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ABSTRACT: Bone injuries represent a major challenge in the medical field. |

The commonly used treatments for bone regeneration rely on the use of bone Live Dead
Electrospun nanocomposite
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engineering has become a golden solution for the repair of bone injuries by

regenerating the damaged biological tissues using biocompatible scaffolds. S. aureus :n"" /"7
However, most of the tissue engineered scaffolds do not possess the combined /“O’I @ L=
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properties of high elasticity, appropriate stiffness, biocompatibility, osteoinduc-
tivity, and antimicrobial properties. In this study, we engineered bioactive and
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simultaneously provide a barrier against bacterial infections commonly  awp between etectrospun e A=
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associated with bone implants. We used PEGylated polyglycerol sebacate as ¢

nanocomposites base, which was functionalized with Laponite nanosilicates, a

synthetic nanoclay, and an antimicrobial peptide (AMP). The successful

synthesis of the PEGylated polyglycerol sebacate and Laponite incorporation within the nanocomposites were confirmed through
nuclear magnetic resonance (NMR) and Fourier transform infrared spectroscopy (FTIR). The scaffolds had an elastic modulus and
ultimate tensile strength within a range of 3.8—4.7 MPa and 1.5—3 MPa, respectively. Furthermore, the scaffolds loaded with
antimicrobial peptide exhibited a significant antimicrobial activity against both Gram-negative (Escherichia coli) and Gram-positive
(Staphylococcus aureus) bacteria. The in vitro cytocompatibility tests showed >90% viability of preosteoblast (W-20-17) cells.
Moreover, in vitro differentiation assays demonstrated the scaffolds’ ability to promote osteogenic differentiation of W-20-17.
Collectively, the nanocomposites containing Laponite and antimicrobial peptide were proven to have osteoinductive and
antimicrobial activity, making them desirable for bone tissue engineering applications.

KEYWORDS: bioactive nanocomposite, antimicrobial, Laponite, osteoinductive, elastic scaffolds

1. INTRODUCTION biomimetic structure that can simulate the multiscale and
hierarchical architecture of the ECM. This provides a favorable
environment for rapid cell proliferation and differentiation
within the scaffold.° One technique for fabricating fibrous
scaffolds is electrospinning, which has emerged as a prevalent
approach to produce fibrous scaffolds due to its versatility, low
cost, and ability to produce scaffolds with tuned physical and
mechanical properties.”® Over the past years, various
biomaterials have been explored for bone tissue engineering
including metals, ceramics, and different types of natural and
synthetic polymers." Among these different biomaterials,
synthetic polymers appear to be more beneficial due to their

Following critical size bone injuries, the repair process
generally relies on using bone grafts that can be autografts or
alllolcgrafts.l’2 Autografts have several shortcomings, including
donor site morbidity, infection, high cost, and chronic pain;
whereas allografts convey the risk of disease transmission and
host infection.” Bone tissue engineering has emerged as the
golden standard in repairing bone defects to address the unmet
need associated with current clinical treatment approaches.’
The concept of bone tissue engineering relies on developing a
scaffold that resembles the extracellular matrix (ECM) of
native bone tissue. Ideally, this scaffold should provide
mechanical support, facilitate the process of the bone
formation, and be biodegradable and biocompatible." More-
over, designing a scaffold with antimicrobial properties has
become a critical requirement to overcome common microbial
infections that can superimpose bone implants.™

Fibrous scaffolds have become particularly common for
bone tissue engineering applications because of their
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controllable physical properties (e.g,, mechanical properties)
and biocompatibility." Nevertheless, introducing bioactive
ingredients to these polymers has been explored to promote
cell functions and enhance bone formation. For example,
various bioactive molecules, such as zinc oxide (ZnO)
nanoparticles and nanosilica (nSiO,) have been combined
with synthetic polymers to provide them with osteoinductive
properties.4’9

In a clinical setting, bone implants are often at risk of
bacterial colonization, which can lead to biofilm formation and
eventually implant failure if not treated.'” As a result, another
important specification of bone regenerative scaffold is to be
antimicrobial to prevent bacterial infections. Several strategies
have been adopted by adding antimicrobial domains, such as
metals (e.g, Ag), metal oxides (e.g, ZnO), and magnetic
nanoparticles (e.g, Fe;O,) in addition to encapsulatin§
antimicrobial drugs and antibiotics within scaffolds.”'*~"
Despite the success of these antimicrobial agents, there are still
concerns related to the toxicity for metals and antimicrobial
resistance for known antibacterial clrugs.m’14 Therefore, it is
necessary to combine all the desirable features for a successful
bone tissue engineering scaffold, such as mechanical stability,
osteoinductive, and antimicrobial properties.

Here, we engineer a biocompatible elastic scaffold with
osteoinductive, and antimicrobial properties fabricated via the
electrospinning technique. This serves as a versatile scaffold
synthesis technique as bioactive nanoparticles and antimicro-
bial drugs can be easily incorporated during the electro-
spinning process. For this study, we used polycaprolactone
(PCL) as a carrier polymer and a block copolymer of
poly(glycerol sebecate) (PGS) and poly(ethylene glycol)
(PEG) (PGS-co-PEG) to synthesize a robust nanocomposite
scaffold. This block copolymer possessed tunable mechanical
(e.g, elasticity) and degradation properties based on the PEG
concentration.'® To the extent of our knowledge, this is the
first study, where PGS-co-PEG block copolymer is being
investigated as a platform for hard tissue engineering. Recent
studies have confirmed the positive effect of adequate elastic
properties of the biomaterial in cell attachment, proliferation,
and differentiation.'®"” Laponite nanosilicates and an anti-
microbial peptide (AMP) were incorporated in our elastic
scaffold to provide a dual function of osteoinductive and
antimicrobial properties, respectively. Laponite is an inorganic
two-dimensional (2D) nanoplate. It has a chemical structure of
Nay,*[(Mgs sLig3)SigO,0(OH),]o,~ with cytocompatible deg-
radation products, such as magnesium ions (Mg®*),
orthosilicate (Si(OH),), and lithium (Li*), that can enhance
the osteogenic differentiation.

In this work, we optimized three parameters: PEG to PGS
ratio, copolymer to PCL ratio, and Laponite concentration, to
engineer nanocomposites with tunable physical properties.
Next, the physical properties (morphology, mechanical
characteristics, and degradability) of the engineered nano-
composites were characterized. The antimicrobial activity of
the nanocomposites was examined against Escherichia coli (E.
coli) and Staphylococcus aureus (S. aureus) as models for Gram-
negative and Gram-positive bacteria, respectively. Finally, the
optimized nanocomposites were used to assess in vitro
osteogenic differentiation of preosteoblast murine bone
marrow stromal cells (W-20-17). The engineered nano-
composites are based on synthetic polymers with tunable
mechanical/hydration properties. Moreover, the osteoinduc-
tive and antimicrobial functionalities of the engineered
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scaffolds make them ideal platforms for treatment of infected
bone defects.

