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ABSTRACT: Polylactide (PLA) and silk fibroin (SF) are biocompatible green macromolecular materials with tunable structures
and properties. In this study, microporous PLA/SF composites were fabricated under different pressures by a green solid solvent-free
foaming technology. Scanning electron microscopy (SEM), dynamic mechanical analysis (DMA), differential scanning calorimetry
(DSC), X-ray diffraction (XRD), thermogravimetric (TG) analysis, and Fourier transform infrared (FTIR) spectroscopy were used
to analyze the morphology, structure, and mechanical properties of the PLA/SF scaffolds. The crystalline, mobile amorphous phases
and rigid amorphous phases in PLA/SF composites were calculated to further understand their structure—property relations. It was
found that an increase in pore density and a decrease in pore size can be achieved by increasing the saturation pressure during the
foaming process. In addition, changes in the microcellular structure provided PLA/SF scaffolds with better thermal stability, tunable
biodegradation rates, and mechanical properties. FTIR and XRD analysis indicated strong hydrogen bonds were formed between
PLA and SF molecules, which can be tuned by changing the foaming pressure. The composite scaffolds have good cell compatibility
and are conducive to cell adhesion and growth, suggesting that PLA/SF microporous scaffolds could be used as three-dimensional
(3-D) biomaterials with a wide range of applications.
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1. INTRODUCTION properties of PLA would dramatically be affected during the
Advanced biocomposites have been used in the field of tissue biodegradation process and it could not provide sufficient
engineering and regeneration, providing new types of sutures,' strength for load-bearing applications, such as hard tissue
fracture fixation,” and artificial blood vessels, nerves, skin, and scaffolds. Therefore, the crystallization, degradation, thermal
dermis,” as well as controllable drug delivery and an properties, and mechanical strength of PLA were improved by
implantation system for orthopedic devices." Polylactide the presence of other components,® such as poly(butylene

(PLA) is a kind of biodegradable thermoplastic polyester
that comes from well-sourced cornstarch, chips, or sugarcane
and has many desirable features, such as good biocompatibility
as an artificial tissue scaffold, and long-term biodegradability”
as it can be gradually digested in vivo within 2 years.’ Three

adipate-co-terephthalate),” polyurethane,'” and polycaprolac-

11 . . 12
tone, ~ as well as various natural polymers such as chitosan,

.13 14 15-19
gelatin, ” cellulose, ™ and collagen.
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typical types of PLA material are exist: semicrystalline L- Received:  September 11, 2020
polylactide (PLLA), p-polylactide (PDLA), and noncrystalline Accepted:  November 12, 2020
p,L-polylactide (PDLLA). Published: November 24, 2020

However, PLA has poor hydrophilicity and lacks natural cell
recognition sites, which inhibit its wide biomedical applica-
tions. Cheung et al.” pointed out that the mechanical
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Figure 1. Preparation of PLA/SF scaffolds based on a solvent-free physical foaming method. (a) Raw poly(L-lactide) and silk fiber materials and
their solutions, (b) fabrication process of PLA/SF foam, and (c) formed foam material with an SEM image showing its porous structure.

On the other hand, Bombyx mori silk fibroin (SF) is derived
from the domestic silkworm cocoon, with nontoxicity,
renewability, and tunable biodegradability as well as excellent
biocompatibility and unique mechanical strength. The natural
SE fiber also has remarkably high toughness and tensile
strength, even superior to those of nylon materials and
Kevlar.”>*" Silk fibroin mainly has two unique conformations:
the silk I conformation including a combination of a-helix
(AH), f-sheets (BH), and random-coil secondary structures
and the silk IT conformation consisting of dominant crystalline
P-sheets assembled through the repeating amino acid
sequence.”” >

Electrospinning, freeze-drying, supercritical foaming, ultra-
sonic treatment, and three-dimensional (3-D) printing
technology have been used in the fabrication of PLA-based
composite materials in recent yealrs.26_32 Kang et al.*
fabricated the PLA composite scaffolds with 1—7% silk fibroin
powders as a filler using supercritical CO,, which exhibited a
decrease of pore size and an enhanced compressive and
biological response with high silk content. However, this study
did not blend PLA and silk materials at the molecular level in
solution. Taddei et al.>' obtained the SF/PLA nanofibers at a
1:1 weight ratio by electrospinning using trifluoroacetic acid,
an organic solvent with potential toxicity. They found that the
crystallization of PLA was hindered by the presence of SF
while its prevailing f-sheet structure remained unchanged. In
our previous studies,” pure PLA scaffolds were produced at
2.0—6.0 MPa pressures using a green solvent-free solid-state
carbon dioxide gas foaming technology. Also, SF/PDLA blend
films were also produced systematically at different mixing
ratios.”* The investigation results proved that two types of
crystals coexisted in the pure PLA, and their crystallinities
increased slightly after isothermal crystallization.” For SF/
PDLA films,”* the content of p-sheet crystals gradually
changed with the blending ratios, and their stabilities were
better than that of individual pure SF or PDLA samples. In
addition, our previous results on silk/PDLA films>>** also
demonstrated that when PLA is dominated in the sample (e.g.,
with 10—30% of silk), the composite can display a lower glass
transition temperature, lower elastic modulus, and higher
elongation ratios, which are critical for the formation of a 3-D
foam structure with large pore sizes. In addition, this blending
ratio (10—30% of silk) can also avoid microphase separation
patterns found at other silk/PLA mixing ratios (30:70, 50:50,
70:30),”* which can significantly affect the biocompatibility
and biodegradability of blended materials.
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In this study, we blended PLA (semicrystalline poly(L-
lactide)) with SF at a S:1 mixing ratio (~17% of silk) in the
solution and fabricated the PLA/silk scaffolds using the green
solid-state foaming technology under different pressures. The
apparent morphology of the final scaffolds was observed by
scanning electron microscopy (SEM), and their thermal
degradation was evaluated by thermogravimetric (TG)
analysis. Furthermore, the molecular interactions between
poly(r-lactide) and SF were investigated by differential
scanning calorimetry (DSC), X-ray diffraction (XRD), and
Fourier transform infrared (FTIR) spectroscopy. Temperature-
modulated DSC (TMDSC) has also been used to characterize
the transitions, heat capacity, and phase contents of PLA/SF
foams. The mechanical, biodegradation, and biocompatibility
properties of PLA/SF composites were investigated by
dynamic mechanical analysis (DMA), enzyme degradation
analysis, and cytotoxicity study, respectively. The results
revealed the impact of pressure on the 3-D structure and
performance of PLA/SF composites at the molecular level,
which provides the possibility of designing new biocomposite
scaffolds to meet various requirements in regeneration tissue
engineering and green chemistry applications.

