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� First design of tunable nanopore
structures on single fibers of
electrospun silk-polylactic acid
blends via varying protein
concentrations.

� Adjustable structure and
hydrophilicity, excellent thermal
stability and controllable
biodegradation.

� Porous fibers promote cell
attachment and manipulate cell
proliferation.

� Lyotropic and thermally induced
phase separation were responsible for
the pore-forming on nanofibers.
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Nano-scale renewable porous materials have a wide range of applications in the biomedical field such as
tissue engineering and biosensors due to their high biocompatibility and large surface area. In this study,
a composite of silk fibroin and poly(L-lactic acid) was electrospun together to form a porous nanofiber
biomaterial with 11 blending ratios to tune the porosity of the single fibers (19.3–49%). This is highly
advantageous as porous fibers effectively promoted cell attachment and proliferation while also manip-
ulating cell growth. The protein-polymer molecular interactions, structures and crystal contents, as well
as the melting and glass transition behaviors of the composites were determined. Results reveal that
varying silk fibroin content can directly tune the nanopore structure of each individual fiber. The compos-
ite nanofibers have a much higher thermal stability when compared to the pure silk or PLA nanofibers.
Besides, as the SF concentration increased from 0% to 100%, the hydrophilicity of the electrospun compos-
ite fibers increased (contact angle decreased from 135� to 103�), and the enzymatic degradation residues
also increased from 20% to 95%. This study provides a unique method for tuning nano-fabrication prop-
erties of electrospun protein-polymer fibers that can be widely useful in the fields of biomedicine and
sustainable materials.
� 2022 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Porous materials are commonly used in drug delivery [1,2], tis-
sue regeneration [3,4], filtration materials [5] and substrates for
the encapsulation [6] due to their large surface area, large pore vol-
ume and adjustable pore size that can be tuned to optimized cell
growth and repair. Current methods for preparing porous nanoma-
terials mainly include solvent casting [7], salt leaching [8], dry
spinning [9], wet spinning [10], 3D printing [11] and electrospin-
ning [12]. However, it is much more difficult to make nanopores
on one-dimensional materials such as nanofibers. Dry spinning is
not an ideal porous scaffold fabrication method, because it requires
high solvent viscosity and volatility and it is difficult to achieve
continuous spinning [13]. Although wet spinning is simple and
easily repeatable, the mechanical properties of its fiber are not
ideal [14,15]. 3D printing is also not an efficient fabrication method
for nanopores as the cost is relatively high, with relatively low
manufacturing efficiency and insufficient precision [16,17]. Elec-
trospinning has attracted many attentions due to its easy opera-
tion, low cost and wide adaptability in the preparation of 1-D
nano or ultrafine fibers with different nanopore structures [18,19].

The advanced development of composite materials has sug-
gested that we can selectively process a variety of natural and syn-
thetic polymers into nanomaterials to overcome the poor
performance of single-phase materials, and improve the mechani-
cal, thermal, rheological and biodegradability properties of poly-
mers for regenerative tissue engineering and drug delivery
scaffolds [20,21]. In order to overcome the shortcomings of poly-
lactic acid (PLA), such as low hydrophilicity and cell affinity
[22,23], natural silk fibroin proteins can be added in varying con-
centrations to obtain a composite material with high biocompati-
bility and biodegradability [24,25]. Regenerated silk fibroin (SF)
is a natural fibrous protein derived from silkworm cocoon fibers,
with good mechanical strength and flexibility due to the formation
of b-sheet crystalline structures between molecular chains [24,25].
Poly-lactide (PLA) is a green synthetic polymer with good biocom-
patibility and degradability, which is an environmentally friendly
material obtained from natural corns and cereals [22,23]. The com-
posite materials of SF proteins and PLA polymers have demon-
strated superior physical and biological properties compared to
their individual components. Gao et al. [26] found that the multi-
layer mineralized polylactic acid/silk fibroin structures enhanced
cell growth and differentiation. Yan et al. [27] used phenylenedi-
amine to promote the formation of pores on the surface of several
silk fibroin/polylactic acid fiber scaffolds, with mechanical proper-
ties and biocompatibility favorable for a cardiac scaffold, a similar
result was also reported by Kyu et al. [28]. However, the fabrication
of surface pores on existing composite nanofibers is quite cumber-
some and the material itself is also eroded by harmful solvents
[29].

Therefore, many researches focused on the topic of various
fibers fabrications and properties for polylactic acid and silk fibroin
[25,30,31]. However, among these studies, the proportion of silk
fibroin does not exceed 50%, and only smooth fibrous membranes
were formed. Specifically, the regulation of nanopores on each
fiber of PLLA/silk fibroin composites fiber film, and the pore-
forming mechanism of nanofibers by the addition of silk fibroin
at full proportion mixture ratios have not been reported yet. Such
type of composite fibers is very advantageous in many potential
applications of drug delivery, facial mask accessories and scaffolds
for rapid cell growth, etc.

In this study, a unique solvent system was used to compound
polylactic acid and silk fibroin in full proportions (10:0, 9:1, 8:2,
7:3, 6:4, 5:5, 4:6, 3:7, 2:8, 1:9 and 0:10) and create a tunable
fibrous mat with nanopores. The resulting composite materials
was analyzed using scanning electron microscopy (SEM), Fourier
2

transform infrared spectroscopy (FTIR), differential scanning
calorimetry (DSC), thermogravimetric analysis (TGA), X-ray
diffraction systematically analyses (XRD), X-ray photoelectron
spectroscopy (XPS), water contact angle measurement, biological
enzyme degradation and cytotoxicity tests, which determined the
microstructure, stability and biological performance of the com-
posite fiber material. This study provides a basis for further study
on the application of novel porous nanofiber materials in tissue
repair and regeneration, drug coating and delivery among other
applications.

2. Materials and experiments

2.1. Materials

Materials and reagents were obtained from the following
sources: Chinese silk fibroin (SF) (extracted from Bombyx mori
silkworm cocoons, Dandong July Trading Co., Ltd., China), Poly(L-
lactic acid) (PLLA, Shenzhen Yisheng New Material Co., Ltd., China),
NaHCO3 (AR purity, Shanghai Lingfeng Chemical Reagent Co., Ltd.,
China), CaCl2 (96.00%, AR purity, Xilong Science Co., Ltd., China),
Formic acid (88.00%, AR purity, Xilong Science Co., Ltd., China),
Methylene chloride (98.00%, AR purity, Xilong Science Co., Ltd.,
China); Proteinase K (�95.00%, Phygene Biotechnology Co., Ltd.,
China).