2. MATERIALS AND METHODS

2.1. Materials. PCL (M,, = 80 000) was purchased from Sigma-
Aldrich. Sebacic acid (purity > 98%) and glycerol (purity > 99%)
were obtained from Alfa Aesar, Germany. PEG (M, = 1000) was
purchased from Sigma-Aldrich, USA. 1,1,1,3,3,3-Hexafluoro-2-prop-
anol (HFIP) (99.5%) was purchased from Oakwood Products, Inc.,
USA. Synthetic nanosilicates (Laponite XLG) were obtained from
BYK Additives, Inc. (Rochester Hills, MI, USA), with dimensions of
20—50 nm diameter and 1 nm thickness. AMPs (Tet213, KRW-
WKWWRRC) were obtained from CSC Scientific, Inc. (Sunnyvale,
CA, USA). Minimum essential medium a (MEM a) was obtained
from Gibco, Thermo Fisher Scientific. Prestoblue kit for cells viability,
live/dead viability kit, 4’,6-diamidino-2-phenylindole (DAPI), and
Alexa Fluor 488—phalloidin were obtained from Invitrogen, Thermo
Fisher Scientific. QuantiChrom calcium assay and alkaline phospha-
tase activity kits were purchased from BioAssays (Hayward, USA).
cDNA synthesis kit was obtained from Roche. TAQMAN Master mix
for qPCR was obtained from Applied Biosystems, Thermo Fisher
Scientific. Staphylococcus aureus (S. aureus) and Escherichia coli (E.
coli) were obtained from ATCC with strain numbers 12600 and
25922, respectively.

2.1.1. PGS-co-PEG and PGS Synthesis. PGS-co-PEG prepolymers
were synthesized through a two-step polycondensation reaction as
previously reported.'® Briefly, sebacic acid and PEG were reacted for
24 h at 130 °C under the flow of Argon gas (Ar) and SO mTorr
vacuum. Next, glycerol was added, and the reaction was continued
under reduced pressure for another 48 h to obtain the block
copolymer. Three different copolymers were synthesized with
PGS:PEG ratios of 1:10, 1:20, and 1:40 (PGS-co-10PEG, PGS-co-
20PEG, and PGS-co-40PEG, respectively). PGS was synthesized as
reported elsewhere'” and was used as a control for chemical and
physical characterizations.

2.2. Fabrication of Electrospun Scaffolds Containing
Laponite and AMP. To fabricate the electrospun scaffolds, PGS,
PGS-co-10PEG, PGS-co-20PEG, and PGS-co-40PEG prepolymers and
PCL were dissolved in hexafluoro-2-propanol (HFIP) solvent. The
total polymer concentration was kept at 18% (w/w) and the ratio of
PGS, PGS-co-10PEG, PGS-c0-20PEG, and PGS-co-40PEG to PCL
was kept 2:1 to evaluate the effect of the PGS-co-PEG copolymers in
the final fabricated scaffold. In this study, PCL was used as a carrier
polymer to provide adequate chain entanglements during the
electrospinning process of PGS and the copolymers. Four types of
scaffold were fabricated, including PGS/PCL, PGS-co-10PEG/PCL,
PGS-c0-20PEG/PCL, and PGS-co-40PEG/PCL (referred to as PGS/
PCL, 10/PCL, 20/PCL, and 40/PCL, respectively, in the paper). To
synthesize Laponite-containing nanocomposites, PGS-co-40PEG and
PCL were dissolved in HFIP at the previously mentioned
concentration, and three different concentrations of Laponite (1%,
5%, and 10% (w/w)) were added to the solution to fabricate 40PEG/
PCL/1%LA, 40PEG/PCL/5%LA, and 40PEG/PCL/10%LA nano-
composites (referred to as 40/PCL/1LA, 40/PCL/SLA, and 40/
PCL/10LA, respectively, in the paper). The solutions were kept under
constant stirring overnight followed by Laponite dispersion using a
probe sonicator for 15 min in an ice bath. Finally, the polymer/
Laponite solutions were electrospun using the following parameters:
voltage of 20 kV, flow of 1 mL/h, and distance between the nozzle
and collector was maintained at 15 cm. To fabricate the antimicrobial
scaffolds, AMP was dissolved in Dulbecco’s phosphate-buffered saline
(DPBS) to obtain two concentrations: 0.2% and 0.4% (w/v). Using
these AMP concentrations and 40PEG/PCL/S%LA prepolymer
solution, two scaffolds were fabricated: 40PEG/PCL/S%LA/0.2%
AMP and 40PEG/PCL/5%LA/0.4%AMP (referred to as 0.2AMP and
0.4AMP, respectively in the paper). Electrospun nanocomposites
containing the two concentrations of AMP were fabricated through
adding 30 uL of 0.2% (in case of 0.2AMP nanocomposite) and 0.4%
(in case of 0.4AMP nanocomposites) of the AMP in DPBS solution in

https://dx.doi.org/10.1021/acsabm.0c00250
ACS Appl. Bio Mater. 2020, 3, 3313—3325


www.acsabm.org?ref=pdf
https://dx.doi.org/10.1021/acsabm.0c00250?ref=pdf

ACS Applied Bio Materials

www.acsabm.org

between the electrospun layers of the 40/PCL/SLA. The same
previously mentioned electrospinning parameters were used. For
easier handling, samples were collected on glass slides placed on top
of a conductive plate collector. For further characterization,
electrospun sheets were dried in a vacuum chamber overnight.

2.3. Chemical Characterization. 2.3.1. Gel Permeation
Chromatography (GPC). GPC (Agilent 1100 Series SEC system,
Agilent Technologies) was preformed to determine the molecular
weight of the PGS, PGS-co-10PEG, PGS-co-20PEG, and PGS-co-
40PEG samples. Initially, 200 mg of each sample was dissolved in 2
mL of tetrahydrofuran (THF). Next, the solutions were filtered by
using 0.45 pym filters. Samples were then loaded into the GPC device
with a flow rate of 1 mL/min.

2.3.2. Nuclear Magnetic Resonance ('"H NMR). "H NMR analysis
(JEOL GSX-500 NMR spectrometer) was executed to verify the
presence of the PEG within the synthesized PGS-co-PEG polymers.
After PGS, PGS-co-10PEG, PGS-co-20PEG, and PGS-c0-40PEG
prepolymers were dissolved in deuterated chloroform (CDCLy), the
"HNMR spectra were obtained at 500 MHz. The data were processed
and evaluated using Delta NMR software (JEOL USA, Inc.). The
assignment of the peaks in both PGS and PGS-co-PEG spectra is
reported elsewhere.'®

2.3.3. Fourier Transform Infrared (FTIR). FTIR was performed
with attenuated total reflection and the spectra were recorded in
transmittance mode over a wavenumber range of 500—4000 cm™'
(Vertex70 FTIR Spectrometer). The newly synthesized polymers with
different compositions (e.g, PGS/PCL, 10/PCL, 20/PCL, 40/PCL,
40/PCL/1LA, 40/PCL/SLA, and 40/PCL/10LA) were mixed with
KBr to form a pellet to be used in FTIR analysis.

