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ABSTRACT

In this study, a biodegradable silk fibroin/poly(lactic-co-glycolic acid)/graphene oxide (SF/PLGA/GO) micro-
fiber mat was successfully fabricated via electrospinning for use in protective fabrics. The morphology of the
microfiber mat was characterized by Scanning Electron Microscope (SEM). The thermal and mechanical prop-
erties, water contact angle, surface area and pore size of the microfiber mats were characterized. Due to the
introduction of graphene which can interact with silk fibroin, the SF/PLGA/GO microfiber mat, compared with
the silk fibroin/poly (lactic-co-glycolic acid) (SF/PLGA) microfiber mat, has higher strength, greater Young's
modulus and better thermal stability which can meet the requirements of protective fabric. The microfiber mat is
biodegradable because its main component is silk fibroin and PLGA. In particular, the microfiber mat has a small
pore size range of 4 ~ 10nm in diameter, a larger surface area of 2.63m?g" and pore volume of 7.09 x 10
3em?® gl The small pore size of the mat can effectively block the particulate pollutants and pathogenic particles
in the air. The larger surface area and pore volume of the mat are effective for breathability. Therefore, the

fabricated SF/PLGA/GO microfiber mat has great application potentials for protective fabrics.

1. Introduction

In recent years, poor air quality [1,2], rapid spread of epidemics [3],
and non-biodegradable polymers [4] have become the most serious
environmental problems worldwide. The air-borne fine particulate
pollutants, such as fine particulate matter (PM, s), and various patho-
gens (such as avian influenza), may cause respiratory infections or ill-
ness [5]. The non-biodegradable polymers have caused serious en-
vironmental impacts. The conventional protective textiles composed of
micron-sized fibers, such as cotton fibers, are incapable of filtering fine
particulate pollutants such as PM, s, owing to their relatively large pore
size. It also doesn't possess the ability to filter various pathogenic par-
ticles. Thanks to the emergence of simple and effective sub-micron fiber
fabricating technique - electrospinning [6], the development of electro-
spun protective textiles has attracted a lot of interest from researchers.
Many polymer materials, such as polyimide (PI) [7], polyurethane (PU)
[8], polyacrylonitrile (PAN) [9], polyamide-66 (PA-66) [10], and some
other polymers have been successfully fabricated as nanofibrous
membranes for filtration. However, these polymers are pure synthetic
fibers which are difficult to biodegrade after use which can cause the
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serious environmental problem. Therefore, the challenge is critical ur-
gent to fabricate a protective fabric which has better filterability to
effectively barrier to particulate pollutants and pathogenic particles,
and has good biodegradability to avoid generation of non-degradable
contaminants after use. In this work, we are committed to developing a
biodegradable protective fabric with good filterability and good
strength that can be used to protect individuals effectively from parti-
culate pollutants and pathogenic particles.

Through fabricating microfibers by electrospinning, the desired
properties and functions can be obtained by manipulating fiber com-
position [11]. Various polymers have been prepared by electrospinning
for various purpose [12], and the demands for electrospun polymers are
gradually increasing with the rapid growth of living needs and tech-
nological development [13,14]. The applications of microfiber mate-
rials include tissue engineering, biosensors, filtration, and wound
dressings due to their high surface area to volume ratio and tunable
porosity [15-17].

Bombyx mori (silkworm) silk is a naturally renewable material with
easy degradation, good biocompatibility [18], and excellent mechanical
performance [19], which can be processed into various formats
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[20-22]. One form of regenerated silk fibroin is a microfiber which has
been the research hotspot since nanotechnology emerged [23,24].
However, the spinnability of regenerated silk fibroin is poor. The in-
troduction of polymers is an effective way to improve the spinnability
of regenerated silk fibroin. Poly(lactic-co-glycolic acid) (PLGA) with
excellent biocompatibility and biodegradability has been widely used to
form electrospun microfibers and is applied to FDA-approved bioma-
terials. Therefore, the PLGA was chosen to improve the spinnability of
the regenerated silk fibroin.

As a natural protein fiber, silk is mainly composed of alanine, gly-
cine and serine, which offer reactive functional groups on the side
chains of silk [18,25,26]. The functional groups in silk macromolecules
are likely react with reactive groups in other materials under certain
conditions to obtain composites [27,28]. Graphene oxide (GO) is a
single layer of carbon atoms having functional hydroxyl, epoxide, diol,
and carbonyl groups [29-31]. These functional groups endow some
unique properties to graphene oxide, such as excellent hydrophilicity,
dispersibility and biocompatibility [32-34]. GO with a higher specific
surface area and abundant functional groups has wide applications in
cell adhesion, reinforcing material and antibacterial activity [35,36].
GO can easily form hydrogen bonds with the hydrophilic amide groups
in silk fibroin (SF) because GO contains lots of oxygen functional groups
[37,38].