2.2. Preparation of PLLA/SF nanofiber mats

Calcium chloride powders were first weighed and mixed with
formic acid to prepare a 4 wt% calcium chloride-formic acid (FA)
solution as the solvent. Silk fibroins were then dissolved into the
FA solution, and finally prepared into 8 wt% silk fibroin solution.
Then PLLA powders were dissolved in dichloromethane to prepare
a PLLA solution with a concentration of 8 wt%. The above-
mentioned PLLA solution was poured into silk fibroin solution
and mixed at various ratios (10:0, 9:1, 8:2, 7:3, 6:4, 5:5, 4:6, 3:7,
2:8, 1:9 and 0:10), respectively. And each mixture was stirred for
half an hour at ambient temperature. Then sonicated for 30 min
for thorough mixing to obtain final electrospinning solution. The
sample name was respectively marked as PS100 (pure PLLA),
PS90, PS80, PS70, PS60, PS50, PS40, PS30, PS20, PS10 and PS0 (pure
silk). The syringe containing the electrospinning solution was
placed in a single-channel syringe pump. The flow rate was set
to 0.2 mL/h, and the voltage was set to 15 kV. The distance between
the syringe needle and the receiving device was 10 cm, and the
fibers were spun over a period of 5 h.

2.3. Morphology analysis

The samples were first placed in a sputtering apparatus for gold
plating with the current set to 20 mA. Each surface of the samples
was gold plated for 30 s four times. The SEM (JSM-7600F, JEOL,
Japan) working voltage was 10 kV and the working distance was
15 cm. The total porosity and single fiber porosity was calculated
through various area (A1 and A2) obtained by Image J software.
For total porosity calculation (Equation (1)) [32], A1 and A2 is the
area of all holes and the total fiber area in specific region of the
image (nm2), respectively. For porosity on single fiber (Eq. (1)),
A1 and A2 is the area of all holes on a single fiber and the single
fiber total area in the image (nm2), respectively. The fiber diameter
and pore size on single fiber were also obtained via Image J soft-
ware. At least three replicate samples were analyzed for each
material [32]:

Porosityð%Þ ¼ A1

A2
� 100% ð1Þ
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2.4. Structural analysis

2.4.1. Fourier transform infrared spectrometer (FTIR)
FTIR analysis was performed using a Bruker FTIR Spectrometer

(Vertex 70, Bruker, Germany) with a deuterated triglycine sulfate
detector and a multiple-reflection, horizontal MIRacle ATR attach-
ment (using a Ge crystal) with clamping mode. Each sample (un-
treated and treated with 30 mins methanol) was placed on the
Ge crystal to collect the sample signal with a resolution of
4 cm�1. The number of scans selected was 64 times, and the infra-
red spectrum was measured in the wave number range of 4000–
400 cm�1. Fourier self-deconvolution (FSD) of the IR spectra cover-
ing the amide I region was performed by Opus 5.0 software. Decon-
volution was performed using Lorentzian line shape with a half-
bandwidth of 25 cm�1 and Gaussian functions, as well as a noise
reduction factor of 0.3. FSD spectra were then curve-fitted to mea-
sure the relative areas in the amide I region. The fitted individual
peaks can be assigned as side chains (S), b-sheets (B), random coils
(R), a-helix (A) and turns (T) according to the literature method
[33,34].

Additional FTIR analysis was performed using a FTIR Spectrom-
eter (Vertex 70, Bruker, Germany) in contactless reflectance sam-
pling module (over an aluminum foil reflective surface).
Measurement spot distance is 4 mm. Background spectra was col-
lected directly on the aluminum foil surface. The FTIR settings were
as follows: 64 scans for each acquisition, spectral resolution of
4 cm�1, open windows, and spectral range of 4000–600 cm�1.

2.4.2. X-ray photoelectron spectrometer (XPS)
The XPS analysis was carried out using an EscaLab Xi + instru-

ment (Thermo Fisher, UK) equipped with monochromatic Al-Ka
radiation (hm = 1486.6 eV). X-ray was performed at a working volt-
age of 40 kV at 2�/min. C1s at 284.5 eV was considered the refer-
ence for all Binding Energies (BE). The spectra of C 1s was
analyzed using the OriginPro2021b software.

2.4.3. 13C Solid-state Nuclear Magnetic Resonance (SS-NMR)
Spectra was performed on a SS-NMR (Bruker, AVANCE III

400WB, Germany) spectrometer at 9.4 T with a frequency of
100.62 MHz. Samples were packed into the 4-mm zirconia rotors.
For each 13C CP-MAS test, the contact time was 2 ms, the recycle
delay was 2–4 s, which were adjusted to three times of 1H for T1
values. A technology of ramp-contact and a program of spinal 64
decoupling pulse were used. The number of scans for 13C CP-
MAS measurements was 2000–10000 with a rotor spinning rate
of 14 kHz. The spectra was also calibrated using the methine car-
bon atoms of adamantane as an external standard (d = 29.47 ppm).

2.4.4. X-ray diffraction (XRD)
XRD Analyses were performed by using a D/max 2500VL/PC

diffractometer (Rigaku Corporation, Japan). Cu-Ka radiation was
generated by the source with a graphite diffracted beam
monochromator operated at 40 kV and 100 mA. Here, K = cos22hM,
where 2hM is the diffraction angle of monochromator. a-SiO2 was
used as a standard to measure the width of samples in the exper-
iment. Diffraction data were acquired with an increase of 2h from
5� to 50� at a 5�/min scanning rate.