2. EXPERIMENTAL SECTION

2.1. Materials. Poly(1-lactide) with a molecular weight (M,,) of
80000 and T, of 60—6S °C was bought from Shenzhen Yisheng New
Material Co. Ltd., China. China silk cocoons of B. mori were provided
by the Dandong July trading Co. Ltd., China. CO, gas of medical
purity was purchased from the Nanjing Special Gas Co. Ltd., China.
Calcium chloride with a purity of 96% was supplied by West Gansu
Chemical Plant of Shantou in Guangdong, China. Dichloromethane
(DCM) and formic acid (FA) with a purity of 88% were obtained
from Xirong-Science Co., Ltd., China. All reagents used were of
analytical grade.

2.2. Preparation of PLA/SF Blends and Microporous
Scaffolda. Poly(i-lactide) was dissolved in the DCM solvent at
room temperature to form a 3 wt % poly(L-lactide) solution.
Degummed SF fibers were slowly put into a FA solution with 4 wt %
CaCl, to form an 8.0 wt % SF solution and stirred to avoid protein
aggregation during mixing. Poly(L-lactide) and silk fibroin solutions
were then mixed at the mass ratio of PLA/SF = 5/1. After being
condensed, refluxed, and stirred, the blend material was cast onto a
glass dish and placed in a vacuum dryer. Following washing with
deionized water and drying at ambient temperature to remove CaCl,
and other solvent residues, the PLA/SF blend film was formed.

The PLA/SF blend films were put into an autoclave. Then, CO,
gas was inflated for 1S min to remove the air in the autoclave. The
vent valve of the autoclave was then shut, and the samples were
saturated with CO, at the preselected pressures of 0, 2, 3, 4, and S
MPa, at 25 °C for 48 h. Here, 0 MPa pressure is also used as a

https://dx.doi.org/10.1021/acsabm.0c01157
ACS Appl. Bio Mater. 2020, 3, 8795—8807


https://pubs.acs.org/doi/10.1021/acsabm.0c01157?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01157?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01157?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01157?fig=fig1&ref=pdf
www.acsabm.org?ref=pdf
https://dx.doi.org/10.1021/acsabm.0c01157?ref=pdf

ACS Applied Bio Materials

www.acsabm.org

reference, under which the sample is at normal atmospheric pressure
without CO,. Desorption is performed as soon as the sample is
removed from the autoclaving tank to the atmospheric pressure. To
obtain microcellular scaffold structures in the blend films, the CO,
gas-saturated samples were immersed in a water bath at 90 °C for the
foaming treatment. Finally, PLA/SF microporous scaffolds were
obtained after 6 h. The numbers in sample names PLA/SF-0, PLA/
SE-2, PLA/SF-3, PLA/SF-4, and PLA/SE-5S indicate the different
pressures (MPa) of CO, gas. Figure 1 shows the detailed preparation
process of PLA/SF blend foams.

2.3. Methods. 2.3.1. Scanning Electron Microscopy. The
morphology of PLA/SF scaffolds was observed by SEM (JSM-
5610lv, JEOL, Japan). After being coated with gold, the samples were
placed into the specimen chamber of SEM. The working voltage was
different between S and 10 kV according to the sample surface and
imaging size. The pore density and pore size were measured by the
SEM software. At least 100 pores were needed to calculate the average
aperture for each sample. The equation of the average pore size (D) is
determined through the expression 1

D= zi:1 i

i (1)
where i is the number of holes with the pore diameter of d; in the
PLA/SF scaffold. The pores density N of the PLA/SF scaffold can be
calculated by formula 2 as follows

3/2
R

v

nM?*

.
A 2)

where n, A, and m represent the average number of pores, the
micrograph area (cm?), and the magnification factor, respectively, and
R, stands for the ratio of volume expansion for the PLA/SF foams,
which can be obtained through formulation 3

A
P

R

v
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where p, and p; stand for the densities of the original PLA/SF blend
film and the foamed one, respectively.*®

2.3.2. Fourier Transform Infrared Spectroscopy. The molecular
structure of PLA/SF samples could be obtained using a Fourier
transform infrared (FTIR) spectrometer (Nicolet-NEXUS 670,
Nicolet) with an ATR attachment. The spectra were recorded within
a wavenumber range of 4000—600 cm™' at 64 scans for each
measurement with 4 cm™ resolution. The Gaussian fitting for curve
peak covering the amide I region, from 1700 to 1580 cm™’, was
performed according to our previous research.>*

2.3.3. Differential Scanning Calorimetry. The DSC study was
conducted using a DSC 7000X instrument with a real-view (RV)
sample observation unit (Hitachi, Japan). The sample with a mass of
approximately 6 mg was sealed in an Al pan, which was heated during
25-250 °C at 5§ °C'min™", 0.02 Hz frequency and 3 °C modulated
temperature under a nitrogen atmosphere with 30 mL-min~'. In
addition, the real-view observation system of DSC (RVDSC) allows
visual inspection of the samples during the measurement. In addition
to conventional thermal analysis, it can also simultaneously provide
changes in sample characteristics, such as shape and color.”®

A three-phase model of the polymer structure in the glass transition
region, which contains the mobile amorphous phase (MAP), the rigid
amorphous phase (RAP), and the crystalline phase (C) of
semicrystalline polymers, has been verified by many researchers.’”
The crystallinity (Xc) of the polymer can be calculated through the

following formulation

Xc(%) = AH,,/AH; X 100% (4)

where AH,, and AH; represent the measured fusion heat of the
sample from DSC and the enthalpy of a 100% crystalline polymer at
equilibrium melting temperature, respectively.”® Some studies®” ™'
also revealed that the RAP might exist among the amorphous and
crystalline phases due to the fixation of polymer segment chains. In
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this model, the three phase fractions above can be obtained using
TMDSC measurements and their relationship can be expressed in eq
S

X¢ + Xyap + Xgap = 100% ()
where Xgpap, Xyap, and Xc represent the rigid amorphous, mobile
amorphous, and crystalline fracions in the PLA/SF polymer,
respectively.