In this study, we fabricated a silk fibroin/poly(lactic-co-glycolic
acid)/graphene oxide (SF/PLGA/GO) microfiber mat by electrospin-
ning for protective fabrics. The basic physical properties of the prepared
mat were tested and demonstrated. Based on the naturally rich and
sustainable silk fibroin, mats having different surface functions and
desired properties can be easily reconstructed and prepared by de-
signing and manipulating the components of the fiber composition.
Finally, a protective fabric microfiber mat that can effectively block
particulate pollutants and pathogenic particles in the air was fabricated.

2. Experimental
2.1. Materials

Regenerated silk fibroin (SF) was purchased from Huzhou Xintiansi
Bio-tech Co., Ltd. Poly(lactic-co-glycolic acid) (PLGA) was purchased
from Jinan Daigang Biomaterial Co., Ltd. (PLA50: PGA50, molecular
weight 10K Da). 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP) (99.5%) was
purchased from Aladdin. Graphene oxide (GO) was purchased from
XFNANO, INC (Nanjing) using the modified Hummers' method.

2.2. Fabrication of microfiber mat by mixed electrospinning

The fabrications of SF/PLGA and SF/PLGA/GO mat consist of two
steps.

The first step is to prepare a spinning solution, including SF/PLGA
and SF/PLGA/GO spinning solution. An SF/PLGA spinning solution was
prepared by mixing regenerated silk fibroin (0.5 g) and PLGA (0.5 g) in
9g of 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP). The SF/PLGA/GO
spinning solution was prepared by the following method: 1. Graphene
oxide (0.5%, w/w) was evenly dispersed in HFIP by ultrasonic treat-
ment for 60 min and then magnetically stirred at room temperature. 2.
Regenerated silk fibroin (5%, w/w) and PLGA (5% w/w) were then
separately added to the above solution and under magnetic stirring for
4 h at room temperature.

The second step is a hybrid electrospinning. The electrospinning
used a high-voltage power supply unit (TL-Pro, Shenzhen, China) at a
voltage of -2 kV-16 kV. The electrospinning flow rate was 1.45 ml/h to
1.50 ml/h, and the microfibers were received on the collector which
was rotated at 600 rpm, 7 cm from the positively-charged spinneret,
and rotated for about 5 h. The spinning temperature was 23 °C ~ 24°C
and the relative humidity was 63% ~ 68%. The volume of syringe used
in the experiment was 10 ml, and the number of metal needles was No.
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17%, with an inner diameter of 1.23mm and an outside diameter of
1.5 mm. After the electrospinning, the aluminum foil with the formed
mat was taken out from the collector immediately and placed in a hood
for 24 h to remove residual organic solvent and moisture.

2.3. Characterization of microfiber mat

The morphology of ultrafine fibers was examined by a Scanning
Electron Microscopy (TM3000, Table-Top Scanning Electron
Microscope). SEM images were analyzed by Nano Measurer 1.2
Software to determine the diameter distribution of the fibers. The
characterization of the molecular structure of the nanofibers was car-
ried out by Fourier Transform Infrared (FT-IR Spectrometer, Spectrum
100, PerkinElmer). The surface chemical properties of the nanofibers
were evaluated by their hydrophilicity, which was measured by an
Optical Contact Angle Measuring Instrument (SDC-350). The surface
area and pore size characteristics of the composites were analyzed by
surface area & pore size analyzer (NOVA touch LX*, Quantachrome
Instruments). The pore size distribution (PSD) curve of the composite
was retrieved with the Barrette-Joynere-Halenda (BJH) model by using
the desorption branch. Raman Spectroscopy (BaySpec's 3-in-1
Nomadic™ Raman microscope) was used to determine the changes that
may occur at the molecular level. The mechanical properties of the mat
were measured on a universal tensile tester (INSTRON) at 25 °C and
65 = 5% RH according to ASTM D882. Prior to the tensile test, all
samples were placed in a room at temperature 25°C and a relative
humidity of 65% for 24h. The mat was cut into strips of size
50mm X 10 mm (tested six times per sample). The gauge length and
the crosshead speed were set at 20 mm and 10 mm/min, respectively.
The potential drug-carrying of the microfiber mat was carried out by
the adsorption capacity for Reactive Dye Red 261 as recorded by a
UH5300 Spectrophotometer.