2.5. Thermal analysis

2.5.1. Differential scanning calorimeter (DSC)
Thermal properties of PLLA/SF samples were analyzed by differ-

ential scanning calorimetry (DSC) on a DSC7000X instrument
(Hitachi, Japan) in nitrogen atmosphere. About 5 mg of sample
was massed and sealed in an aluminum pan with an empty alu-
minum pan as the reference. Under the standard DSC mode, the
3

nitrogen flow rate was set to 30 mL/min and the heating rate
was 10 �C/min. The temperature modulated DSC (TMDSC) mode
was used with the following settings: 5 �C/min heating rate, a fre-
quency of 0.02 Hz, a temperature amplitude of 3 �C and a temper-
ature range of �20 to 200 �C. Each sample was tested at least 3
times. The heat flow and temperature of the instrument have been
calibrated with the standard indium, and the specific heat was
determined from the sapphire calibration scans. The glass transi-
tion temperature (Tg), melting temperature (Tm) and melting
enthalpy (DHm) were calculated by the NEXTA Job Gallery software
of Hitachi. The crystallinity (Xc) was estimated using the following
Eq. (2) [35],

Xmð%Þ ¼ DHm

DH0
� 100% ð2Þ

where DHm (J/g) is the heat of melting of the samples, and DH0 is
93.6 J/g which is the melting enthalpy of 100% crystalline PLLA
reported in literature [35].
2.5.2. Thermogravimetric analysis (TGA)
The thermal stability of the samples was investigated by ther-

mogravimetric analysis (Pyris 1, PerkinElmer, USA). The tempera-
ture of thermogravimetric analyzer was used to calibrated
through Alumel and Nickel standard sample. 100 mg standard
mass has been used to calibrate the measured weight of TG. The
nitrogen flow rate was set at 50 mL/min, 5–6 mg of sample was
heated from room temperature to 600 �C at a heating rate of
10 �C/min. The first derivative of the thermogravimetric analysis
curve (DTG) obtained from Pyris series software (PerkinElmer,
USA) was also presented to reflect the degradation rate and the
intermediate degradation temperatures. Each sample was tested
at least 3 times.
2.6. In vitro biodegradation

Proteinase K was dissolved in a 0.1 M (pH = 8.6) Tris-HCl buffer
solution to obtain a concentration of 0.2 mg/mL proteinase K solu-
tion. The prepared composite nanofiber mat was placed in a cen-
trifuge tube and 5 mL of proteinase K solution was added. The
centrifuge tubes were then stored in a 37 �C water bath for the
time periods up to 6 days (6 d). After 1, 2, 4 and 6 days the pro-
teinase K solution was individually removed, then the samples
were taken out and washed thoroughly with distilled water and
dried by vacuum-dried oven at 37 �C temperature until the weights
remained constancy, Finally, the remaining mass was weighed,
respectively. Throughout the entire process, fresh protease K solu-
tion was replaced every 24 h to ensure that the enzyme activity
was maintained at the ideal level. The samples without enzyme
in aqueous solution were also evaluated as the control data. Simul-
taneously, other two sets of same experiments were set up for all
the above samples. The degradation of samples treated with
methanol for 30 min were also measured using the same experi-
mental method mentioneds above.
2.7. Hydrophilic analysis

A contact-angle measuring instrument (DSA30S, KRUSS, Ger-
many) was used to test the change in the hydrophilicity of the
material. The lying drop method was utilized, and a continuous
tracking measurement mode was used to save the image every sec-
ond. The contact angle of the liquid was measured and was
repeated at least three times to determine the average value.
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2.8. Biocompatibility analysis

Biological response: Mouse fibroblasts (L929) were cultured
with a modified DMEM medium that consisted of 10% FBS and
were placed in a humidified incubator at 37 �C and 5 % CO2. Trypsin
was used to detach viable cells from the culture surface for further
study. An MTT Assay was conducted to determine the toxicity of
the nanofibers. All nanofiber samples were sterilized before seed-
ing to prevent contamination. 100 lL of L929 cell suspension
was seeded in a 96-well plate at a cell density of 1 � 104 cells/
mL. After 6, 24, and 48 h the medium was removed from each well,
respectively. The fibers and cells were rinse twice with PBS. Finally,
200 lL of MTT solution (0.5 mg/ml) was added to each well plate to
conduct the MTT Assay. After 4 h, the methyl sulfoxide solution
was replaced, and the cultures were shaken for 10 min. The absor-
bance of each well was measured at 570 nm through microplate
reader (EL-X800, BioTek, USA). This process was repeated 3 times
for each sample, and the cell viability was calculated by Eq. (3)
[36]:

Viability ¼ Ds

Dc
� 100% ð3Þ

where Ds is the absorbance of the cell culture solution exposed to
the films, Dc is the absorbance of the control solution.

In order to determine cell morphology, the cells were cultured
on the nanofiber mats for 6, 24, and 48 h and were washed with
PBS. Then it was fixed in 4% paraformaldehyde solution for
15 min. Finally, DAPI (40,6-Diamino-2-phenylindole) fluorescence
staining was used to stain the nucleus for 30 min. Cells were also
imaged under a fluorescent microscope using a camera (Nikon
80I, Japan) [37]. All biological experiments were performed at least
three times.

2.9. Statistical analysis

All experimental data were expressed as mean ± standard devi-
ation (SD). Statistical analyses were performed using one-way
ANOVA analysis (‘‘analysis of variance”). Differences between val-
ues was considered statistically significant with P or p values.
3. Results and discussion

3.1. Morphology analysis

Fig. 1 shows the schematic preparation of silk/polylactic acid
composite nanofibers based on electrospinning method (Fig. 1a).
A morphological image of PLLA/SF = 80/20 (PS80) nanofibers with
nanopores is shown in Fig. 1b, and the nanofiber diameter and
porosity of all composites with different mixing ratios were calcu-
lated using the Image J software (Fig. 1c, 1d). SEM images of all
samples, histograms of fiber diameter distribution (grey, black
curves) and pore size distribution on single fibers (blue, red curves)
are shown in Figure S1. Most pure PLLA fibers appeared spindle-
shaped, with uneven diameters and contained a large number of
beaded structures with large gaps between each fiber (Figure S1A
and S1a, PS100) [38,39]. The fiber diameter of pure PLLA was
mainly distributed between 0.5 and 2.2 lm, and the average diam-
eter was 996 ± 72 nm (Fig. 1c). The pure PLLA fibers contained
smaller pore sizes (44 ± 11 nm) because of the low boiling point
of the solvent, the hydrophobicity of PLLA as well as their low vis-
cosity and conductivity [39]. When silk was added, even in small
ratios, the morphology was greatly affected. For example, the aver-
age fiber diameter of sample PS90 reduced to 694 ± 85 nm, while
the average pore size increased to 70 ± 15 nm (Figure S1b́). As
the SF ratio was increased, the fibers diameter and pore size grad-
4