2.4. Physical Characterization. 2.4.1. Morphology. Morphology
of the scaffolds was assessed using scanning electron microscopy
(SEM) (ZEISS Leo Supra$s field emission SEM). Scaffolds were first
coated with gold using a sputter coater at 20 mA for 2 min (LADD
Hummer 8 Sputter Coater). Images of the scaffolds were captured at
an accelerating voltage of 8 kV. Fiber diameters and pore sizes were
measured using Image] software. For each group, 100 fibers from
three different samples were assessed to obtain the average fiber
diameters.

2.4.2. Mechanical Properties. The mechanical properties of the
scaffolds were measured using a uniaxial mechanical tester (Instron
5542) as described previously.”® Briefly, samples were first cut into
rectangular strips (12 mm X 4.5 mm) and then incubated in DPBS for
2 h. Thickness was determined using a digital caliper (70—100 ym).
For tensile testing, both ends of each sample were placed between
double sided tape (ARcare 9044S, clear polyester double-sided
adhesive tape) and placed between the tensile grips of the mechanical
tester. A strain rate of 1 mm/min was applied to each sample until
failure. The linear (first 5S—15%) portion of the stress—strain curves (n
> 3) was used to calculate the elastic moduli.

2.4.3. Degradation. In vitro degradation of the scaffolds was
evaluated by placing square samples (n > 3) (1 cm X 1 cm) in 1 mL
of DPBS at 37 °C for 28 days. The specimens’ weight was measured
before the experiment. Following incubation for 1, 3, 5, 7, 14, or 28
days, the weight of the samples was measured after freeze-drying
overnight. The weight loss was measured using the following
equation21

. wW-W
weight loss (%) = ———— X 100

W

where W, is the initial weight and W is the weight after the designated
time points.

2.5. Biological Assessment. 2.5.1. In Vitro Cell Culture. Pre-
osteoblast murine bone marrow stromal cells (W-20-17) were
cultured in a humidified atmosphere at 37 °C and 5% CO, in
MEM a. The media was supplemented with penicillin/streptomycin
(1% v/v) and fetal bovine serum (FBS) (10% v/v). The cells were
used at 70% confluency for scaffold seeding. Scaffolds were cut into
square samples (0.5 cm X 0.5 cm) and mounted on glass slides for
easier handling. Prior to in vitro assessment, scaffolds were sterilized
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through soaking in 70% ethanol for 30 min, followed by UV exposure
for another 30 min on both sides. Finally, each scaffold was seeded
with 9.5 X 10* cells. The cell-seeded scaffolds were maintained in a
humidified atmosphere at 37 °C and 5% CO, for future cell viability,
proliferation and adhesion studies.

2.5.2. Cell Viability and Proliferation. The viability of cells seeded
on scaffolds after 1, 3, and S days was evaluated using a live/dead cell
viability kit according to the manufacturer’s instructions.”” Briefly,
cell-seeded scaffolds were stained with ethidium homodimer-1 (EthD-
1, 2 uL/mL in DPBS) for dead cells (red) and calcein AM (0.5 uL/
mL in DPBS) for live cells (green). Next, after 15 min incubation at
37 °C, the stain was removed through washing with DPBS three
times. Finally, the samples were imaged using an inverted fluorescence
microscope (Zeiss Axio Observer Z1). Using Image] software, cell
viability percentage was estimated by dividing the number of live cells
by the total number of cells.

Metabolic activity of the cells was determined using a PrestoBlue
kit following the manufacturer’s protocol. Briefly, PrestoBlue solution
was added to the media at days 1, 3, or 5 post-seeding to constitute
10% of the whole media in the wells. Subsequently, cells were
incubated for 45 min at 37 °C. A microplate reader (Bio-Tek Inc.)
was used to measure fluorescence intensity of the solutions at 90—
615 nm emission and 535—560 nm excitation (n > 3).

2.5.3. Cell Adhesion and Spreading. To evaluate the adhesion and
spreading of W-20-17 cells on the surface of the scaffolds, 4',6-
diamidino-2-phenylindole (DAPI) and Alexa Fluor 488—phalloidin
staining were used.”® Cells seeded on scaffolds were fixed in 4% (v/v)
paraformaldehyde for 20 min at days 1, 3, and S post-seeding. Next, to
increase the cells permeability and to block non-specific binding, cells
were treated with 0.1% (w/v) Triton X-100 solution in DPBS for 45
min and 1% (w/v) bovine serum albumin (BSA) solution in DPBS for
2 h, respectively. Subsequently, cells were incubated with Alexa Fluor
488-phalloidin in 0.1% (w/v) BSA at 37 °C (1:200 dilution) for 4S
min to stain the actin cytoskeleton. Next, cells were counter-stained
with DAPI (1 uL/ml in DPBS) by incubating for S min at 37 °C to
stain the nuclei of cells. Finally, the samples were washed with DPBS
three times and visualized with an inverted fluorescence microscope
(Zeiss Axio Observer Z1) (n > 3). DAPI stained nuclei were
quantified using Image]J software.

2.5.4. Alizarin Red Staining (ARS). The samples (40/PCL and 40/
PCL/SLA) were washed with DPBS, followed by a 20 min fixation in
4% paraformaldehyde after 7 days of culture. Next, they were washed
with deionized (DI) water before staining with a 2% (w/v) solution of
Alizarin Red (pH 4.1—4.3) for 10 min at 37 °C. Alizarin Red solution
was then removed, and samples were washed with DI water and
imaged using an inverted microscope (Nikon Eclipse, Ti-E, Nikon
Corporation) (n > 3).

2.5.5. Calcium Deposition Assay. Calcium biomineralization was
quantified using a QuantiChrom Calcium Assay Kit according to the
manufacturer’s instructions. The assay is based on the formation of a
stable blue complex between free calcium and phenolsulfonphthalein
dye that can be measured by using a microplate reader at 612 nm.**
Briefly, cell-seeded scaffolds (40/PCL and 40/PCL/SLA) were
washed with DI H,O to remove calcium ions from the media.
Subsequently, scaffolds were homogenized in 0.6 M HCl for 4 h on a
shaker at room temperature. Next, cell lysates were centrifuged at
12 000 rpm for 3 min, and S L of the supernatant of each sample was
mixed with 200 uL of working solution. After 3 min incubation at
room temperature, absorbance was measured at 612 nm using a
microplate reader (Bio-Tek Inc.). Calcium concentrations were
determined from a previously developed standard calibration curve
derived from known calcium concentrations ranging from 0 to 20 mg/
dL (n > 3).