3. Results and discussion
3.1. Morphologies and structures

The optical photographs of SF/PLGA and SF/PLGA/GO mats are
shown in Fig. 1(a) -1(b). It is obvious that the surfaces of these mats are
smooth. Fig. 1(b) shows that the distribution of graphene oxide in the
mat is uniform. The SEM images of SF/PLGA and SF/PLGA/GO mats are
shown in Fig. 1(c) - 1(d), and the fiber diameter distributions of these
mats are shown in Fig. 1(e) - 1(f). Clearly, the SF/PLGA and SF/PLGA/
GO mats exhibit a porous three-dimensional nonwoven structure a
random orientation and a smooth surface. The diameter of the SF/PLGA
maintains a relatively wide distribution range with a mean diameter of
1.22 pm. After the additoin of GO to the SF/PLGA solution, the mean
diameter of the PLGA/SF/GO microfibers was decreased from 1.22 pm
to 1.04 um. The reduction in fiber diameter can be explained by the
change in the properties of the electrospinning solutions caused by the
addition of GO [39].

3.2. Contact angle analysis

The water wettability of the microfiber mats was evaluated using an
optical contact angle meter as shown in Fig. 2(a) -2(b). The water
contact angle of the SF/PLGA mat is 85.93°. While the water contact
angle of the SF/PLGA/GO mat increases to 93.7°. This is because GO is
an amphiphilic molecule and is less hydrophilic than SF. When GO is
uniformly dispersed in SF/PLGA composite, an increase in the contact
angle is caused. Obviously, GO can play an important role in adjusting
the hydrophilicity of SF/PLGA mat.

3.3. FT-IR analysis

The molecular structures of the microfibers were characterized by
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Fig. 1. The optical photographs of the SF/PLGA mat (a) and the SF/PLGA/GO mat (b); the SEM images of SF/PLGA mat (c) and SF/PLGA/GO mat (d); and the fiber

diameter distributions of SF/PLGA (e) and SF/PLGA/GO (f), respectively.
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Fig. 2. The contact angles of SF/PLGA mat (a) and SF/PLGA/GO mat (b).

Fourier transform Infrared (Fig. 3). The peak assigned to C=0O is
1752 cm’}, and the clearly visible peaks assigned to C-O are 1170 cm™
and 1084 cm™, which are the characterized peaks of PLGA [40]. These
characterized PLGA peaks are shown in all spectra. There are no ob-
vious differences in the spectra of SF/PLGA and SF/PLGA/GO. It is
known that the ranges of 1700-1600 cm™ (amide I), 1600-1500 cm™
(amide II), and 1350-1200 cm™ (amide III) are used to analyze different

secondary structures of silk fibroin [41,42]. The peaks of 1647 cm™
(amide 1), 1545 cm™ (amide II), 1266 cm™ (amide III) are observed in
the IR spectra of SF/PLGA and SF/PLGA/GO which are assigned to
random coil-structures [43]. The peak at 1530 cm? belongs to (-sheet
[44,45]. These data indicate that each component has no chemical in-
teraction with others’ components.
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Fig. 4. Raman spectra of SF/PLGA microfiber mat (a) and SF/PLGA/GO mi-
crofiber mat (b).

3.4. Raman spectra of microfiber mat

Raman spectroscopy is useful for studying the vibrational properties
and microstructure of graphite crystals and various disordered graphite
materials [46]. In order to confirm the mixture of GO in the SF/PLGA
microfibers, the Raman spectra were recorded. The D-band and G-band
of carbon are contained in the typical Raman spectra of graphene de-
rivative materials, including graphene oxide (GO), reduced graphene
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Table 1
Mechanical properties of the mats of SF/PLGA and SF/PLGA/GO.

Sample Average ultimate Average ultimate Average Young's
tensile strain (%) tensile stress (MPa) modulus (MPa)
SF/PLGA 16.40 2.42 151.99
SF/PLGA/GO  8.65 3.71 158.66
4}
o 3}
o
=
~
P2t
)
&
()
1t —— SF/PLGA
—— SF/PLGA/GO
0O 2 4 6 8 10 12 14 16
Strain / %

Fig. 6. The stress-strain curves of SF/PLGA mat and SF/PLGA/GO mat.

oxide (rGO), and etc. [47]. The D-band between 1330cm™’ and
1340 cm™ is due to the defect-activated breathing modes of the six-
membered carbon rings, and the G band (1580 - 1600 cmY) is assigned
to the E; phonons at the Brillouin zone center [48]. In Fig. 4, the
Raman spectrum of SF/PLGA/GO exhibits two prominent peaks around
1330 cm™ and 1590 cm, which are attributed to the D-band and the G-
band, respectively, indicating that GO is incorporated into the mat [49].