2.3.4. X-ray Diffraction Analysis. An XRD test was performed with
D/max 2500VL/PC (Rigaku, Japan), which was equipped with a
monochromator with a graphite-diffracted beam and worked at 100
mA and 40 kV to produce a parallel beam with 1° for an antiscattering
slit, 1° for a divergence slit, and 0.15 mm for a receiving slit. The XRD
scan was performed between 2 and 45° at the 5° step increase.

2.3.5. Thermogravimetric Analysis. The mass loss and thermal
stability of biopolymers during the temperature rise could be
measured using thermogravimetric (TG) analysis (Pyris 1, PE). The
experimental condition is approximately 6 mg of the sample heated
during 30—450 °C at 10 °C-min~" under a N, atmosphere with S0
mL-min~" flow rate. The mass change vs temperature was recorded.
In addition, the degradation rate and its corresponding temperature
for each sample could be acquired.

2.3.6. Dynamic Mechanical analysis. The experiment of dynamic
mechanical analysis (Diamond DMA, PE) for PLA/SF samples is
performed in 25—120 °C region at 2 °C-min~" with 1 Hz under a
tension mode. In addition, the stress—strain property for blending
samples at room temperature was also assessed under DMA tension
mode, which raised from 0 to 7000 mN at 50 mN-min~! till the
sample cracked. The tan § peak exhibited on the DMA curve could
represent the glass transition temperature (T,) of the tested sample.
Before measuring the PLA/SF samples, the DMA instrument was
calibrated under the tension mode using poly(methyl methacrylate)
standards.

2.3.7. Enzyme Degradation. PLA/SE composite foams obtained
under different pressures were cut into S mm X S mm size with the
same initial weight M. Then, they were incubated in vials with 5 mL
of Tris—HCI buffer solution (pH 8.6) containing 1 mg of protease K
(Phygene Biotechnology Co. Ltd., China) individually. The enzymatic
degradation for PLA/SF samples was evaluated, which was
maintained at 37 °C in a constant temperature bath for 2 days
(2d), 4 days (4d), and 6 days (6d). To keep the activity of the enzyme
at a desired level during the whole test, the solution needs to be
replaced daily. Next, the sample was taken out to be washed with
deionized water thoroughly and put into a vacuum oven to be dried at
room temperature until the mass did not change, denoted mass M.
The percentage of mass change for each sample could be estimated by
this formula (M/M, X 100%). Three replicated measurements were
accomplished for every sample at a specified incubation time.
Meanwhile, an enzyme-free PLA/SF sample in the Tris—HCI buffer
solution was also evaluated as a control.

2.3.8. Cytotoxicity Assessment. First, all samples were sterilized
under ultraviolet light for 1 h. Next, they were immersed into a 75%
ethanol solution for about 10 min and then washed three times using
a sterile phosphate-buffered saline (PBS) solution. Dulbecco’s
Modified Eagle’s Medium (DMEM) was mixed with fetal bovine
serum (FBS, 9:1, v/v) (DMEM, Sigma) to get an extraction medium.
The cells were shortly flushed using a PBS solution and resuspended
in the medium at approximately 1 x 10* cellsmL™'. The PLA/SF
scaffold samples made at 0—5 MPa pressures individually were placed
into a 96-well tissue culture plate (TCP). The cells were plated into
PLA/SF scaffold samples and incubated at 37 °C under a 5% CO,
atmosphere until more than 80% cell confluency was reached.
Subsequently, the cell viability and propagation on all scaffolds were
evaluated using the 3-(4,S-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) assay. After incubation for 24, 48, and 72 h, the
medium was replaced, and the tetrazolium salt solution (S mg-mL™",
20 uL) was added. Following another incubation for 4 h, the
supernatant was removed and replaced by adding 150 pL of dimethyl
sulfoxide (DMSO). To ensure that the formazan dissolved
completely, the plates should be shaken for 10 min. Finally, the
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500nm

Figure 2. SEM images of the PLA/SF scaffold produced under (a) 0 MPa, (b) 2 MPa, (c) 3 MPa, (d) 4 MPa, and (e) S MPa pressures (top: S ym

scale bar and bottom: 500 nm scale bar).

Table 1. Foaming Parameters of PLA/SF Scaffolds under Different Pressures

pressure (MPa) 0 2

pore size (ym) 4.53 + 0.55
porosity (%) 14.24 + 2.05
density (g-em™) 0.83 + 0.05 0.95 + 0.01

3 4 5
1.76 + 0.46 132 + 041 0.87 + 0.37
20.41 + 233 3549 + 2.56 46.85 + 1.89
0.99 + 0.03 1.05 + 0.02 1.56 + 0.02

experimental scaffold samples were removed, and the supernatant on
each well was measured. All measurements for each sample were run
three times. Cell viability was determined according to eq 6

D
viability=— X 100%
D (6)
where D represents the sample absorbance and D, stands for the

control one. The background absorbance was determined by
measuring the culture medium only without scaffolds.

3. RESULTS AND DISCUSSION

3.1. Morphological Analysis. The SEM technique
(Figure 2) was used to obtain the morphology and structure
image of PLA/SF scaffolds (PLA/SF-0, PLA/SE-2, PLA/SE-3,
PLA/SF-4, and PLA/SF-5) under 0—5 MPa. With the
increasing pressures (Figure 2a—e, S pm microscale), the
surface of the PLA/SF samples began to show pores, and the
diameter of the pore gradually decreased. For the PLA/SF-0
sample (Figure 2a), there are no obvious pores to be observed
due to the zero pressure. For the PLA/SF-2 sample (Figure
2b), under 2 MPa pressure, a small number of irregular
micropores began to appear on the surface of the sample. In
addition, for the PLA/SF-3 sample (Figure 2c) and PLA/SF-4
sample (Figure 2d), the microporous structure was observed to
be increasing gradually with the increasing pressure. The PLA/
SF-S sample (Figure 2e) exhibits a porous surface with the
highest porosity. This indicates that foaming pressure can
significantly affect the pore structure of the material.