2.5.6. Alkaline Phosphatase Activity Assay. Evaluation of alkaline
phosphatase (ALP) activity, an early marker of osteoblastic differ-
entiation, was performed on cell-seeded scaffolds at 1, 4, or 7 days of
culture using a QuantiChrom alkaline phosphatase activity assay. This
assay is based on the hydrolysis of p-nitrophenyl phosphate (pNPP)
substrate. Cell-seeded scaffolds (40/PCL and 40/PCL/SLA) were
first washed with DPBS and then incubation with 0.2% Triton for 20

https://dx.doi.org/10.1021/acsabm.0c00250
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Figure 1. Fabrication process and chemical characterization of the nanocomposites. (a) Schematic of the fabrication process of the
nanocomposites: 1 refers to the prepolymer solution containing PGS-co-PEG, PCL, and Laponite used in the scaffolds fabrication process, 2 refers
to the addition of AMP during the electrospinning process in between the scaffolds’ layers, and 3 refers to the resulting scaffolds were tested for the
antibacterial effect and their ability to enhance the osteogenic differentiation of cells. (b) "H NMR spectra of PGS and PGS-co-40PEG, indicating
the additional methylene peak (referred to by the red arrow) in the PGS-co-40PEG spectrum confirming the presence of PEG. (c) FTIR spectra of
Laponite, 40/PCL/1LA, 40/PCL/5LA, 40/PCL/10LA showing the characteristic bands of Laponite within the nanocomposites.

min at room temperature on a shaker. Two microliters of pNPP, 200
UL of assay buffer, and 5 yL of Mg acetate were added to 50 uL of the
cell lysates. The same amount of the reagents was added to 50 uL
ultrapure H,O as a blank. A microplate reader (Bio-Tek Inc.) was
used to measure the absorbance at 405 nm, and the ALP activity was
calculated from a standard calibration curve and according to the
manufacturer’s procedure (n > 3).

2.5.7. RNA Isolation and Real Time PCR (RT-PCR). RNA was
isolated from cells seeded on 40/PCL and 40/PCL/SLA samples
using TRIzol (Invitrogen) at day 7 post culture. The concentration of
RNA was determined using a NanoDrop 2000/2000c Spectropho-
tometer at 260 and 280 nm. cDNA was synthesized using random-
hexamer primers and RNase free reverse transcriptase (Roche first
strand cDNA synthesis kit) in a total volume reaction of 20 uL for 4S
min (10 min at 25 °C, then 30 min at 55 °C, followed by incubation
at 85 °C for S min, and finally held at 4 °C). Gene expression
quantification was performed using a TAQMAN Mater mix
(ThermoFisher scientific), Tagman primers, and cDNA synthesized
in the previous step (n > 3). Genes and their respective primer
sequences are listed in Table S3.

2.6. Release Profile of AMP (Tet213). The in vitro cumulative
release profile of AMP from the 0.2AMP and 0.4AMP nano-
composites was obtained using a microplate reader (Bio-Tek, Inc.).
Accordingly, the scaffolds were incubated in 2 mL of DPBS at 37 °C
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in an incubator shaker. At specific time points, 100 L of solution was
removed, and the solutions were replenished with fresh DPBS. The
absorbance of AMP solutions was recorded at 280 nm, which
corresponded to the absorption peak characteristic for tryptophan in
AMP. Scaffolds without AMP were used as blanks to eliminate any
interference. Series of dilutions of the AMP in DPBS ranging from 25
to 100 ug/mL were prepared to obtain the standard curve (n > 3).

2.7. Antimicrobial Activity Evaluation. Antimicrobial activity
of 0.2AMP and 0.4AMP nanocomposites were examined against
Gram-positive (S. aureus) (ATCC 12600) and Gram-negative (E. coli)
(ATCC 25922) bacteria and compared to 40/PCL/SLA samples with
no AMP, which served as controls. Single colonies of each bacterial
strain were incubated overnight in a shaking incubator (200 rpm at 37
°C). After it was mixed with tryptic soy broth (TSB; Bacto; S mL),
the concentration of the bacterial solutions was adapted to an optical
density (OD) value of 0.52 at 562 nm (representing 10° CFU/mL)
using a microplate reader (SpectraMax Paradigm). Next, the bacterial
suspensions were diluted to 10° CFU/mL. The scaffolds were
sterilized by UV for 30 min before being placed in 24 well plates with
1 mL bacterial solution (10° CFU/mL). The samples were then
incubated for 6 or 12 h at 37 °C and 5% CO,. Next, the ODs were
recorded using a microplate reader (SpectraMax Paradigm) at 562
nm. For the colony forming units (CFU) test, incubated samples were
removed after 12 h and washed three times with DPBS. The scaffolds
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Figure 2. Physical characterization of the nanocomposites. (a) Average fiber diameter for different nanocomposite formulations. Representative
SEM images for (b) PGS/PCL, (c) 40/PCL, and (d) 40/PCL/SLA, respectively, with fiber diameter distribution (scale bar = 10 ym). (e) Ultimate
tensile strength and (f) elastic modulus for different nanocomposite formulations. (g) Representative image from the uniaxial mechanical testing
demonstrating the high extensibility of 40/PCL scaffolds. (h) Elongation of scaffolds with various formulations. (i) In vitro degradation of PGS/
PCL and PGS-co-PEG/PCL scaffolds. (j) Effect of Laponite addition on the in vitro degradation profile of the nanocomposites. Data are
represented as mean + SD (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, (n > 3))

were then placed in 1 mL microcentrifuge tubes and vortexed at 3000
rpm for 15 min to release the bacteria from the scaffolds into the
solution. The resulting bacterial solutions were serially diluted with
DPBS in 96-well plates over 4 logarithmic dilutions. From each
dilution, 10 uL of the bacterial solutions were seeded on tryptic soy
agar plates and incubated for 24 h at 37 °C and 5% CO,_ Finally, the
bacterial colonies number on each agar plate were counted and
reported as CFU. For SEM imaging, the samples were incubated with
10® CFU/mL for 12 h and washed three times with DPBS, followed
by fixation in 4% paraformaldehyde for 1S min. The scaffolds were,
then, dehydrated with serial dilutions of ethanol (30%, 50%, 70%, and
100%) and, finally, freeze-dried overnight. After samples were sputter
coated with gold at 20 mA for 2 min, SEM images (ZEISS Leo
SupraSs field emission SEM) were obtained at an accelerating voltage
of 8 kV (LADD Hummer 8 Sputter Coater) (n > 3).

2.8. Statistical Analysis. The analysis of the data was performed
through a Student’s ¢ test or one-way ANOVA using GraphPad Prism
6.0 software. Error bars presented the mean =+ standard deviation
(SD) of measurements (*p < 0.05, **p < 0.01, ***p < 0.001, and
ikEp < 0,0001).