ually became more uniform and the fibers showed reduced bead-
ing structures. For PS80, the fibers diameter is 610 ± 90 nm
(Fig. 1c), and pore size is 58 ± 10 nm (Figure S1ć). The total poros-
ity and the porosity on each fiber gradually decreased with the
increasing of the silk fibroin ratio, and both have the maximum
value 54.7 ± 3.1 % and 49.0 ± 3.0 % for sample PS90 (Fig. 1d),
respectively. However, for samples with SF ratios higher than
60%, there are no clear pores on individual fibers and the total
porosity does not change significantly. Samples PS60 showed the
largest average fiber diameter (1022 ± 118 nm) while also dis-
played globules at the intersection of each fiber (Figure S1e,
PS60). This was different when compared to the PS80 sample as
these fibers were distinctly individual and did not adhere to each
other. Previous studies [39–41] have shown that this phenomenon
is most likely caused by the electric field that forces the electro-
spun fibers to adhere to each other if the solution has a high viscos-
ity. This results in less uniform fibers that stick together. This is
also evident as SF to increase as the viscosity of the solution
decreases, and the fiber gradually becomes more uniform and
swelling on the fiber surface occurs (Figure S1g � S1j,
PS40 � PS10). This is also because the polar amino acids in silk
fibroin can increase the electrical conductivity of the blend and
promote stretching of the electrospun fiber [42–44]. However,
unlike composite samples, pure silk fibroin (Figure S1k, PS0)
showed uneven fiber thickness, which is consistent with the find-
ings of Shao et al. [43].

3.2. Structural analysis

FTIR is a powerful tool for protein conformation analysis, and
widely used in the study of protein-polymer composites [44], such
as determination the specific infrared absorption peaks of each
component for silk fibroins and PLLA. Fig. 2a shows the normalized
absorbance infrared of nanofibers consisting of different PS sam-
ples in the wavenumber region of 1000–2000 cm�1.

Generally, for the silk protein, the FTIR spectral region within
1700–1600 cm�1 is attributed to the peptide backbone of Amide
I absorptions and 1600–1500 cm�1 to the Amide II [33]. For the
pure silk nanofiber in our work (Fig. 2a, PS0), the peaks at
1646 cm�1, 1545 cm�1 and 1247 cm�1 were observed which is cor-
related to the random coils structure [33,45,46].

For PLLA, the significant IR absorption bands at 1753 cm�1,
1452 cm�1, 1182 cm�1 and 1086 cm�1 are associated with C = O
stretching of carbonyl group, C-H deformation vibration, C-O-C
stretching and C-O antisymmetric stretching, respectively
[47,48,49], as shown in Fig. 2a (PS100). By comparing the FTIR
spectra of SF/PLLA composites, it was exhibited that with the
increase of SF content, the intensity of spectra at 1753 cm�1,
1182 cm�1 and 1128 cm�1 as well as 1086 cm�1 gradually
decreased, while the intensity at 1646 cm�1 and 1545 cm�1 grad-
ually increased. Besides, 1753 cm�1 for PLLA is moved to
1757 cm�1, and 1268 cm�1 attributed to PLLA is gradually shifted
to 1247 cm�1 of SF. These results implies that there are interac-
tions between SF and PLLA chains [25].

Furthermore, peak fitting was performed on the range of 1720–
1580 cm�1 in the amide I region (Fig. 2b) through a deconvolution
method, to understand the structural changes of PLLA and SF with
different composite ratios. The fitted individual peaks can be
assigned as side chains (S), b-sheets (B), random coils (R), a-helix
(A) and b-turns (T) [33,34]. Table 1 shows that PS0 was mainly
composed of random coils and a-helices (46.8%), and the content
of b-sheets is about 24.2% which is similar to the literature [50].
With the increase of the PLLA content in the PS composite nanofi-
ber film, the b-sheet content in silk fibroin decreased from 24.2% to
16.8%, while the content of random coils and a-helices increased
from 46.8% to 51.9%, and the turns content increased from 24.8%



Fig. 1. (a) Schematic preparation of silk/polylactic acid composite nanofibers based on electrospinning method; (b) SEM image of porous PS nanofibers with a mass ratio of
PLLA/SF = 80/20 (PS80); (c) average fiber diameter, and (d) the total porosity and the porosity of single fiber for different PS composites plotted as the function of PLLA
concentration, respectively (**p < 0.005, N � 50).
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to 29.1%. When the samples were treated with methanol, the con-
tent of b-sheets in all composites increased significantly. Studies
have shown [51–53] that the b-sheets structure in silk fibroin
can promote the formation of protein stability and insolubility.
Although analysis of the structure of silk fibroin using ATR-FTIR
is a standard method [33,34,46,49], some studies reported [54]
that the ATR tip pressure might induce structural change of the
protein. Therefore, we added another set of experiments for the
samples (PS0-PS50, silk protein dominated) using FTIR scans with
a contactless reflectance module, and compared with the results
to the ATR module (Figure S2). Both characteristic peaks of silk
fibroin and polylactic acid appeared in the composites samples,
and all structural contents were relatively close to those detected
by the ATR module (Table S1), indicating that the ATR tip pressure
had less effect on the sample structure.

XPS is used to accurately measure the inner electron binding
energy of atoms and their chemical shifts [55–57]. Pure PLLA
(PS100) mainly contains C, H, and O elements (Fig. 2c). The addi-
tion of silk fibroin (PS90, PS80, PS70, PS60, PS50, PS40, PS30,
PS20 and PS10) created composite materials that show increased
5

peaks for C, N, and O elements. Following the literature [58–61],
the PS composites was subjected to the peak fitting of C element
(Fig. 2d), and results were listed in Table 2. Specifically, for SF,
the vicinity of 284.7 eV and 286.7 eV in C1s are respectively attrib-
uted to C-C, C-O or C-N groups (referred to as C-Cs、C-Ops and C-
Ns) [62]. For PLLA, 285.2 eV, 286.7 eV, 288.7 eV and 291.0 eV were
attributed to C–H, C–O, C = O and O–C = O groups, respectively (re-
ferred to as C–Hp, C–Ops, C = Op and O–C = Op) [63]. Chen et al [64]
demonstrated that the intensity of the C1s peak at 285.9 eV in the
SF/polydopamine hydrogel was significantly increased compared
to the pure SF hydrogel. In our study, as the content of silk fibroin
increases, the content of C-Cs and CO/CN increased while the con-
tent of C-Hp and C = Op decreased. However, the O-C = Op content
first decreased (PS100-PS40) and then increased (PS40-PS20),
implying a potential hydrogen interaction between the C = O group
of the polylactic acid and the O-H bonds on the silk fibroin.