High-resolution SEM images of PLA/SF foams are shown in
Figure 2 at the 500 nm scale (Figure 2a’—e’). For the PLA/SF-
0 sample (Figure 2a’), the surface is mostly smooth and
concave, and the surface of the PLA/SF-5 sample becomes
porous when the pressure increases to 5 MPa. The pore size
decreases gradually from PLA/SF-2 to PLA/SFE-S, and the pore
become completely regular and uniform in size for the sample
PLA/SF-S. In addition, multilayered pore structures were
found (Figure 2b’—e’). Therefore, with increasing pressure,
the structure of the sample gradually changes from the film
(PLA/SF-0) to microporous materials (PLA/SF-2 to PLA/SF-
S).
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Table 1 summarizes the density, porosity, and average pore
size of PLA/SF scaffolds fabricated at saturation pressures of
0—5 MPa CO, gas, which clearly illustrates that with the
increase of pressure, the pore diameter of the PLA/SF samples
decreased from 4.53 to 0.87 um. When the pressure increased
from 2 to 5§ MPa, the porosity also increased, from 14.24% at 2
MPa to 46.85% at S MPa, and the density increased from 0.83
grem™> at 2 MPa to 1.56 g-cm™ at S MPa.

3.2. Structural Analysis. FTIR analysis (Figure 3) can be
used to explore the molecular structure transformation during
the preparation process of scaffolds. Figure 3a showes the
FTIR spectra of PLA/SF scaffolds for the wavenumber region
of 1000—1850 cm™'. All samples (Figure 3a) demonstrate
significant absorption bands at 1756 cm™ (the stretching
vibration of carbonyl), 1452 cm™ (the deformation vibration
of a carbon—hydrogen bond), 1267 cm™ (the antisymmetric
stretching vibration of carbonyl), 1184 cm™" (the stretching
vibration of carbonyl), and 1087 cm™" (the antisymmetric
stretching vibration of a carbon—oxygen bond) from PLLA,*
as well as 1645 and 1525 cm™" associated with the random-coil
structure of the SF protein and 1625 cm™" associated with the
P-sheet structure of SE.*>** With the increase of pressure, the
peaks at 1645 cm™ became wider, and the shoulder small
peaks appeared around 1625, 1536, and 1525 cm™'. In
addition, the peaks at 1184 and 1087 cm™" shifted to 1088 and
1091 cm™" as the pressures increased, respectively (Figure
Sla). Zhu et al.* found that the hydroxyl on the amino acid of
the silk fibroin molecular chain had a strong interaction with
the carbonyl from the polylactic acid molecular chain to
facilitate the hydrogen bond formation between them. We also
demonstrated that the molecular chain interactions during the
foaming process in the pure PLLA polymer matrix could
increase the crystallinity of the material.>> Moreover, the
position of PLLA absorption bands also shifted (such as 1750
cm™" shifted to 1757 cm™), and a new peak at 1210.8 cm™
appeared after the foaming process.”” In this study, the 1756
cm™' (the stretching vibration of carbonyl) and 1209 cm™
(the antisymmetric stretching vibration of carbonyl) bands
were both observed in the PLA/SF samples, and the peak
intensity ratio of the pressured PLA/SF scaffolds (PLA/SF-2,
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Figure 3. Absorbance FTIR spectra of PLA/SF samples: (a) Spectra
from 1000—1900 cm™" and (b) curve fitting example for the sample
PLA/SE-4 in the 1580—1700 cm™! region. The fitted individual
Gaussian peaks are assigned as side chains (S), f-sheets (B), a-helix
(A), turns (T), and random coils (R), which are shown by dashed
lines.

PLA/SF-3, PLA/SF-4, PLA/SF-5) to the unpressured PLA/SF
sample (PLA/SF-0) increased from 1.02 (PLA/SF-2) to 1.12
(PLA/SE-5) at 1756 cm™" and from 0.27 (PLA/SF-2) to 0.47
(PLA/SF-S) at 1209 cm™" during the foaming process (Table
2). All results implied that the molecular interactions in PLA/
SF scaffolds are gradually enhanced from those in unpressured
PLA/SF (PLA/SF-0) materials.

The conformation of silk molecules was also changed as the
pressure increases. To quantify the content of the protein
secondary structures in the PLA/SF scaffold samples, the
curves in the spectra region of 1580—1700 cm™' and the

mixture region of 1160—1300 cm™' were individually fitted
using the Gaussian peak fitting method.”**° In the 1160—1300
cm™! mixture region (Figure S1b), the peak positions were
assigned as the —CH bending vibration of amorphous PLLA,*
the a-helix in the amide III of SF,* 7 the f-sheet in the a
amide IIT of SF,"" 7 the carbonyl antisymmetric stretching
vibration of the PLLA crystalline region,”> and the carbonyl
stretching vibration of the amorphous PLLA region.** With the
increasing pressure, the a-helix (AH) peak gradually decreased
from 3.42% in the PLA/SF-0 sample to 2.70% in the PLA/SF-
S sample, while the f-sheet (BH) peak increased from 13.16%
in the PLA/SF-0 sample to 16.94% in the PLA/SF-5 sample
(Table S1). In addition, the percentage of the —CH bending
vibrational peak related to the amorphous PLLA region (CH),
and the C—O—C stretching vibrational peak related to PLLA
amorphous region (CA) also gradually decreased from 4.89 to
3.72% and from 55.58 to 52.63%, respectively. In contrast, the
percentage of the antisymmetric stretching vibrational peak
associated with the crystalline PLLA region (CC) increased
from 22.93 to 24.00%. Figure 3b shows the fitted curves of the
sample PLA/SF-4 in the amide I region, shown as dashed lines.
Each peak and its corresponding secondary structure can be
assigned according to the literature,”’ =" in which S represents
the side chains, B the f-sheets, R the random coils, A the a-
helix, and T the turns. Table 2 summarizes the content ratio of
silk protein structures for every PLA/SF sample (PLA/SF-0,
PLA/SF-2, PLA/SF-3, PLA/SF-4, PLA/SE-5). With the
increasing foaming pressure, the f-sheet in the silk protein
increased from 1.42 (PLA/SF-2) to 1.97 (PLA/SE-S), while
random coils and a-helix decreased from 0.98 (PLA/SF-2) to
0.83 (PLA/SF-S) and the turns in the silk protein decreased
from 0.62 (PLA/SF-2) to 0.24 (PLA/SF-5). These results
suggest that the increase of pressure helps induce more silk -
sheet structures in PLA/SF scaffolds.