3. RESULTS AND DISCUSSION

In this study, we engineered elastomeric electrospun nano-
composites based on highly elastic copolymer PGS-co-PEG
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with osteoinductive and antimicrobial properties. Recent
studies have shown the remarkable effect of matrix elasticity
on bone tissue regeneration.'®'” This is mainly because elastic
scaffolds are able to transduce the applied load to the recruited
progenitor cells guiding their differentiation, matrix matura-
tion, and bone remodeling in vivo and in vitro.'®'” Therefore,
we developed a highly elastic PGS-co-PEG fibrous scaffold for
bone tissue engineering applications. To enhance the
osteoinductive properties of the scaffold, we incorporated
Laponite nanosilicates within the polymer matrix. In addition,
to impart antimicrobial properties, we incorporated an AMP
within the nanocomposites. Physical characterizations were
performed to evaluate morphology, mechanical characteristics,
and degradability of the nanocomposites. The antimicrobial
activity of the nanocomposites was examined against E. coli and
S. aureus as models for Gram-negative and Gram-positive
bacteria, respectively. Finally, the optimized nanocomposites
were used to assess in vitro osteogenic differentiation of W-20-
17 pre-osteoblasts to assess the suitability of the engineered
materials for bone tissue regeneration (Figure 1a).

3.1. Synthesis and Chemical Characterization of PGS-
co-PEG and Nanocomposite Scaffolds. PGS-co-PEG

https://dx.doi.org/10.1021/acsabm.0c00250
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prepolymers were synthesized by varying the glycerol/PEG
molar ratio in a two-step polycondensation reaction.'> The
molecular weights determined by GPC were 4483, 6572, 6346,
and 7331 g/mol for PGS, PGS-co-10PEG, PGS-co-20PEG, and
PGS-co-40PEG, respectively. 'H NMR analysis confirmed the
successful synthesis of PGS-co-PEG copolymers (Figure 1b).
The 'H NMR spectrum of PGS showed three peaks attributed
to methylene groups at 1.3, 1.6, and 2.3 ppm. In addition,
peaks indicative of the protons in glycerol were visible at 4.1
and 5.2 ppm. An additional methylene peak was observed at
3.6 ppm in the 'H NMR spectrum of PGS-co-40PEG,
confirming the presence of PEG in the copolymer backbone."
As demonstrated in Table S1, the PEG percentage within PGS-
co-10PEG, PGS-co-20PEG, and PGS-c0-40PEG was calculated
from the integration of methylene peaks of PEG and sebacic
acid. A close correlation between the theoretical PEG ratio and
the ratio calculated from 'H NMR was found, indicating
precise control over the copolymer synthesis reaction.

FTIR analysis (Figure Sla) further confirmed the presence
of PEG and PGS in the backbone of the PGS-co-PEG
copolymers, where both PGS and PGS-co-PEG showed similar
overlapping peaks with different intensities at different PEG
concentration. A typical absorption peak assigned to the
stretching vibration of (C=0) at 1725 cm™" validated the
presence of PGS in the copolymer. In addition, a broad
absorption peak characteristic of an (O—H) group was
observed at 3360 cm™', and another two absorption peaks
for (C—H) bonds were observed at 2927.8 and 2865.7 cm™!
for the asymmetrical and symmetrical stretching vibrations,
respectively. Furthermore, two absorption peaks assigned for
(C—C) vibration modes and symmetrical stretching vibrations
of (C—O—C) were observed in the range from 1100 to 1400
em™1.'?%% FTIR analyses of PCL, PGS, 10/PCL, 20/PCL,
and 40/PCL are shown in Figure SIb. The PCL spectrum
showed two main absorption bands at 1241 and 1291 cm™
related to the asymmetric stretching of (C—O—C), (C-0),
and (C—C), respectively. Similar bands were observed for the
electrospun PGS/PCL, 10/PC, 20/PC, and 40/PCL, indicat-
ing the presence of PCL. Other absorption bands were visible
around 1725 cm™, representative of carbonyl stretching”>”’
and was characteristic of PGS and all PGS-co-PEG copolymers.

To impart osteoinductive properties to the fabricated
electrospun scaffolds, different concentrations of Laponite
nanosilicates known for inducing osteogenesis,zg’29 were added
to 40/PCL (PGS-co-40PEG) samples. Laponite integration
within 40/PCL scaffolds was confirmed by FTIR analysis
(Figure 1c), indicating three typical absorption bands at 461
cm™" (attributed to Si—O bending mode), at 658 cm™" (Mg—
O bonding), and a broad absorption band at 1009 cm™! (Si—O
stretching mode).”"~** The same three characteristic absorp-
tion peaks were observed in other samples with enhanced
intensity as the concentration of Laponite increased, indicating
the successful incorporation of the Laponite within the 40/
PCL scaffolds.

3.2. Physical Characterization of the Scaffolds. The
physical properties of the engineered scaffolds were charac-
terized for their morphology, mechanical properties, and
degradation profile. The 40/PCL samples were used to be
loaded with Laponite and AMP because of its desired
mechanical properties. They were used to study the effect of
the addition of these components on the physical properties of
the resulting scaffolds. The average fiber diameters of PGS/
PCL, 10/PCL (PGS-co-10PEG/PCL), 20/PCL (PGS-co-
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20PEG/PCL), and 40/PCL (PGS-co-40PEG/PCL) were 3.3
+0.5,2.6 + 0.4,2.4 + 0.3, and 2.6 & 0.5 um, respectively. The
incorporation of Laponite within the 40/PCL scaffolds
decreased the average fiber diameter to 1.5 + 0.2 pm for
40/PCL/1LA, 1.3 #+ 0.3 um for 40/PCL/SLA, and 0.8 + 0.2
um for 40/PCL/10LA (Figure 2a), which is in agreement with
previous reports.””** However, this reduction in average fiber
diameter did not have a significant influence on the average
pore size of scaffolds composed of different polymers and
different Laponite concentrations (40/PCL/1LA, 40/PCL/
SLA, and 40/PCL/10LA, Table S2). The morphological
analysis of the scaffolds by SEM showed smooth, non-beaded
fibers for scaffold with different formulations. Additionally, the
morphology did not change after the incorporation of Laponite
as shown in Figures 2b—d and S2.

Mechanical properties are important in determining the
scaffolds suitability for bone tissue engineering. In this regard,
the mechanical properties of the scaffolds were assessed. The
results revealed a drop in the ultimate tensile stress (UTS) for
40/PCL (2.65 + 0.1 MPa) as compared to PGS/PCL (3.1
MPa), which could be due to the increase in PEG content.'’
However, no significant changes were observed in the UTS
values for 10/PCL and 20/PCL in comparison to PGS/PCL
(Figure 2e). This can be mainly due to lack of enough PEG
content within 10/PCL and 20/PCL scaffolds, which could
not illicit distinguished mechanical properties as compared to
PGS/PCL samples. Furthermore, the addition of Laponite
negatively affected the UTS values for the composite
containing 1% Laponite, (decreased from 2.65 = 0.1 to 1.5
+ 025 MPa for 40/PCL and 40/PCL/1LA, respectively)
(Figure 2e). However, there was no significant differences in
UTS values of 40/PCL/SLA, 40/PCL/10LA, and 40/PCL.