Solid State Nuclear Magnetic Resonance (SS-NMR) was then
used for further structural analysis of the protein-polymer com-
posites [65], since the isotropic chemical shift of carbon atoms in
the protein chains is closely related to its molecular structure



Fig. 2. (a) Infrared spectra (ATRmode) of PS composite nanofiber films with different mass ratios in 1900–1000 cm�1, and (b) an curve fitting example of PS20 composite fiber
spectra in the amide I region (1720–1580 cm�1); the black line represents the best fit curve, the colored short dash lines represent the contributions to the amide I region and
are marked as random coil (R), b-sheets (B), a-helices (A), turns (T), and side chains (S) ; (c) High resolution X-ray photoelectron spectroscopy (XPS) spectra of C, N, O, Ca in the
PS nanofibers, ranging from 600 to 200 eV, and (d) a peak fitting example of PS20 nanofiber XPS spectrum in C1s region; (e) 13C Solid State Nuclear Magnetic Resonance
spectra, and (f) X-ray diffraction spectra of the PS100, PS80, PS50, PS20 and PS0 composite nanofibers.
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(Fig. 2e). For pure PLLA sample (PS100), the peak at 168.6 ppm was
attributed to carbonyl carbon (C = O), the peak at 15.7 and
68.1 ppm were associated with methyl methane, and the peak at
29.5 ppm was assigned to methylene C1 [65–67]. For the pure SF
sample (PS0), major amino acid residues conformation was corre-
lated to the 13C chemical shifts [67], such as 43.1 ppm and 51 ppm
for alanine Ca, 172.0 ppm for C = O [68]. For composite fibers
6

(PS80, PS50, and PS20), the peak intensity and peak position shift
slightly with the change of SF content. For example, for the PS80
sample, the peak at 168.6 ppm moved to 169.6 ppm, and emerged
with the shoulder peak at 170.8 ppm. A similar study was reported
by Wu et al. [69] that the peak at d = 175.05 ppm split into two
bands (177.06 and 178.26 ppm) in the composites of acrylic acid
grafted polylactide and corn starch, which attributed to the inter-



Table 1
Infrared curve (ATR mode) fitting results of PLLA, SF and their composite nanofiber materials.

Sample Silk/% b-sheet a-helix and random coils/% Turns/% Side chains/% Silk amorphous in sample/% b

PS0 100 24.2/49.6a 46.8/24.5a 24.8/23.4a 4.2/2.5a 50.4
PS10 90 23.7/47.8a 48.0/25.4a 25.0/24.0a 3.3/2.8a 47.0
PS20 80 22.8/45.8a 48.8/26.7a 25.3/24.3a 3.1/2.5a 43.4
PS30 70 21.7/42.0a 48.9/28.5a 26.1/25.2a 3.3/4.3a 40.6
PS40 60 21.0/40.7a 49.5/29.1a 26.7/26.7a 2.8/3.5a 35.6
PS50 50 20.1/38.5a 50.2/31.8a 27.3/27.2a 2.4/2.5a 30.8
PS60 40 19.6/37.1a 50.4/32.5a 27.5/28.1a 2.5/2.3a 25.2
PS70 30 18.9/35.5a 50.8/32.9a 28.0/28.7a 2.3/2.9a 19.4
PS80 20 18.1/34.5a 51.2/33.8a 28.4/29.1a 2.3/2.6a 13.1
PS90 10 16.8/33.1a 51.9/34.5a 29.1/29.7a 2.2/2.7a 6.7
PS100 0 / / / / 0

a b-sheet structure content after methanol treatment for 30 min. All calculated secondary structure fractions have the same unit (wt %) with a ± 2 wt% error bar.
b Silk amorphous in sample/%=(100%-X) � w, where, X represents b-sheet content after methanol treatment; w stands for the percentage content of silk fibroin in the

composite fibers.

Table 2
The proportions of different groups in the C element peak of the PS composite.

Sample C-Cs (%) C-Hp (%) C-Ops/C-Ns(%) C = Op(%) O-C = Op (%)

�284.8 eV �285.2 eV �286.7 eV �288.7 eV �291.0 eV

PS100 – 30.2 23.4 21.3 25.1
PS80 8.7 26.1 27.9 12.4 24.9
PS50 15.4 21.8 28.8 15.6 18.4
PS40 21.0 18.7 27.1 15.0 18.2
PS30 23.3 17.5 26.0 13.8 19.4
PS20 25.6 13.6 28.3 8.9 23.6
PS0 63.3 – 36.7 – –

*All calculated values have the same unit (wt%) with a ± 2% error bar. s represents the chemical groups contained only in the silk molecules; p represents the groups contained
only in the PLLA molecules; ps represents the groups contained in both PLLA and silk molecules.
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action between the carboxyl group of acrylic acid and –OH group of
corn starch. Zheng et al. [70] found that silk fibroin and hydroxy-
butyl chitosan molecules undergo hydrogen-bonding interactions
when mixed, resulting in intensity changes and peak shifts in the
NMR spectrum. These NMR results were consistent with previous
results, showing strong interactions between silk and PLLA
molecules.