3.5. Thermogravimetric analysis (TGA)

As shown in Fig. 5(a), the thermal properties of SF/PLGA mat and
SF/PLGA/GO mat were investigated by thermalgravimetric analysis.
The onset temperatures of SF/PLGA mat and SF/PLGA/GO mat were
244°C and 263 °C, respectively. It can be seen that the onset tempera-
ture of SF/PLGA/GO mat is higher compared to that of SF/PLGA.
Furthermore, the mass remaining of the SF/PLGA/GO mat is also larger
than the SF/PLGA mat. This result is due to the introduction of GO
which has good thermal stability [50,51]. The DTG curves (Fig. 5(b))

0.0tb
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- —— SF/PLGA/GO|
3
© -
g 1.0

320°
15 330°C
0 200 400 600 800

Temperature /°C

Fig. 5. TG (a) and DTG (b) curves of SF/PLGA mat and SF/PLGA/GO mat.
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Fig. 7. Pore size distributions of SF/PLGA mat (a) and SF/PLGAGO mat (b).

show the temperatures of the maximum mass loss rate occur at 320 °C
and 330 °C respectively. This is consistent with the results of thermo-
gravimetric analysis [51,52].

3.6. Mechanical properties of the microfiber mats

The mechanical properties of the mats are listed in Table 1. The
ultimate stress, ultimate strain and Young's modulus of the SF/PLGA are
measured to be 2.42 MPa, 16.40% and 151.99 MPa, respectively. By
adding the GO component to the SF/PLGA, the ultimate stress increases
significantly to 3.71 MPa, an increase of 53%. Young's modulus in-
creases to 158.66 MPa. This trend is common for composites which
contain nanoscale reinforcing components with good dispersion and
form strong interfacial interactions [53,54]. The stress-strain curves of
SF/PLGA mat and SF/PLGA/GO mat are shown in Fig. 6. Both of SF/
PLGA and SF/PLGA/GO mats are destroyed by breaking all the mi-
crofibers at one point, leading to a brittle failure of the strong inter-
action between fibers [55]. It is noted that the elongation of SF/PLGA/
GO mat is lower than that of SF/PLGA mat. It is partly because of the
addition of GO and forming a strong interaction with SF [56]. Com-
pared with the SF/PLGA mat, the ultimate stress and Young's modulus
of the SF/PLGA/GO mat are increased from 2.42 MPa to 3.71 MPa and
151.99 MPa to 158.66 MPa, respectively. This indicates that the mat
has sufficient toughness to meet the requirements of protective fabrics.

3.7. Surface area and pore size analysis

The surface area and pore size characteristics of SF/PLGA mat and
SF/PLGA/GO mat were further recorded by Surface Area & Pore Size
Analyzer. A pore having an opening diameter exceeding 50 nm is re-
ferred to as a “macropore”, and a pore between 2 - 50 nm is referred to
as a “mesopore”. The term “micropore” describes a pore having a dia-
meter not exceeding 2nm [62]. Obviously, both the pore sizes of the
SF/PLGA mat and the SF/PLGAGO mat are mainly distributed in the
micropores and mesopores, as shown in Fig. 7. The surface areas and
pore volume characteristics of SF/PLGA and SF/PLGA/GO are listed in
Table 2. The surface area and pore volume of the SF/PLGA mat are
1.14m? g " and 4.45 x 102 ecm®g™?, respectively. The surface area and
pore volume of the SF/PLGA/GO mat increase with the addition of GO.
It owes to the reduction of fiber diameter.

The pore sizes of SF/PLGA/GO mat are distributed in 4-10 nm
(Fig. 7 & Table 3). The water vapor molecules have a diameter of
0.282 nm (Table 3), which is much smaller than the size of the mat, and
can easily pass through the mat, indicating that the mat has very good
vapor permeability.

Table 2
Surface areas and pore volume characteristics of SF/PLGA mat and SF/PLGA/
GO mat.

Sample Sper/m*g Veoa/em>g" *  Vinjero/em®g™ € Vinego/em®g™ ¢
1a
SF/PLGA mat 1.14 4.45 x 103 2.25 x 10 3.85 x 102
SF/PLGA/GO 2.63 7.09 x 102 8.66 x 10° 5.37 x 10
mat

Total surface area calculated using the BET method.

Total pore volume calculated at P/Py = 0.99.

Mesopore volume was calculated at P/Py = 0.10.

Mesopore volume was calculated as the difference between the pore vo-
lume at P/PO = 0.95 and P/PO = 0.10.