On the basis of the tensile test, the PGS/PCL, 10/PCL, 20/
PCL, and 40/PCL scaffolds showed an elastic modulus within
the range of 9—11 MPa. The addition of 1%, 5%, and 10%
Laponite into 40/PCL led to a dramatic drop in the elastic
modulus compared to pure 40/PCL sample (Figure 2f). In
addition, the 40/PCL scaffold exhibited the highest elongation
with a ~2-fold increase as compared to PGS/PCL (Figure 2g
and h). There was no significant difference between the
elongation values of PGS/PCL, 10/PCL, and 20/PCL,
although the elongation of these scaffolds was comparatively
lower than 40/PCL scaffold (almost ~2-fold lower). The
higher extensibility of 40/PCL scaffold can be attributed to the
high PEG content, leading to a more elastic scaffold.">** The
elongation showed a significant decrease upon addition of
Laponite (Figure 2g and h). A similar drop in mechanical
properties was reported previously in Laponite containing
nanocomposites.”*® It was a result of a decrease in the fiber
diameter, which led to more brittle fibers and consequently less
elongation.”* Another factor that might have contributed to
the decrease in the mechanical properties is the possibility that
Laponite might be aggregated within the electrospun fibers
eventually affecting the elastic deformation within the
nanocomposites.33

Elastic scaffolds have become advantageous for bone
regeneration.'”” The elastic structures of such scaffolds
provide a load-transducing environment. This potentially
facilitates the ECM deposition, formation, and maturation of
new bone.'® Since 40/PCL showed the highest elasticity of
almost 400%, we used this formulation to form composite
scaffolds with Laponite.
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Figure 3. Antimicrobial activity of the nanocomposites loaded with AMP (0.2AMP and 0.4AMP). (a, b) Optical density (OD) of 0.2AMP and
0.4AMP nanocomposites after 6 and 12 h incubation with Gram-negative E. coli and Gram-positive S. aureus. (c, d) Colony forming unit (CFU)
test showing the effect of 0.2AMP and 0.4AMP nanocomposites after 12 h against Gram-negative E. coli and Gram-positive S. aureus. (e)
Representative SEM images of nanocomposites with and without AMP showing their influence on bacteria growth for both E. coli and S. aureus
(scale bar = 2 um). Data are represented as mean + SD (****p < 0.0001, (n > 3)).

Despite the decrease in mechanical properties after addition
of Laponite, the properties of the nanocomposites were still
within the suitable range for bone tissue engineering (e.§.,
elastic modulus up to 5 MPa and elongation of 100%).”
Therefore, we selected 40/PCL/SLA as a model for further
biological evaluation due to its higher mechanical properties as
compared to 40/PCL/1LA. In addition, 40/PCL/SLA had less
Laponite agglomeration compared to 40/PCL/10LA, making
it more suitable for the electrospinning process.

These nanocomposites were further modified with AMP to
provide antimicrobial characteristics. We evaluated the effect of
AMP on the mechanical properties of the nanocomposite and
found that the addition of AMP had no effect on the
mechanical properties of the resulting scaffolds (Figure S3a—
c). This is in consistence with recent studies from our group,
which showed that the integration of AMP within a hydrogel
matrix did not affect the mechanical properties of the
hydrogel.”®*” This was due to the small size of AMP, which
subsequently could not change the polymeric network
microstructure and stiffness.””

It is well established that the degradation of PCL occurs
through either surface or bulk degradation through two steps
hydrolytic cleavage of ester groups and intracellular polymer
digestion facilitated through giant cells, macrophages, and
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fibroblasts at low polymer molecular weights.40 On the other
hand, PGS-co-PEG degrades via surface erosion, where the
degradation rate increases with increasing PEG concentration.
The PEG content enhances the hydrophilicity of the
copolymer, which accelerates the hydrolysis of the PGS.">*!
Unlike PCL, which has a slow degradation rate (up to several
years), PGS-co-PEG has a relatively fast degradation rate that
can occur in days to months. Moreover, Laponite also has a
hydrophilic nature.*” Taking all this together, it is anticipated
that the degradation rate of the scaffolds can be tuned through
three factors: altering PCL/PGS-co-PEG ratio, controlling the
PEG ratio within the PGS-co-PEG copolymer, and adjusting
the Laponite concentration within the nanocomposites. This
enables us to fabricate scaffolds for bone tissue engineering
with tunable degradation rates for both small or large bone
defects.>**

The degradation profile of the scaffolds with various
formulations was evaluated by incubating samples in DPBS
at 37 °C and measuring weight loss over 28 days. The results
showed that the degradation rate increased with increasing the
PEG content (Figure 2i). For example, after 28 days, 10/PCL,
20/PCL, and 40/PCL scaffolds showed 38.5 + 1.6, 38.3 + 3,
and 454 + 2.2% weight loss, respectively, which was
comparatively higher than PGS/PCL (29 + 0.7%). Further-

https://dx.doi.org/10.1021/acsabm.0c00250
ACS Appl. Bio Mater. 2020, 3, 3313—3325


http://pubs.acs.org/doi/suppl/10.1021/acsabm.0c00250/suppl_file/mt0c00250_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsabm.0c00250/suppl_file/mt0c00250_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c00250?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c00250?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c00250?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c00250?fig=fig3&ref=pdf
www.acsabm.org?ref=pdf
https://dx.doi.org/10.1021/acsabm.0c00250?ref=pdf

ACS Applied Bio Materials

www.acsabm.org

40/PCL (control)

°
©
.}

o

~
o

2

-

Actin/DAPI

40/PCL/5LA

f)-Day 5 -

m) n) 600 0) 25000
120_'- 40/PCL (control) 40/PCLI/SLA I 40/PCL 40/PCLISLAl & 3%;&15(00"%') 40/PCL/SLA
0.4AMP 0.4AMP 5 =
1004 & . 200004
S - = 8
- £ 4004 S
2 801 p $ 150004
8 a 7 4
E 604 [ . é % S
> 3 é - 2 10000
3 40+ = 2004 % / 2 o
o ] 5 2
o 7 7 ® 5000
20 ] ©
| [
0- . o

3
Time Post-Seeding (Day)

3
Time Post-Seeding (Day)

5

Time Post-Seeding (Day)