In addition, the samples were also analyzed by XRD measure-
ment (Fig. 2f). For pure PLLA, a strong diffraction peak near 16.7�
(200/100) was attributed to the a crystal of PLLA [41,48,71]. The
smaller 2h peaks at 18.7�, 22.3� and 14.8� correspond to the diffrac-
tion of (203), (015) and (010) crystal planes of PLLA, which were
consistent with the literature [41,48,71]. The peak strength of PLLA
decreased with the increase of SF content in the composite film.
Simultaneously, by using a peak fitting software, XRD curves were
deconvoluted to obtain the crystalline and amorphous structure
contributions (Figure S3, Table S2). The pure PLLA sample had
the highest mobile amorphous phase (XMAP) content of all samples
(�57%). With the SF content increasing, the content of crystalline
phase (Xc) of PLLA in the composite films gradually decreased,
and the contents of mobile amorphous phase (XMAP) and rigid
amorphous phase (XRAP) gradually increased. This result showed
that SF chains tended to inhibit the formation of PLLA crystals
while promoted the formation of intermediate amorphous phases
(such as XRAP) between the SF and PLLAmolecular domains to facil-
itate the interactions between the two components.

3.3. Thermal analysis and stability

DSC was used to obtain the thermophysical properties of
polymer-protein blends. DSC is an important technology to obtain
miscibility information of polymer blends by studying their glass
transition temperature (Tg) and melting temperature (Tm) [72–
74]. Studies have found [75–77] that the new Tg formed by blend-
7

ing two polymers can be between or exceed the glass transition
temperatures of the two individual polymers. Fig. 3a shows the
DSC heating curve obtained with varying ratios of PLLA/SF nanofi-
ber composites. The PS fibers had a glass transition region, a cold
crystallization region and a melting region. The exothermic cold
crystallization peak appeared between 80 and 138 �C as the SF
ratio increased, and the cold crystallization peak gradually shifted
from 121 �C to 112 �C. The melting peaks was observed at the
range of 138–168 �C. The size of the melting peak also decreased
as the PLLA content decreased. Fig. 3b shows the reversing heat
capacity curves of the PS composite nanofibers measured by
TMDSC. The glass transition temperature of pure polylactic acid
(PS100) was 55.6 �C while the melting temperature was 151.1 �C.
The glass transition temperature of pure silk fibroin nanofibers
(181.5 �C) was slightly higher than the SF films fabricated from
the formic acid solution (162.5 �C) and the aqueous solution
(176 �C) [34,78,79]. The co-existence of ordered domains of plain
nanofibers caused the glass transition temperature of the amor-
phous phase to shift to a higher temperature [80]. As silk fibroin
content increased, the glass transition temperature of the compos-
ite increased (Table 3), while the melting temperature decreased
and gradually shifted into a single peak [81,82]. This also showed
that the melting enthalpy value decreased while the specific heat
capacity increment during Tg increased (Table 3). With the addi-
tion of silk fibroin, the crystallinity of PLlA calculated by DSC also
decreased from 37.7 ± 2.5 (PS100) to 7.6 ± 1.0 (PS10), which was
consistent with the result from XRD analysis (Table S2). These
results suggested that the composite materials exhibited good mis-
cibility that differed greatly from the pure fibers due to underlying
molecular interactions of the two materials.

Thermogravimetric analysis (TGA) is used in this study to char-
acterize the thermal stability and thermal decomposition mecha-
nism of each composite material [83]. Fig. 3c and Figure S4a
show the thermal degradation of PS nanofiber samples, while



Fig. 3. (a) DSC heating curves of PS composite nanofiber mats with different ratios, and (b) reversing heat capacity curves of the PS nanofiber samples (modulation frequency
is 0.02 Hz, modulation temperature amplitude is 3 �C, and heating rate is 5 �C/min); Tg, Tm1 and Tm2 represent the glass transition temperature, the first melting peak
temperature and the second melting peak temperature, respectively. (c) TG curves of PS nanofibers heating from 25 to 550 �C at a rate of 10 �C/min, and (d) the first derivative
of the mass percentage curves in (c).

Table 3
The glass transition temperature (Tg), melting temperature (Tm1 and Tm2), melting enthalpy (DHm) and heat capacity increment at Tg (DCp) of PS nanofibers at different ratios.

Sample SF/% Tg/�C Tm1/�C DCp/J g�1 �C�1 (�10�2) Tm2/�C DHm/J g�1 Xc/%

PS100 0 55.6 ± 0.7 151.1 ± 0.9 35.3 ± 0.4 154.6 ± 0.8 35.3 ± 0.1 37.7 ± 0.5
PS90 10 55.9 ± 0.5 150.9 ± 0.2 36.7 ± 0.3 154.5 ± 0.4 30.9 ± 0.3 33.0 ± 0.8
PS80 20 56.4 ± 0.6 150.7 ± 0.4 37.5 ± 0.5 154.0 ± 0.3 28.4 ± 0.2 30.3 ± 0.3
PS70 30 57.2 ± 0.9 149.9 ± 0.6 37.6 ± 0.3 153.6 ± 0.6 26.2 ± 0.4 28.0 ± 0.9
PS60 40 58.5 ± 0.7 149.7 ± 0.8 38.2 ± 0.5 / 23.6 ± 0.5 25.2 ± 0.8
PS50 50 59.9 ± 0.5 149.4 ± 0.9 39.1 ± 0.3 / 20.2 ± 0.2 21.6 ± 0.6
PS40 60 60.3 ± 0.4 149.0 ± 0.8 39.2 ± 0.2 / 18.4 ± 0.7 19.7 ± 0.2
PS30 70 62.5 ± 0.9 147.7 ± 0.6 39.7 ± 0.5 / 15.8 ± 0.3 16.9 ± 0.3
PS20 80 64.1 ± 0.8 147.3 ± 0.7 42.1 ± 0.4 / 13.5 ± 0.8 14.4 ± 0.1
PS10 90 65.3 ± 0.9 146.9 ± 0.8 42.5 ± 0.8 / 7.1 ± 0.4 7.6 ± 0.2
PS0 100 181.5 ± 0.3 / 42.7 ± 0.5 / / /
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Fig. 3d is the first derivative of the curves in Fig. 3c, that shows the
relationship between the decomposition rate of the sample and the
changing temperature. During the initial heating phase (25–
230 �C), the mass percent of the pure PLLA fibers (PS100) remained
almost unchanged. However, with the addition of hydrophilic SF,
there was greater mass loss as the higher amount of bound water
present was heated off [84]. Figure S4b also shows the water loss
of the composite material between 25 and 230 �C. The second stage
of decomposition began at approximately 230 �C. For pure SF (PS0)
and pure PLLA (PS100) nanofibers, the initial decomposition tem-
8