3.3. Crystallinity and Three-Phase Analysis. During the
foaming process, the pressure is one of the important keys to
control the microporous structure of the PLA/SF samples.
When the polymer stays under high pressure, its molecular
network can extend and partially crystallize.”>>" DSC can be
used to acquire the crystal composition changes of polymeric
materials under different pressures. Here, DSC scans for all
samples are first shown in Figure 4a. The melting, cold
crystallization and glass transition events for the PLA/SF
scaffolds can be seen during the heating process. Also, the cold
crystallization peak clearly appeared in the unpressured sample
curve (PLA/SF-0) but not in the pressured sample curves

Table 2. Ratio of Pressured Samples to the Unpressured Sample (PLA/SF-0) for SF Secondary Structure Contents and PLLA

Stretching Vibration Peak Intensities in PLA/SF Scaffolds®

P-sheet (B) in

the ratio of
(Tppa/sp.s+/Tpr.
A/SF-0

fabrication pressure

samples (MPa) silk a-helix and random coils (A + R) in silk turns (T) insilk side chains (S) insilk  Pj,s  Pjygo
PLA/SE-0 0 1 1 1 1 1 1
PLA/SE-2 2 1.42 0.98 0.62 1.00 1.02 0.27
PLA/SE-3 3 1.66 0.90 0.42 1.01 1.0 0.30
PLA/SF-4 4 1.74 0.89 0.39 1.15 1.10 0.37
PLA/SE-5 S 1.97 0.83 0.24 1.26 1.12 0.41

“All calculated secondary structure fractions and stretching vibration peak intensity fractions (Ip/sp.x+/IpLa/sp-0) at 1756 (Pys6) and 1209 (Pyy00)
in FTIR absorbance spectra are the ratio of 2—5 MPa pressure sample values to the value of 0 MPa pressure sample, respectively. An error of less
than 3% for each data was reported.
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Figure 4. DSC curves for PLA/SF samples, including (a) heat
capacity of PLA/SF samples produced at 0, 2, 3, 4 and 5 MPa,
pressures; the endothermic peak is upwards; and (b) reversing heat
capacity analysis of PLA/SF samples formed at 5 MPa.

(PLA/SF-2, PLA/SE-3, PLA/SF-4, PLA/SF-5). Meanwhile, as
the foaming pressure increases, the melting point (T},) and the
glass transition (T,) temperatures increased slightly, and their
AH,, values during melting also became larger (Table 3).
These results implied that that pressure could further
crystallize the scaffold sample, while the amorphous fractions
may become more orderly. In addition, the melting domains of
the 0 MPa pressured sample (PLA/SF-0) exhibited double

melting peaks rather than a single peak. With the increasing
pressure, the shoulder on the rising edge of the melting peak
became smaller (PLA/SF-2, PLA/SF-3) and then disappeared
finally (PLA/SF-4, PLA/SF-S), while the melting peak moved
to a higher temperature. We have previously’” investigated the
impact of foaming pressure on the crystallization and melting
behaviors of microporous PLA. Two melting peaks, which
expressed stable @ and defective a’ crystals, were found to
coexist in the PLA scaffolds, whose contents varied with the
change of foaming pressure. The pressure could promote the
transformation of metastable defective a’ crystal into the stable
a crystal. In this study, similar phenomena were found from
the PLA/SF scaffold samples, indicating that the pressure
could effectively change the conformation of PLA crystals in
composite scaffolds.

In addition to showing the thermal information of the phase
transition, Figure S2 also shows the topography of the PLA/
SF-0 and PLA/SE-S samples at different temperatures during
the RV DSC scan. For the unpressured sample (PLA/SF-0),
there is almost no difference in the color and shape of the
sample before and after the glass transition and cold
crystallization regions (images 1, 2 and 3). The same
phenomenon can also be found for the PLA/SE-S samples
(images I, II, and III). However, at the same temperature
during the melting region, the PLA/SF-0 sample (image 4)
exhibits an obvious viscous shape, while the PLA/SF-S sample
(image IV) showed significant ripples and deformation. After
rapid (200 °C'min~") cooling to atmospheric temperature,
samples PLA/SF-0 and PLA/SFE-S both appeared glassy and
shiny (images S and V). The PLA/SF-0 sample was also
covered with some tiny white crystal particles, while the PLA/
SE-S sample tended to be black with holes, which indicates
that the pressure has a significant impact on the topological
structure and pore density of the scaffolds.

Rigid amorphous phases (RAPs) could exist between the
crystal and amorphous phasea in pressured polymeric
materials.’>*® These amorphous polymer chains can exhibit a
solidlike state rather than a liquidlike state during the glass
transition. Figure 4b exhibits the reversing C, of a PLA/SF
sample measured by TMDSC with the theoretical heat

Table 3. Heat Capacities at T,, Phase Contents, and Thermal Decomposition Data of PLA/SF Scaffolds Fabricated under

Different Pressures”

PLA/SF sample PLA/SF-0 PLA/SF-2
pressure (MPa) 0 2.0
T, (°C) 5321 55.85
T, (°C) 151.08 152.40
AH, (Jg™") 30.34 41.85
AG (Jig'eC™) 0.39 028
Xcpsc 0.33 0.45
Xmap-psc 0.63 0.46
Xrap-psc 0.04 0.09
Xcxrp 0.34 0.45
XnMap-XRD 0.60 0.46
Xpapxio 0.06 0.09
Toneer (°C) 314.52 318.71
T, (°C) 343.40 3457

PLA/SE-3 PLA/SF-4 PLA/SE-5
3.0 4.0 5.0
57.71 59.57 61.44
153.71 154.99 156.26
42.50 44.80 46.20
0.26 0.25 0.22
0.46 0.48 0.50
0.43 0.40 0.36
0.11 0.12 0.14
0.46 0.47 0.50
0.44 0.41 0.37
0.10 0.12 0.13
319.29 324.42 326.80
34991 355.46 357.1S

“Tyy Ty and AH,, refer to the melting point, glass transition temperature, and melting enthalpy, respectively. The enthalpy for the 100% PLLA
crystal (AHy) is 93 J-g™". The heat capacity increment for 100% amorphous polylactide at T, is 0.61. In addition, X, Xyap, and Xgap are the
contents of the three phases. The substripts DSC and XRD indicate that results were obtained from DSC and XRD curves, respectively. T, and
T, represent the onset temperature of thermal degradation in the TG curve and the peak temperature in the first- derivative TG curve, respectively.