Figure 4. In vitro cytocompatibility of the nanocomposites. (a—f) Representative live/dead images of W-20-17 cells cultured on 40/PCL, 40/PCL/
SLA, and 0.4AMP at days 1 and S (scale bar = 100 ym). (g—1) Representative Actin/DAPI images of W-20-17 cells cultured on 40/PCL, 40/PCL/
SLA, and 0.4AMP after 1 and S days (scale bar = 100 ym). (m) Quantification of cell viability for cells cultured on 40/PCL, 40/PCL/SLA, and
0.4AMP after 1, 3, and S days of seeding. (n) Quantification of the number of cells per unit area for the cells cultured on 40/PCL, 40/PCL/SLA,
and 0.4AMP at day 1, 3, and S post seeding. (o) Metabolic activity of W-20-17 cells cultured on 40/PCL, 40/PCL/SLA, and 0.4AMP after 1, 3, and
S days. Data are represented as mean + SD (¥p < 0.05, **p < 0.01, ***p < 0.001, ***¥p < 0.0001, (n > 3)).

more, the addition of Laponite did not have a significant effect
on the degradation rate (Figure 2j). For example, 40/PCL/
1LA, 40/PCL/5LA, and 40/PCL/10LA scaffolds had a weight
loss of 49 + 1.4%, 50.5 + 0.7%, and 56.8 + 0.3%, respectively,
after 28 days. This slight enhancement in hydrophilicity might
be due to the decrease in the average fiber diameter of
nanocomposites, which may facilitate DPBS diffusion and
promote the hydrolysis of both PCL and PGS-co-40PCL.”’

3.3. Antimicrobial Properties of Nanocomposites
Loaded with AMP. The risk of bacterial infection associated
with orthopedic implants and bone graft materials can lead to
the implant failure.""** Thus, it is desirable to design scaffolds
that are not only biocompatible, osteoinductive, and
mechanically stable but also possess antimicrobial properties
to hinder bacterial colonization. AMP is effective against both
Gram-negative and Gram-positive bacteria, including drug
resistant strains.”>*® This function depends on their ability to
disrupt the bacterial membrane through electrostatic inter-
actions because of the negative charge on bacteria surfaces.*
In addition, AMP has been used as potent antimicrobial agents
for implant coatings or bone cements without any negative
effect on bone formation process.”’ ™ As such, the
incorporation of AMP within 40/PCL/SLA nanocomposite
should provide the scaffold with antimicrobial properties,
without inhibiting its osteoinductive properties.

First, the release profile of AMP from 0.2AMP and 0.4AMP
nanocomposites was investigated. 0.2AMP and 0.4AMP
nanocomposites were prepared through adding 0.2% or 0.4%
(w/v) AMP solutions on top of each layer of 40/PCL/SLA
during the electrospinning process. Next, 0.2AMP and 0.4AMP
nanocomposites were incubated in DPBS at 37 °C, and the
cumulative release of AMP was measured at an absorption
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wavelength of 280 nm. 40/PCL/SLA scaffold without AMP
was used as control. A burst release of the AMP was observed
within the first hour, followed by complete release of AMP
after 4 h (Figure S3d). This can be explained due to the
physical entrapment and absence of chemical bonding between
AMP molecules and polymer backbone in the nanocomposite.
For sustained release, further investigation should focus on the
encapsulation of AMP within the fibers of the nanocomposite,
within nanocarriers, or immobilization on Laponite nanoplates,
for the long-term release since ideally a high dose of
antimicrobial agents is required for the first 1—2 days post-
implantation,”*>!

The antimicrobial activity of the AMP-loaded nano-
composites was then evaluated against both Gram-negative
(E. coli), and Gram-positive (S. aureus) bacteria, which can
cause orthopedic implant failure.”” Antimicrobial activity was
determined by measuring optical density (OD) and perform-
ing a CFU assay. For optical density measurement, four groups
were used: bacteria solutions, 40/PCL/SLA, 0.2AMP, and
0.4AMP nanocomposites. OD was measured for bacteria
solutions (10° CFU/mL) in tryptic soy broth (TSB) media.
The results showed a significant reduction in the bacteria
growth curve for both E. coli and S. aureus with nano-
composites containing AMP (0.2AMP and 0.4AMP) as
compared to the samples without AMP or the bacteria
solution after 6 h incubation. The reduction in the growth, as
observed by the OD reading, was continued after 12 h for E.
coli for both 0.2AMP and 0.4AMP nanocomposites (Figure
3a). However, for S. aureus, the antimicrobial effect was
prevalent only with 0.4AMP nanocomposite (Figure 3b).
These results were confirmed by CFU assay using 40/PCL/
SLA, 02AMP, and 0.4AMP nanocomposites. The results
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Figure S. Effect of Laponite-containing nanocomposites on osteogenic differentiation of cells. (a) Alkaline phosphatase (ALP) activity after 1, 4,
and 7 days of cell seeding on 40/PCL and 40/PCL/SLA. (b) Quantification for the Ca* deposited by cells cultured on 40/PCL and 40/PCL/SLA
scaffolds after 1, 4, and 7 days. (c) Alizarin red staining of the mineralized matrix deposition by cells cultured on 40/PCL and 40/PCL/SLA on day
7 post seeding (scale bar = 200 ym). (d, e) RT-PCR analysis evaluating the relative expression of mRNA of the osteogenic markers RUNX2, ALP,
Axin2, and the extracellular matrix deposition marker, COL1A1. Data are represented as mean = SD (*p < 0.0S, **p < 0.01, **¥p < 0.001, ***¥p

< 0.0001, (n > 3)).

indicated that 0.2AMP and 0.4AMP nanocomposites could
effectively inhibit the growth of E. coli when compared to 40/
PCL/SLA (Figure 3c). However, for S. aureus, only the
0.4AMP sample was effective (Figure 3d). SEM images for
nanocomposites incubated in TSB with 10° CFU/mL of E. coli
or S. aureus supported the results from OD reading and CFU
assay. As shown in Figure 3e, 0.2AMP and 0.4AMP were
highly effective against E. coli in comparison to 40/PCL/SLA.
In contrast, only 0.4AMP demonstrated significant antimicro-
bial properties against S. aureus when compared to 40/PCL/
SLA and 0.2AMP. This prominent effect of 0.4AMP
nanocomposite against Gram-negative E. coli may be due to
the more negative charge of E. coli’s surface combined with the
fact that AMP has higher affinity for negatively charged
surfaces. This could attract more AMP to E. coli compared to S.
aureus, leading to a stronger antibacterial activity of AMP at
lower concentrations.’”** Also, the differences in Gram-
negative versus Gram-positive bacteria, particularly their
proteoglycan layers, could have played a major role. Since
Gram-negative bacteria have thinner proteoglycan layers, this
may have facilitated the permeability of AMP at lower
concentrations.”> Consequently, AMP was effective against S.
aureus only at higher concentration. Similar results were
reported by Bhowmick et al., where they found that magnetic
nanocomposites containing nanohydroxyapatite—Fe;O, were
more effective toward Gram-negative bacteria as a result of the
low thickness of proteoglycan layers compared to Gram-
positive bacteria.'' It is noteworthy to mention that the
presence of Laponite did not alter the antimicrobial properties
of the nanocomposites, which is in agreement with previous
reports.”” Moreover, it has been suggested that AMP-loaded
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nanocomposites may be more effective in vivo because of an
expected lower number of bacterial colonies.*®