peratures (Tonset) were determined to be 294.31 �C and 341.84 �C
respectively, which are consistent with literature reports [85–
88]. The Tonset temperature of other composite fibers varied greatly
from those of the pure SF and PLLA samples. This relationship
showed that as the SF content increased, the Tonset temperature
gradually decreased from 307.38 �C of the PS90 sample to
294.31 �C of the PS0 sample (Fig. 3c), but was always higher than
that of pure silk fibroin. The maximum decomposition rate ranged
from 32.95 %/min for the PS100 to 3.82 %/min for PS0 sample. This
was most likely due to the breakdown of the molecular framework
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and the decomposition of molecular domains present in the poly-
mer blends [89]. As the temperature continued to rise to 450 �C,
mainly carbon was retained [90]. So, as the silk content increased,
more residue content was introduced. This finding is consistent
with that of Wang et al. [78] as well. The study by Ghozali et al.
[91] also reported that the thermal stability of polyethylene/poly-
lactic acid composites is affected by the PLA content. Sheik et al.
[90] cast silk and polyvinyl alcohol/polyvinylpyrrolidone (PVA/
PVP) into a composite film, and found that the addition of silk
could affect the maximum decomposition rate and the residual
amount. In this study, under a nitrogen atmosphere, the addition
of silk fibroin also slowed down the decomposition rate of the
composite material at higher temperatures (450–550 �C). In con-
clusion, TG analysis proved the thermodynamic compatibility
between the two different material phases, which was also sup-
ported by the DSC and morphological analysis [87].

3.4. Biological responses

An in vitro enzymatic degradation biodegradation study was
then conducted in order to determine the materials biodegradabil-
ity as it greatly influences a materials compatibility with living tis-
sues [92]. The biodegradation rates of different PLLA/SF composites
in an aqueous solution (Figure S5) and a protease solution (Fig. 4a)
were compared to determine the enzymes effect on the composite
materials. In the aqueous solution (Figure S5), it was observed that
all samples exhibited very low degradation and their mass slowly
decreased over the recorded period. SF could be easily decomposed
by protease since the enzyme can easily cleave the protein chains.
In the protease solution (Fig. 4a), the degree of degradation of pure
silk fibroin nanofibers was much greater than the degradation rate
of pure PLLA. This finding was also evident in the composite sam-
ples as the addition of silk fibroin promotes a much faster degrada-
tion rate. In addition, the morphology and structure of the fiber
sample also greatly affected the degradation of the material. Sam-
ples with a higher porosity (PS90–PS60) were more like to degrade
at a faster rate at the beginning (0–1 day) and then slowed down
the degradation rate (1–6 days) as they had a large surface area
for the degradation to take place first. While the samples with
low porosity (PS50–PS10) tended to degrade evenly over time
and obtained a similar final residual mass (�20%) on day 6. Sam-
ples treated with methanol for 30 min showed a similar trend like
untreated samples under the enzymatic degradation (Figure S5b).
However, the residual mass of each sample was greater after four
Fig. 4. In vitro biodegradation of PS composite nanofibers: the remaining mass of PS c
respectively; (b) shows the water contact angle of PS composite nanofiber mats.
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days. For the PS80 sample after 4 days, the residual mass increased
from 50.2% of the untreated sample to 71.4% of the methanol-
treated sample. This may be attributed to the increase of b-sheet
crystals in silk fibroin after methanol treatment.

The hydrophilicity of biomaterials will affect the initial adhe-
sion and migration of cells and the ability to tune this property
can be very advantageous as certain cells favor a hydrophobic or
hydrophilic material depending on the method of attachment
[42]. The combination of hydrophilic silk fibroin and polylactic acid
will help improve its hydrophilicity [93], as shown in Fig. 4b. The
water contact angle of the pure SF fiber mat was 103�, and the
water contact angle of the pure PLLA fiber mat was 135� and this
showed the addition of more SF will gradually decrease the water
contact angle on PS composite materials.

An in vitro cell study was then conducted to test the cellular
compatibility and toxicity of PS composite nanofibers (Fig. 5, Fig-
ure S6). After staining with DAPI, it was found that the cells could
successfully attach to all nanofiber samples when compared to the
control group. The trend also indicated that cell viability increased
as the porosity of PS samples increased or dominated SF proteins
were added (Fig. 5b). After 48 h, the cells on PS composite nanoma-
terial still maintained favorable morphology, indicating that all
ratios of PLLA and SF composite nanofibers supported the growth
of mouse fibroblasts (L929) (Figure S6).

MTT test was used to evaluate the toxicity of nanofiber mats to
L929 cells (Fig. 5b). When the samples were incubated with cells
for 6 h, the difference in cell viability between different composite
materials was not significant. After 24 h of incubation, all compos-
ite fibers had higher cell activity than pure PLLA fibers (122.1 ± 6.
3%). Significantly, when the silk fibroin content was 10 wt% (sam-
ple PS90, 148.3 ± 9.1%) and 20 wt% (sample PS80, 142.7 ± 8.5%), the
cell activity was greater than that of samples PS60 (133.4 ± 5.2%)
and PS50 (134.5 ± 7.9%), (Fig. 5b). This phenomenon could also
be observed from the photos under the fluorescence microscope
(Fig. 5a). This was because PS90 and PS80 have smaller fiber diam-
eter and higher total porosity compared to samples PS60 and PS50
as well as pure PLLA, thus providing more sites for cells growth. At
the same time, the surface of a single fiber had a more nanopore
structure, which was conducive to cell adhesion and differentiation
[94,95] (Fig. 1). As the content of silk fibroin was dominated, cell
activity increased from 145.3 ± 6.8% of sample PS40 to 159.8 ± 13.
3% of sample PS0, indicating that silk fibroin promotes cell growth
better than PLLA synthetic polymer. After 48 h of cell proliferation,
all results showed the same pattern as the result of 24 h culture.
omposite film was degraded in (a) a proteinase K solution for 1, 2, 4, and 6 days,



