Downloaded viaUNIV OF CALIFORNIA LOS ANGELES on June 8, 2020 at 22:44:29 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

IEESAPPLIED
BIO MATERIALS

www.acsabm.org Article

Bioactive and Elastic Nanocomposites with Antimicrobial Properties
for Bone Tissue Regeneration

Dina M. Ibrahim, Ehsan Shirzaei Sani, Alaa M. Soliman, Nooshin Zandi, Ebrahim Mostafavi,
Ahmed M. Youssef, Nageh K. Allam, and Nasim Annabi*

Cite This: ACS Appl. Bio Mater. 2020, 3, 3313 3325 I:I Read Online

ACCESS | [l Metrics & More | Article Recommendations ‘ hod Supporting Information

ABSTRACT: Bone injuries represent a major challenge in the medital
The commonly used treatments for bone regeneration rely on the use of bone

| rial Effect
. Live Dead
grafts that are usually associated with complications such as dorRéleBRE: Ghenite y 4"
morbidity, disease transmission, high cost, and lack of availability. Bone tissué E. coli Li\/ /7/
engineering has become a golden solution for the repair of bone injuriesiby: ./
regenerating the damaged biological tissues using biocompathis. sca:.

Y r; S. aureus 2(’\ /”
However, most of the tissue engineeredlgsado not possess the combined gy L08 L

properties of high elasticity, appropriateess, biocompatibility, osteoinduc-,
tivity, and antimicrobial properties. In this study, we engineered bioactive*ae

ygenic Differentiation

antimicrobial nanocomposites that can promote bone formation whilg~ " W-20-17cells  Osteoblasts
simultaneously provide a barrierirsgabacterial infections commMOonNkye setween etectrospun --/ ,.,\,»«:,'/
associated with bone implants. We used PEGylated polyglycerol sebacit& 8%"

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 nanocompositasdvimeeghn

nuclear magnetic resonance (NMR) and Fourier transform infrared spectroscopy (FTIRdId$hkatan elastic modulus and

ultimate tensile strength within a range of38MPa and 1.8 MPa, respectively. Furthermore, theoktsloaded with
antimicrobial peptide exhibited a sitamit antimicrobial activity against both Gram-nedatighqfichia ¢aind Gram-positive
(Staphylococcus aygreasteria. The in vitro cytocompatibility tests showed >90% viability of preosteoblast (W-20-17) cells.
Moreover, in vitro derentiation assays demonstrated theldgaability to promote osteogenic atientiation of W-20-17.
Collectively, the nanocomposites containing Laponite and antimicrobial peptide were proven to have osteoinductive an
antimicrobial activity, making them desirable for bone tissue engineering applications.

KEYWORDS: bioactive nhanocomposite, antimicrobial, Laponite, osteoinductiv@dglastic sca

1. INTRODUCTION biomimetic structure that can simulate the multiscale and
Following critical size bone injuries, the repair procegy'erarchical architecture of the ECM. This provides a favorable

: . enyironment for rapid cell proliferation andemintiation
generally relies on using bone grafts that can be autografts o 6 ; oo
allografts? Autografts have several shortcomings, including(':;g: d;hiz SIZa([:)'tlr(jds (i)nnn?ntewﬁilgﬁi;ge:r?gr”cezglggrgusrevalent
donor site morbidity, infection, high cost, and chronic pain P 9, 9 P

: : o oach to producérous scalds due to its versatility, low
whereas allografts convey the risk of disease transmission %os , and ability to produce salds with tuned physical and

host infectiori. Bone tissue engineering has emerged as the chanical propertiés Over the past Vears. various
golden standard in repairing bone defects to address the unrgéq prop ) P y ’

need associated with current clinical treatment approache; |omqter|als have been.explored 'for bone tissue engineering
including metals, ceramics, an@reint types of natural and

gy thetic polymefsAmong these dérent biomaterials,
synthetic polymers appear to be more ba&ielue to their

The concept of bone tissue engineering relies on developin
scaold that resembles the extracellular matrix (ECM) o
native bone tissue. ldeally, this alda should provide
mechanical support, faeilé the process of the bone
formation, and be biodegradable and biocompakitlee- ~ Received:  March 4, 2020
over, designing a soll with antimicrobial properties has Accepted:  April 21, 2020
become a critical requirement to overcome common microbiaylished: April 21, 2020
infections that can superimpose bone impfants.