An error of less than 5% for each data was reported.
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capacity baselines C,-solid and C,-liquid, which were calculated
by combining individual PLA and silk heat capacity values
(from the ATHAS databank™) at a S:1 ratio. The rigid
amorphous structure (Xg,p) associated with the heat capacity
difference can be obtained quantitatively through the heat
capacity increment (AC) in eq 7°°

Xy =Xe+ Xpup = 1 — Xyp = 1 — ACp/ACy,

soli

(7)

where ACp, and AC refer respectively, to the heat capacity
increment at T, for the 100% amorphous polymer and for the
measured mobile amorphous one. The ratio ACp/ACyp, stands
for the amorphous fraction (Xyp), which is related to the glass
transition procedure.

The heat capacities of PLA/SF samples measured by
TMDSC and the calculated phase fractions are listed in
Table 3. With the CO, gas pressure increasing from 0 to S
MPa, the mobile amorphous fraction (Xy,p) reduced from
0.63 to 0.36, while the crystallinity (X) increased from 0.33 to
0.50. Meanwhile, the rigid amorphous fractions (Xpap) also
increased from 0.04 to 0.14. DSC results demonstrated that the
PLA/SF sample treated under a higher pressure has both
higher crystallinity and higher rigid amorphous content.

XRD measurements were used to further verify the
experimental results of a three-phase diagram including mobile
amorphous (Xyap), rigid amorphous (Xpsp), and crystalline
(Xc) phases for PLA/SF scaffolds. Zhao et al.>® found that
high-intensity peaks appeared at 12.5, 14.7, 16.6, and 22.3° in
the XRD curve, which is related to the PLLA block, and a
mesophase could occur in the PLA—poly(ethylene glycol)
domains after quenching. Szustakiewicz et al.”” also studied the
wide-angle X-ray scattering profiles of PLLA/hydroxyapatite
composites; a strong diffraction peak was observed at 16.6°,
attributed to the 200/110 reflection, and two smaller
diffraction peaks were centered at 19° (203 reflection) and
14.8° (010 reflection), which were attributed to the ordered a-
phase of PLLA. In this study, the XRD method was used to
determine the crystal structures of the PLA/SF scaffolds
(Figure Sa). Based on the scattering contribution of the
crystalline and amorphous structures, the XRD intensity curves
were fitted (Figure Sb). It is shown in Figure Sa that the PLA/
SE-5 sample demonstrated the maximum XRD intensity
among all samples at 26 = 16.6°, which could be attributed
to the diffraction of (200) and (110) planes of the
orthorhombic crystals of PLLA. In addition, a minor diffraction
could be observed at 18.7, 22.3, and 14.8°, which
corresponded to the (203), (015), and (010) planes for
PLLA® This clearly demonstrated that when CO, gas
pressure increased, the amorphous content of the PLA/SF
samples decreased while their crystallinity increased. Moreover,
an uncrystallized domain with a mesophase, which was used to
describe such a transition layer, was reported by Ma et al.*” in
electrospun PDLA fibers and by our previous work” in PLLA
foam. Both claimed that this mesophase in PLA was due to the
oriented amorphous chains. Here, using the deconvolution
method (Figure Sb), the three phases could be found to
coexist in all PLA/SF foams.”” Each component content
calculated from XRD is listed in Table 3.

When CO, pressure increased from 0 to 5 MPa, the
amorphous content of PLA/SF samples decreased from 0.60 to
0.37, while the crystallinity increased from 0.34 to 0.50 and the
rigid amorphous fraction increased from 0.06 to 0.13 (X .xrp,
Xpiapxrpy and Xgap.xrp in Table 3). It is believed that with the
increasing gas pressure, PLA/SF polymer molecular chains
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Figure 5. (a) XRD spectra of PLA/SF scaffolds under different
pressures. (b) Example of spectral curve fitting from the PLA/SF-3
sample. The curves (E) and (F) are the measured results (black,
solid) and the best-fitted line (red, dash-dot), respectively. The fitting
peaks can be specific to the crystal phase (C, green, dash), the
amorphous phase (A, blue, short dash), and the mesophase (M,
magenta, short dash-dot), individually. Miller indices of the crystals
were assigned based on the literature.’™*

could be extended and functioned as nuclei in which the
lamellar crystals would grow during the foaming process.”’
Therefore, after the PLA/SF sample was treated by the
foaming procedure, some parts of the amorphous structures in
the PLA component could change to the mesophase and
fraction crystals, which make the molecular chains more
ordered and rigid.”" These results from XRD measurements
are consistent with those from DSC. Hence, the foaming
process can significantly influence the polymer’s structure by
increasing both the rigid amorphous structure and crystal-
linities of PLA, which further improve the stability of the PLA/
SF scaffolds.

Each CO, gas molecule can be treated as a microcellular
nucleation site, which has a plasticization effect when it
permeates into the polymer structure and saturates under
pressure.””®> These nucleation sites in the material can
promote the movement of molecular chains and the formation
of ordered structures in polymers. Generally, an amorphous
polymer liquid or melt tends to first form a phase with a low
nucleation barrier and intermediate free energy, rather than
forming a stable ordered crystal phase with a higher barrier.**
Also, pressure, time and temperature can provide energy to
determine whether the mesophase is able to be transformed
into a more stable crystal Ehase through cooperative structural
reorganization. Lan et al.’” found that the mesophase in glassy
PLLA can be significantly formed at 0—35 °C and 2 MPa
pressure of CO,, which provides a moderate molecular

https://dx.doi.org/10.1021/acsabm.0c01157
ACS Appl. Bio Mater. 2020, 3, 8795—8807


https://pubs.acs.org/doi/10.1021/acsabm.0c01157?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01157?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01157?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01157?fig=fig5&ref=pdf
www.acsabm.org?ref=pdf
https://dx.doi.org/10.1021/acsabm.0c01157?ref=pdf

ACS Applied Bio Materials

www.acsabm.org

mobility for polymer chains. Li et al.®* revealed that the
spherulite growth rate of PLA increased at these moderate
temperatures, while CO, can restrict the branching of the
lamella, which leads to an increase of the lamella thickness,
mesophase layer, and melting temperature. In our case (Figure
6a), as the saturation pressure increases, the pore size of the

W#e’ffﬂ]m:c

Crystals

Rigid Amorphous Fraction

S

Silk Fibroin Molecular Chain

N

Poly (L-lactide) Molecular Chain

Figure 6. Schematic diagram of (a) molecular interaction and
structural mechanism for PLA/SF scaffolds under (b) low pressure
(e.g, 2 MPa) and (c) high pressure (e.g., S MPa).