3.4. Biocompatibility of the Nanocomposites. The
biocompatibility of the nanocomposites was assessed by
seeding W-20-17 on the surface of 40/PCL, 40/PCL/SLA
and 0.4AMP. Cell viability was evaluated using a live/dead kit
on days 1 and S post-seeding. The results showed that cells
cultured on all tested nanocomposites maintained more than
90% viability (Figure 4a—f and m), confirming the in vitro
cytocompatibility of the engineered scaffolds. Furthermore, the
addition of Laponite and AMP did not show any negative
effect on cytocompatibility, which is in agreement with
previous reports.40 ¢ Actin/DAPI staining was used to stain
F-actin filaments and nuclei to evaluate the ability of
nanocomposites to support spreading and proliferation of
cells. The quantification of cell density on the surface of the
scaffolds revealed high cell spreading and proliferation after S
days of culture (Figure 4g—1). Additionally, cell nuclei per unit
area was measured, which showed an increase over time with a
~3.5-fold enhancement after day S postseeding (Figure 4n).
Moreover, PrestoBlue assay was used to evaluate the metabolic
activity of the cells. The cells showed a constant increase in the
metabolic activity with no significant change between the
tested groups (Figure 40).

3.5. Osteogenic Activity of Nanocomposites. The
osteogenic differentiation of the W-20-17 cells seeded on the
surface of engineered scaffolds was investigated through
evaluating the ALP activity, mineralized matrix deposition,
and the expression levels of the osteogenesis markers using
RT-PCR analysis. W-20-17 cells are murine pre-osteoblast
bone marrow stromal cells that are capable of differentiating
into osteoblasts when cultured on osteoinductive surfaces and
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in the presence of bone morphogenetic protein 2 (BMP-
2).77%" Alkaline phosphatase (ALP) was used as an early
indicator for osteoblastic differentiation and mineralization.*’
W-20-17 cells were seeded on 40/PCL (control) and 40/
PCL/SLA scaffolds, and ALP activity was investigated at days
1,4, and 7. Cells seeded on 40/PCL/SLA showed a significant
enhancement in ALP at days 4 and 7 as compared to 40/PCL
scaffolds without Laponite (Figure Sa). Similarly, a previous
study reported that the level of ALP increased in the presence
of BMP-2 after 7 days for a W-20-17 cell seeded chitosan gel.”"

In addition to ALP, calcium deposition and alizarin red
staining were used to detect the degree of mineralization
produced by cells seeded on 40/PCL/SLA and 40/PCL
nanocomposites. A considerable elevation in calcium levels was
observed in the cells seeded on 40/PCL/5LA when compared
to 40/PCL after 4 and 7 days of seeding (Figure Sb). After 7
days in culture, the nanocomposites were stained with alizarin
red, which indicated an enhancement in the mineralized matrix
formation depicted by the red color shown on 40/PCL/SLA
nanocomposites (Figure Sc).

We further investigated the expression levels of the early
osteogenic markers runt-related transcription factor 2
(RUNX2), ALP, collagen type 1 alpha 1 (COL1A1), which
are responsible for the synthesis of ECM, and Axin2, a
regulator of Wnt signaling })athways that plays a vital role in
osteogenic differentiation.””®> The upregulation of these
markers is associated with enhanced osteoblastic activity.
Compared to cells cultured on 40/PCL, W-20-17 cells seeded
on 40/PCL/SLA showed a ~2-fold enhancement in the
expression level of RUNX2 and COLI1Al (Figure S5d).
Similarly, ALP and Axin2 exhibited prominent upregulation
level in cells cultured on 40/PCL/SLA (Figure Se). Similar
behavior was observed in Laponite incorporated polymeric
matrices in previous studies. For example, poly(ethylene oxide)
(PEO) hydrogels containing Laponite showed a 2-fold
enhancement in mineralized matrix deposition by MC3T3
cells when compared to cells cultured on tissue culture
polystyrene (TCPS) (positive control).* In another study,
nanocomposite hydrogels composed of gelatin methacryloyl
(GelMA) and Laponite demonstrated the ability of Laponite to
trigger the osteogenic differentiation of human mesenchymal
stem cells (hMSCs) through an elevation in ALP activity and
the degree of mineralization when compared to GelMA
without Laponite.28 In addition, the inclusion of Laponite in a
catechol-modified gelatin methacryloyl (GelMA-DOPA) as an
adhesive hydrogel matrix upregulated early markers involved in
the osteogenic differentiation.”” These results from other
reports are consistent with the results presented here,
indicating the potential of 40/PCL/SLA nanocomposites to
be used as osteoinductive substrates that support osteogenic
differentiation.

4. CONCLUSION

In this study, we report on the fabrication and characterization
of elastic PGS-co-PEG based nanocomposites with dual
osteoinductive and antimicrobial properties for bone regener-
ation. The scaffolds were fabricated from the highly elastic
PGS-co-PEG and PCL polymers with the addition of Laponite
nanosilicates and AMP to provide osteoinductive and
antimicrobial characteristics, respectively. Chemical character-
ization using '"HNMR and FTIR validated the successful
synthesis of PGS-co-PEG polymers and the presence of
Laponite within the electrospun scaffolds. The addition of
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Laponite to the electrospun scaffolds led to a decrease in fiber
diameter and mechanical properties. Nevertheless, scaffolds
were still within the acceptable range used in bone tissue
engineering. Also, an increase in the degradation rate was
observed after the addition of Laponite. Introducing the AMP
provided antimicrobial properties against both Gram-negative
E. coli and Gram-positive S. aureus bacteria. Furthermore, 2D
culture of W-20-17 cells on the surface of the nanocomposites
showed high viability and enhanced proliferation and
metabolic activity, indicating the biocompatibility of these
nanocomposites. The ability of the nanocomposites to support
the osteogenic differentiation was also assessed using W-20-17
cells. The incorporation of Laponite led to enhanced ALP
activity and mineralization. Moreover, it showed an upregu-
lation of markers related to osteogenic differentiation. Overall,
the results presented in this study suggest the suitability of
PGS-co-PEG based nanocomposites as potential platforms for
bone tissue engineering. Such applications require multi-
functional properties including osteoinductivity and antimicro-
bial activity, which were demonstrated in the reported
nanocomposites. Our future study will focus on the in vivo
validation of the osteoinductive potential of the engineered
nanocomposites.
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