers and few dead cells (red fluorescence) were observed in Fig. 3A, using a Calcein-AM/PI 
double stain kit for the live/dead staining. The results were confirmed by CCK-8 assay, after the RAW264.7 inoculated onto the 
surfaces of the PSS and PSST nanofibers to investigate the effect of the nanofibers on the cell proliferation for 24 h. Fig. 3B illustrates 
that there was no significant difference in cell viability between each group, which was similar to the study of Jiang et al. [29]. 

3.3. Antioxidant activity and antibacterial property of nanofibrous membranes 

The antioxidant capacity of the PSS and PSST was determined by in vitro DPPH and ABTS assays. As shown in Fig. 3C, the DPPH 
clearance rate of PSS and PSST was 4.6 ± 2.1 % and 38.5 ± 5.6 %. In Fig. 3D, the Trolox-equivalent antioxidant capacity of PSS and 
PSST was 0.03 ± 0.00 mM and 0.24 ± 0.01 mM. With the addition of TAX, the antioxidant capacity of nanofibrous membranes was 
improved. TAX can neutralize these reactive oxidizing species by donating electrons, with 3′, 4’ –OH, which had strong antioxidant 
activity [30]. 

The antibacterial activity of PSS and PSST electrospun fiber membranes single-loaded with TAX against Staphylococcus aureus and 
Escherichia coli is depicted optically in Fig. 3E. Compared with the control group, PSS had slight antibacterial activity (11.9 ± 4.4 % 
and 7.1 ± 2.2 %), while PSST had obvious antibacterial activity (44.4 ± 2.9 % and 53.7 ± 2.3 %). The phenolic hydroxyl of TAX could 
bind to the phospholipid bilayer of bacteria and the amino and carboxyl groups in bacterial membrane proteins and disrupt the 
integrity of the bacterial membrane [31]. The biomaterial with strong antibacterial properties shows great potential for medical 
implant materials in clinic application [32]. This efficient antibacterial property of the TAX-loaded nanofibers showed their great 
potential for bacterial disinfection biomedicine. 

To fully utilize the antimicrobial and antioxidant properties of PSST, our current main research goal is to apply it to tissue engi-
neering and other fields. In terms of cell experiments, we have made some progress, although this is not stated in the study. Addi-
tionally, animal experiments are the next major experimental directions of this study. Our current proposal is to use it for skin repair 
(NIH/3T3 cells) [33] and osteogenesis (MC3T3-E1) [34] and to conduct additional studies related to antimicrobials in the future. To 
fully utilize the capabilities of nanofibers and accomplish a variety of applications in diverse medical domains, additional medications 
can be added to the PCL and SF of the nanofiber shells, such as risedronate [35] for osteoporosis and tacrolimus [36] for 
immunomodulatory. 

4. Conclusion 

Through the application of co-axial electrospinning, we successfully fabricated PSST Janus shell-core nanofibrous membranes. SEM 
analysis disclosed their porous nature, and both cross-sectional SEM and TEM images underscored the nanofibers’ distinctive shell- 
core and Janus-structured sheaths. The presence of PCL, SF, and TAX was validated by FTIR spectroscopy. Overall, this research 
highlights the significant potential of PSST nanofibrous membranes for applications in biomaterials, specifically in antibacterial and 
antioxidant capacities for tissue engineering. 

Table 1 
Kinetic models for the release of TAX from PSST nanofibers (Mt represents the cumulative drug 
release at time t).  

stimulation model equation R2 

zero-order Mt = 0.03t+0.16 0.67 
first-order Mt = 0.72(1-e− 0.88t) 0.97 
Higuchi Mt = 0.16t1/2+0.09 0.87 
Ritger-Peppas Mt = 0.30t0.32 0.93  
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