PLA/SF scaffolds decreases and the pore density increases
(Figure 6b,c), thereby promoting the rearrangement of
polymer chains. During this period, the mobile amorphous
phase is able to continuously transform into an intermediate
phase (rigid amorphous phase) and further grow into a stable
crystal. Our DSC experiment showed that as the pressure
increased, both the melting point and the glass transition
temperatures of the PLA/SF scaffolds increased. However,
compared with high pressure (e.g., S MPa), low pressure (e.g.,
2 MPa) brings fewer nucleation sites and lower chain mobility.
Therefore, high pressure can lead to the formation of more
rigid amorphous phases and crystals (Figure 6b’,c’).

3.4. Thermal Stability Analysis. The degradation and
thermal stability of PLA/SF samples were presented through
TG analysis (Figure 7). Figure 7a shows the mass change of
PLA/SF foams during heating from atmospheric temperature
to 450 °C, which was used to obtain the initial decomposition
temperature T, The first derivatives of the mass curves in
Figure 7a are shown in Figure 7b, which revealed the
degradation rates and the temperatures corresponding to the
maximum degradation rate (Tp) of different PLA/SF samples.
Tonsee and T, values of PLA/SF samples measured by TG are
listed in Table 3. The initial decomposition of all PLA/SF
scaffolds started at about 250 °C. To clearly demonstrate the
degradation procedure, the inset in Figure 7a shows an
enlargement of the initial degradation region of the PLA/SF
between 240 and 350 °C. According to Figure 7a, the onset
degradation temperature of samples increased from 314.52 °C
(PLA/SF-0) to 326.80 °C (PLA/SE-S) gradually (Table 3).
Figure 7b also shows that all samples had a marked decline in
mass during the major degradation stage, and the temperature
of the maximum degradation rate T}, increased from 343.4 °C
(PLA/SF-0) to 357.15 °C (PLA/SF-5) (Table 3). This
indicated that the higher the pressure for processing the PLA/
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Figure 7. (a) Mass change of the PLA/SF scaffolds measured by TG
analysis during 25—450 °C heating process at 10 °C-min™", in which
an enlarged graphic (A) of the onset degradation region of the PLA/
SE between 240 and 350 °C is inserted. (b) First derivative from the
residual mass in (a).

SF scaffold is, the stronger the thermal stability of the sample
is, which is consistent with the FTIR, DSC, and XRD results.

3.5. Mechanical Analysis. The mechanical properties of
polymer, such as viscoelasticity, can be acquired through
Dynamic thermomechanical analysis (DMA). The storage
modulus E’ represents the stiffness of the polymer, while the
loss modulus E” reflects the viscosity of the material. Their
ratio tan O is expressed as the lose factor, which represents the
elasticity properties of materials. During the heating, the
polymer material can change from a rigid to an elastic state at
the T, temperature, which is associated with the movement of
small segments and chains within the polymer structure.”® The
peak height of tan § for PLA/SF scaffolds first became higher,
from 0.243 + 0.028 (PLA/SF-0) to 0.291 + 0.023 (PLA/SF-
2), and the peak width became narrower, from 78 °C (PLA/
SF-0) to 62 °C (PLA/SF-2) after the foaming process (Figure
8a and Table 4). Then, the peak height of tan§ tended to
reduce, from 0.291 + 0.023 (PLA/SF-2), to 0.273 + 0.094
(PLA/SE-3), 0.245 + 0.013 (PLA/SF-4), and 0.242 + 0.022
(PLA/SF-S) (Figure 8a and Table 4), along with the rising
foaming pressure. Moreover, the trend of T, py, temperature,
corresponding to the tan § peak position from DMA curves,
has the same trend as that from DSC analysis (Table 3), which
shifted to a higher temperature with the increasing pressure,
from 68.3 (PLA/SE-0) to 76.1 °C (PLA/SE-5) (Table 4).
Volokhova et al.'* found that the T, in the tan§ curve was
attributed to the crystallization of the PLLA phase in the
blends of cellulose triacetate and PLA. Mondschein et al.*®
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Figure 8. (a) DMA curves of PLA/SF samples. (b) Representative
stress—strain tensile curves for the PLA/SF samples fabricated under
different foaming pressures.

used DMA to elucidate the short-chain segmental moving of
bibenzoate-based polyester and revealed that the intensity and
width of the tand peak were associated with the energy
absorption and impact-resistant properties of the polymers.
Therefore, DMA results indicated that the molecular chain
interactions could be induced and enhanced during the
foaming process so the molecular matrix of PLA/SF-2 to
PLA/SE-S scaffolds exhibits greater viscoelasticity. Thus, the
elasticity, strength, and cross-linking density of the composite
scaffolds could be improved by increasing the saturation
pressure.”’

Figure 8b showes the stress—strain diagram of the PLA/SF
samples. The stress—strain curve provides information about
the elastic modulus, yield point and break point of composite
materials. Stress—strain curves in Figure 8b were mostly linear
within the elastic range. PLA/SF-0, the blend sample without
pressure processing, has the lowest elastic modulus of 1.1 & 2.1
MPa and the highest elongation of 2.76 + 1.2% due to the lack

of porous structures. The elastic modulus of PLA/SE-2 to
PLA/SF-$ gradually increased from (3.03 + 2.5) to (16.73 +
2.4) MPa, respectively (Table 4). This indicated that under the
same stress, foams made with a higher pressure (such as PLA/
SF-5) had a stronger resistance to elastic deformation, in which
their stiffness also increased and elongation decreased.
Combined with the structural analysis results, as the pressure
increased, the crystallinity and rigid amorphous fractions in the
PLA/SF samples also gradually increased, which provided
better strength to the composite samples.