Fibrous scalds have become particularly common for
bone tissue engineering applications because of their
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controllable physical properties (e.g., mechanical propertiegjaolds make them ideal platforms for treatment of infected
and biocompatibility. Nevertheless, introducing bioactive bone defects.

ingredients to these polymers has been explored to promote

cell functions and enhance bone formation. For examplg, \ATERIALS AND METHODS

various bioactive molecules, such as zinc oxide (ZnO) . .
nanoparticles and nanosilica (pSiave been combined Alj'.l' Materials. PCL (M,, = 80 000) was purchased from Sigma-

- ; . . - . rich. Sebacic acid (purity98%) and glycerol (purity 99%)
with synthgnc polymers to provide them with osteoinductivg .. sbtained from Alfa Aesar, Germany. REG=(1000) was
propertleé'.. _ . . purchased from Sigma-Aldrich, USA. 1,1,1,3,3,3+texa-prop-

In a clinical setting, bone implants are often at risk O&nol (HFIP) (99.5%) was purchased from Oakwood Products, Inc.,
bacterial colonization, which can lead tdrbiformation and ~ USA. Synthetic nanosilicates (Laponite XLG) were obtained from
eventually implant failure if not tredf®ds a result, another BYK Additives, Inc. (Rochester Hills, MI, USA), with dimensions of
important spectation of bone regenerative stais to be 20 50 nm diameter and 1 nm thickness. AMPs (Tet213, KRW-
antimicrobial to prevent bacterial infections. Several strategi¥§WWRRC) were obtained from CSC Scientnc. (Sunnyvale,
have been adopted by adding antimicrobial domains, such&§ YSA). Minimum essential mediunfMEM ) was obtained
metals (e.g., Ag), metal oxides (e.g., ZnO), and magne{f(?m Gibco, Thermo Fisher ScientPrestoblue kit for cells viability,

ticl - dditi t lati IVe/dead viability kit, 4-diamidino-2-phenylindole (DAPI), and
nanoparticles (e.g., s89) in addition to encapi‘é ?zlng Alexa Fluor 488halloidin were obtained from Invitrogen, Thermo

antimicrobial drugs and antibiotics within alda’ Fisher Scientt. QuantiChrom calcium assay and alkaline phospha-
Despite the success of these antimicrobial agents, there aretgtill activity kits were purchased from BioAssays (Hayward, USA).
concerns related to the toxicity for metals and antimicrobig@bNA synthesis kit was obtained from Roche. TAQMAN Master mix
resistance for known antibacterial drtfgsTherefore, it is  for gPCR was obtained from Applied Biosystems, Thermo Fisher
necessary to combine all the desirable features for a successfightic. Staphylococcus auf@isaureyisand Escherichia cok.

bone tissue engineering sté, such as mechanical stability, cSI) were obtained from ATCC with strain numbers 12600 and

0
osteoinductive, and antimicrobial properties. 25922, respectively. _
Here, we engineer a biocompgtibple elastioldcaith 2.1.1. PGS-co-PEG and PGS Synthesis. PGSeoPEG prepolymers

. . L . - - . ere synthesized through a two-step polycondensation reaction as
osteoinductive, and antimicrobial properties fabricated via t Reviously reportedBrie y, sebacic acid and PEG were reacted for

electrospinning technique. This serves as a versatild sca 24 n at 13°C under the ow of Argon gas (Ar) and 50 mTorr
synthesis technique as bioactive nanoparticles and antimiGfgcuum. Next, glycerol was added, and the reaction was continued
bial drugs can be easily incorporated during the electrander reduced pressure for another 48 h to obtain the block
spinning process. For this study, we used polycaprolactormolymer. Three dirent copolymers were synthesized with
(PCL) as a carrier polymer and a block copolymer oPGS:PEG ratios of 1:10, 1:20, and 1:40 (GSPEG, PG
poly(glycerol sebecate) (PGS) and poly(ethylene glycoOPEG, and PG®40PEG, respectively). PGS was synthesized as
(PEG) (PGSE0PEG) to synthesize a robust nanocomposit eported elsewhéfeand was used as a control for chemical and

: . sical characterizations.
scaold. This block copolymer possessed tunable mecham@%lzl Fabrication of Electrospun Sca olds Containing

(e.g., elasticity) and degradation properties based on the PEggonite and AMP. To fabricate the electrospun stas, PGS,
concentratiof’ To the extent of our knowledge, this is the PGSee10PEG, PGEs20PEG, and PGB40PEG prepolymers and
rst study, where P@BPEG block copolymer is being PCL were dissolved in hexaro-2-propanol (HFIP) solvent. The
investigated as a platform for hard tissue engineering. Recetrl polymer concentration was kept at 18% (w/w) and the ratio of
studies have camed the positive ect of adequate elastic PGS, PG8e10PEG, PGEs20PEG, and PGS40PEG to PCL

properties of the biomaterial in cell attachment, proliferatio/as kept 2:1 to evaluate thea of the PGSePEG copolymers in
and dierentiatiorté” Laponite nanosilicates and an anti- the nal fabricated saald. In this study, PCL was used as a carrier

. . - - . . polymer to provide adequate chain entanglements during the
microbial peptide (AMP) were incorporated in our eIaStI(’glectrospinning process of PGS and the copolymers. Four types of