Fig. 5. (a) L929 cells attached to PS nanofiber materials were incubated for 6, 24 h
(using DAPI staining and under fluorescence microscope); (b) The survival rates of
mouse fibroblasts cultured on PS composite samples with different PLLA/silk fibroin
mass ratios for 6, 24 and 48 h (N � 3, *p < 0.05, **p < 0.005). An equivalent number
of cells (1 � 104/holes) on the orifice plate was used as the control.
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However, in the result of 48 h cell culture, when the silk fibroin
content was the main content, the cell activity increased signifi-
cantly, and the cell activity of pure silk fibroin was higher than that
of most composite samples. The proliferation and differentiation of
cells in the long-term culture process suggested that the protein
sequence provides better biological response to cell cultures
Fig. 6. The assembly mechanism of PS composite na
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[96,97]. However, for PLLA dominated samples, the pores on the
fiber surface had a more obvious effect on cell proliferation, both
in the short-term and long-term cell culture studies.
3.5. Mechanism of nanofiber assembly

The combination of materials can overcome and improve the
poor performance of single-phase materials, and fully take advan-
tage of each separate material unique properties. Fig. 6 shows the
molecular structures of pure PLLA (Fig. 6a), pure SF (Fig. 6A), the
electrospinning composites (Fig. 6b, B) and their solvent volatiliza-
tion process (Fig. 6c, d; C, D) to form the electrospun fibers (Fig. 6e,
E). In this study, an environmentally-friendly low-boiling
dichloromethane-formic acid solvent system was used to obtain
a uniform PLLA/SF electrospinning solution. In the electrospinning
process, the PLLA/SF solution first accumulated charges on the sur-
face and formed a Taylor cone. When the electrostatic field force
was greater than the surface tension, the PLLA and SF chains were
stretched and aligned parallel to the fiber axis [98,99], promoted
the formation of hydrogen bonds between C = O of PLLA and O-H
of SF, which was verified by the structural analysis. As solution
was being spun, it was drawn into fibers due to the electrostatic
field, quickly volatilizes due to the heat in the environment. The
jet in the electric field will undergo nanophase separation during
its movement and there are two main reasons for the nanophase
separation of the polymer solutions. The first was the change in
the composition of the solution. For example, water vapor induces
nanophase separation, and condensed water was used as a non-
solvent. This type of nanophase separation caused by the deterio-
ration of solvent solubility was called lyotropic phase separation.
While the second reason was thermally induced nanophase sepa-
ration. The polymer was dissolved in a solvent with a high boiling
point and low volatility to form the homogeneous solution which
was then cooled down and thermally induced nanophase
separation.

In this study, the porous nanofibers were obtained through both
these two reasons. When the PLLA content in the electrospinning
solution was more than 50%, the surface heat of the jet was
decreased during the solvent volatilization phase. Then the sol-
vent’s solubility worsens and part of the condensed water collects
on the surface of the hydrophobic PLLA jet. The exchange of solvent
and non-solvent (water) led to liquid–liquid phase separation to
form two new phases: a polymer-rich phase and a polymer-poor
nofiber materials with tunable pore structures.



H. Gu, F. Wang, H. Liu et al. Materials & Design 222 (2022) 111053
phase [100]. When the polymer-rich phase was solidified, the sol-
vent was removed to obtain a nanoporous structure [101]. With
the increase of the hydrophilic silk fibroin content in the composite
solution, the addition of silk fibroin increased the formic acid con-
tent in the solvent, which reduced the evaporation rate of the
methylene chloride-formic acid solvent [102], resulting in a wide
range of automatic the phase separations that promoted the aggre-
gation of more polymer-rich phases and solvent-rich phases. This
in turn increased porosity and pore size of the nanofibers. This
unique nanopore structure increased the specific surface area of
the composite nanofibers, improved the hydrophilicity of the
material and provided additional space for cell growth and prolif-
eration [103]. When the PLLA content in the electrospinning solu-
tion was more than 50%, the electrospinning solution was
dominated by silk fibroin proteins, the solvent could easily pass
through the well-permeable SF/PLLA layer. At the same time, the
solvent volatilizes away heat from the fiber surface and was
released into the surrounding air. The condensed water attempts
to adhere, but the hydrophilicity of silk fibroin prevents the con-
densed water from accumulating, and the solute-rich and
solvent-rich areas were more difficult to form [102], so a swelling
and smooth surface was formed on the fiber with a lower porosity
[104]. The increase in protein content in the composite nanofiber
mats also provided a favorable place for cell proliferation and dif-
ferentiation [105].

In conclusion, by combining the electrospinning technology and
the low boiling point solvent preparation method, a PLLA/SF com-
posite nanofiber material with a controllable fiber surface struc-
ture had been successfully obtained. Although both pure PLLA
and pure SF could be electrospun into a single fiber, it was difficult
to meet the requirements of uniform diameter distribution alone.
The addition of SF promoted the uniformity of electrospinning
and enriched the functional structure of the fiber surface, and
improved the biocompatibility and biodegradability of the material
[105]. Therefore, this study had proven that the SF ratio could con-
trol the pore structure, size and uniformity on the fiber surface,
which could produce highly efficient and biocompatible drug car-
riers or tissue scaffold materials that could greatly increase cell via-
bility for biomedical applications.
4. Conclusion

In this study, a series of PLLA/SF nanoporous composite nano-
fibers were prepared by electrospun technology and demon-
strated the ability to engineer the nanopore structure on a
single nanofiber which is highly advantageous as it greatly
increases the cell viability and attachment while creating a low
toxicity environment for the cells to proliferate. The results of
FTIR, XPS, XRD and DSC analysis showed that the gradual change
of the composite material ratio can influence the structure of the
resulting electrospun composite fibers. This was accomplished by
changing b-sheet crystals content, the melting temperature, melt-
ing enthalpy and glass transition temperatures of the materials.
Through detailed study on the thermal stability, hydrophilicity,
in vitro degradability, and cell viability of the material, it was
found that the composite materials retained favorable properties
from both pure PLLA and SF and improved upon both separate
materials. Water contact angle measurement and in vitro degra-
dation experiments demonstrated that the silk fibroin content
increased the hydrophilicity and the enzymatic degradation rate
of the electrospun composites. This study provides a new plat-
form for engineering proteins-synthetic polymer composite fibers
on the nanoscale, and promotes the wide application of polylactic
acid-based porous nanofibers in the biomedical field while also
being highly environmentally friendly.
11
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