3.6. Enzyme Degradation Analysis. Enzymatic degrada-
tion of PLA/SF scaffolds was studied in vitro (Figure 9). The
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Figure 9. (a) Biodegradation of PLA/SF samples in buffer solution.
(b) In vitro enzymic degradation of PLA/SF samples in protease K
solution.

structure and molecular weight of the sample can directly affect
the accessibility of the biopolymer to enzymes or Tris—HCI
buffer solution, thereby promoting the degradation of the
polymer chains.”* Therefore, both the buffer solution and the

Table 4. DMA Parameters of Different PLA/SF Samples®

PLA/SF tan J height T,-DMA (°C) elastic modulus (MPa)
PLA/SF-0 0.243 + 0.028 68.3 + 4.9 1.1 +21
PLA/SF-2 0.291 + 0.023 72.0 + 1.1 3.03 +25
PLA/SE-3 0.273 + 0.094 74.1 = 1.0 345 + 3.1
PLA/SF-4 0.245 + 0.013 752 + 2.1 791 + 3.3
PLA/SF-5 0.242 + 0.022 76.1 + 2.9 16.73 + 2.4

elongation (%) strength of extension (MPa) peak width (°C)

276 + 1.2 2.54 £ 1.09 78
2.07 £2.2 5.32 +£0.38 62
1.81 + 24 6.24 £ 0.55 42
119 £ 13 941 £ 1.15 40
0.73 + 1.6 1221 + 0.74 52

“The tan 6 height is the value between the baseline and the value of the peak position, and Ty pys corresponds to the peak temperature of the tan &
curve. The peak width is the difference between the initial onset point and the final point for the peak. Sample size n > 3.
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protease K biodegradations of PLA/SF samples were studied.
In the buffer solution system (Figure 9a), it was observed that
all samples exhibited very low degradation and their mass
remained stable fairly over 6 days, and PLA/SF samples
generated from a higher pressure tend to have better stability
in buffer solution. Figure 9b illustrates the weight losses of the
PLA/SEF scaffolds in protease K solution. The biodegradation
curve indicated that at higher saturation pressures, more
crystals are formed in the sample, resulting in a lower rate of
enzymatic biodegradation. After 1 day, the total mass losses of
PLA/SF foams fabricated at 0—5 MPa pressures were
measured to be about 10, 8, 5, 4, and 2%, respectively. In
addition, after 4 days, their remaining masses reduced to 67,
71, 75, 85, and 87% of the original mass, respectively. After 6
days, it was found that all samples demonstrated a relatively
low level of degradation because the degradation might be
targeted at the amorphous structures for PLA/SF samples.
Combined with the TMDSC and XRD studies, PLA/SF foams
prepared under high pressure have more crystals, larger rigid
amorphous fractions, and smaller pore sizes, which are clearly
responsible for the reduced biodegradation rate of the samples.

3.7. Biocompatibility Analysis. The cell biocompatibility
and viability of different PLA/SF scaffold samples were
evaluated through HeLa cells with the MTT assay, as shown
in Figure 10, which indicated that more than 99% of cells were
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Figure 10. HeLa cell viability for PLA/SF scaffolds after 24, 48, and
72 h through the MTT assay. Assays of the equivalent cell number (1
X 10*/well) on blank plates were used as the control (p < 0.01).

alive in all samples at any culture time. Meanwhile, the survival
and reproductive rate of the cells for all scaffold samples
increased with the incubation time. For example, the cell
viability for the sample PLA/SF-2 was 103% at 24 h of
incubation and up to 111 and 115% at 48 and 72 h,
respectively. These results indicated that PLA/SF scaffolds
possess no cytotoxicity and can provide a microenvironment
for cells to attach and proliferate. After incubation for 24 h, the
cell viabilities in the pressured PLA/SF scaffolds (103—110%)
were higher than that obtained without pressure (PLA/SF-0,
101%). The trends at 48 and 72 h are similar to that at 24 h. It
was found that the percentage of HeLa cells successfully grown
in the scaffold PLA/SF-S (105—116%) was higher than that on
PLA/SF-2 (103—115%) at 24, 48, and 72 h. However, the
sample PLA/SF-3 (obtained under a pressure of 3 MPa)
always had good cell adhesion and growth, rather than the
sample PLA/SF-5 with the smallest pores. In addition, the
sample prepared at 4 MPa (PLA/SF-4) had the best cell

growth after 48 h. Results indicated that proper pore size is
conducive to cell adhesion and growth, and also proved the
teasibility of using the PLLA/SF scaffold as the 3-D matrix to
culture cells.

4. CONCLUSIONS

In summary, PLA/SF microporous scaffolds with different
pore sizes were fabricated using a solid-state gas foaming
method. Their morphology, structure transformation, thermal
degradation, and mechanical properties were investigated.
Results demonstrated that saturation foaming pressure had a
significant impact on the structure, properties, and molecular
interactions of PLA/SF scaffolds. An increase in the saturation
pressure would enhance the pore density of the scaffolds while
in turn reduce the pore size. In addition, the loss factor,
enthalpy, glass transition temperature, as well as melting point,
of PLA/SF scaffolds also increased with the increasing
pressure, indicating that the blend scaffolds displayed higher
thermal stability. In addition, the structure and conformation
of biopolymer as well as the molecular interaction between the
PLLA and SF chains also changed during the foaming process.
At higher saturation pressures, more crystals and rigid
amorphous structures will form in the sample, resulting in a
reduced rate of biodegradation. In addition, all PLA/SF
scaffolds showed low cytotoxicity in vitro and were beneficial
for cells attachment and growth. Scaffolds of biocomposites
with smaller pore sizes and higher pore density can promote
more cell growth. This study provides a comprehensive
understanding of the effect of foaming pressure on the
morphological, mechanical, and structural properties and
stability of microporous biocomposites scaffolds, which enables
precise design and manufacture of polymer—protein micro-
porous scaffolds with tunable physical and biological properties
in various biomedical fields.
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