The sizes of common pathogenic particles are also shown in Table 3.
Their sizes are much larger than the pore sizes of the SF/PLGA/GO mat,
and even much larger than the maximum size of the mat, and therefore
these pathogenic particles cannot pass through the mat. In particular,
the larger surface area and pore volume of the SF/PLGA/GO mat make
it more resistant to pathogenic microorganisms without hindering the
smooth passage of water vapor. The diameter of water droplets is
100 um, which confirms that the prepared mat had a certain water

Table 3
Comparison between the pore sizes of the prepared mats and the sizes of par-
ticulate pollutants and pathogenic particles.

Objects Sizes

Pore size of the SF/PLGA/GO
microfiber mat

Water vapor molecule

Water droplet

particulate pollutants (PM, s)

Severe acute respiratory syndrome
(SARS)

Influenza A virus subtype H5N1

Influenza A virus subtype H7N9

Influenza A virus subtype HIN1

Staphylococcus aureus

Escherichia coli

4 ~ 10nm in diameter

0.282nm in diameter [57]
100 pm in diameter [58]
< 2.5um [4]

80 nm [59]

80 ~ 120nm [60]

80 ~ 120 nm [60]

80 ~ 120 nm [60]

0.8 um [61]

2.0 pm long, 0.25 ~ 1.0 pm in diameter
[61]

0.7 ~ 1.5mm in diameter, lengths
from 2 to 5pum [61]

0.5 ~ 0.8 um in diameter, lengths from
1.5 ~ 3um [61]

3 ~ 6um [61]

Salmonella
Pseudomonas aeruginosa

Candida albicans
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Fig. 9. The stress-strain curves of disposable mask and SF/PLGA/GO mat.

repellency, as shown in Fig. 2. It indicates that the SF/PLGA/GO mi-
crofiber mat does not provide a suitable moist environment for bacterial
growth. In addition, many reports indicate that GO holds great promise
for combating microbial growth [63,64].

3.8. The adsorption capacity of the microfiber mats
In practical applications, carrying drugs may also be required for

protective fabrics. Therefore, the adsorption capacities of microfiber
mats are investigated. The relationships between the amount of
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Reactive Dye Red 261 adsorption and water contact time (Co = 10 mg/
mL~!) at room temperature are presented in Fig. 8. The SF/PLGA/GO
mat has a larger adsorption capacity than the SF/PLGA mat and can
reach equilibrium around 5min. The SF/PLGA/GO mat has greater
absorptivity to Reactive Dye Red 261, indicating that the prepared SF/
PLGA/GO mat can carry drugs for clinical applications where neces-
sary.

3.9. Discussion

The stress-strain curves of the disposable commodity masks were
measured, as shown in Fig. 9. The tensile strength of the SF/PLGA/GO
mat prepared here is almost equal to the tensile strength of the com-
modity disposable mask. And we aim to fabricate the disposable tex-
tiles, such as disposable masks or outerwear, which are often used in
labs and hospitals. It can also be used for a filter film last a shorter time.
Fig. 10 shows the images of already established products (the dis-
posable commodity masks) and our SF/PLGA/GO mat. It can be seen
that the commodity masks’ porosity is large. Our fabricated mats are
more capable of filtering fine particulate pollutants and can be self-
degrade after disposable. Environment protection is now an important
task for humanity. Currently, protective textiles on the market are
mainly chemical fiber products that cannot or are not easily degraded
naturally. At present, due to the incomplete recycling of used textiles, it
will lead to environmental pollution and is not conducive to sustainable
development. Therefore, it is very necessary to develop degradable
protective materials.

4. Conclusion

The biodegradable SF/PLGA and SF/PLGA/GO microfiber mats
were successfully fabricated by electrospinning. The basic physical
properties of these mats are tested and demonstrated. The SF/PLGA/GO
mat achieve higher ultimate stress, Young's modulus and thermal sta-
bility. The ultimate stress of SF/PLGA/GO mat is 3.71 MPa, which is
53% higher than the SF/PLGA mat, indicating that SF/PLGA/GO mi-
crofiber mat has good physical properties and can meet the require-
ments for strength for protective fabrics. The fabricated SF/PLGA/GO
microfiber mat obtained greater surface area and pore volume and had
a smaller pore size than the SF/PLGA mat. Its diameter is 4 ~ 10 nm,
far smaller than the sizes of particulate pollutants and pathogenic
particles, which results in effective prevention of these pollutants. Its
large surface area of 2.63 m? ¢! and pore volume of 7.09 x 10> cm®g*
are effective for breathability. Therefore, the fabricated SF/PLGA/GO
microfiber mat has great application potentials for protective fabrics.

Fig. 10. The images of the disposable commodity masks (a, b), and (c) is our SF/PLGA/GO mat.
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