Sca_o'd to_prOVide a dual func_tion of OSte_Oin_dUCtiYe ands_caold were fabricated, including PGS/PCL, 8639PEG/PCL,
antimicrobial properties, respectively. Laponite is an inorgaiig;see20PEG/PCL, and PGS40PEG/PCL (referred to as PGS/
two-dimensional (2D) nanoplate. It has a chemical structure pfCL, 10/PCL, 20/PCL, and 40/PCL, respectively, in the paper). To
Nay 7 [(Mgs i 9SisO.(OH) J]o; With cytocompatible deg- synthesize Laponite-containing nanocompositespRBEG and
radation products, such as magnesium iong*Mg PCL were dissolved in HFIP at the previously mentioned
orthosilicate (Si(OH), and lithium (L), that can enhance concentration, and three elient concentrations of Laponite (1%,
the osteogenic direntiatiort® 5%, and 10% (w/w)) were added to the solution to fabricate 40PEG/
In this work, we optimized three parameters: PEG to PGECL/1%LA, 40PEG/PCL/5%LA, and 40PEG/PCL/10%LA nano-

ratio, copolymer to PCL ratio, and Laponite concentration, t omposites (referred to as 40/PCL/ILA, 40/PCL/SLA, and 40/

. - ith bl hvsical .PCL/10LA, respectively, in the paper). The solutions were kept under
engineer nanocomposites with tunable physical propertiegnsiant stirring overnight followed by Laponite dispersion using a

Next, the physical propesi (morphology, mechanical probe sonicator for 15 min in an ice bath. Finally, the polymer/
characteristics, and degradability) of the engineered nan@ponite solutions were electrospun using the following parameters:
composites were characterized. The antimicrobial activity wafitage of 20 kV,ow of 1 mL/h, and distance between the nozzle
the nanocomposites was examined agaicisérichia cOH. and collector was maintained at 15 cm. To fabricate the antimicrobial
C0|) andStaphyk‘)COCCUS a%@uauremas models for Gram- scaolds, AMP V\/&S dissolved in If)_ulbiscpbosphate-bered saline )
negative and Gram-positive bacteria, respectively. Finally, {REBS) to obtain two concentrations: 0.2% and 0.4% (w/v). Using

- ; ; dhese AMP concentrations and 40PEG/PCL/5%LA prepolymer
eSS I 8lion, wo scalds. were fabricated: 4OPEGIPCLISALAIO 2%

. AMP and 40PEG/PCL/5%LA/0.4%AMP (referred to as 0.2AMP and
marrow stromal cells (W-20-17). The engineered nanQy4amp, respectively in the paper). Electrospun nanocomposites
composites are based on synthetic polymers with tunalgntaining the two concentrations of AMP were fabricated through
mechanical/hydration properties. Moreover, the osteoindugdding 30 L of 0.2% (in case of 0.2AMP nanocomposite) and 0.4%
tive and antimicrosi functionalities of the engineered (in case of 0.4AMP nanocomposites) of the AMP in DPBS solution in
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between the electrospun layers of the 40/PCL/5LA. The samthrough soaking in 70% ethanol for 30 min, followed by UV exposure
previously mentioned electrospinning parameters were used. For another 30 min on both sides. Finally, eacbldoaas seeded
easier handling, samples were collected on glass slides placed omitp 9.5x 1¢* cells. The cell-seeded stds were maintained in a

of a conductive plate collectdtor further characterization, humidi ed atmosphere at 3€ and 5% C@for future cell viability,
electrospun sheets were dried in a vacuum chamber overnight. proliferation and adhesion studies.

2.3. Chemical Characterization. 2.3.1. Gel Permeation 2.5.2. Cell Viability and Proliferation. The viability of cells seeded
Chromatography (GPC). GPC (Agilent 1100 Series SEC system, on scaolds after 1, 3, and 5 days was evaluated using a live/dead cell
Agilent Technologies) was preformed to determine the moleculgfability kit according to the manufactarérstructions: Brie y,
weight of the PGS, P@B10PEG, PGEs20PEG, and PG% cell-seeded saads were stained with ethidium homodimer-1 (EthD-
40PEG samples. Initially, 200 mg of each sample was dissolved in, 2 L/mL in DPBS) for dead cells (red) and calcein AM (Q/5
mL of tetrahydrofuran (THF). Next, the solutions wiezed by ~ mL in DPBS) for live cells (green). Next, after 15 min incubation at
using 0.45m lters. Samples were then loaded into the GPC devicg7 °C, the stain was removed through washing with DPBS three
with a ow rate of 1 mL/min. times. Finally, the samples were imaged using an inveréstence

2.3.2. Nuclear Magnetic Resonance (*H NMR). 'H NMR analysis  microscope (Zeiss Axio Observer Z1). Using ImageJ software, cell

(JEOL GSX-500 NMR spectrometer) was executed to verify thgability percentage was estimated by dividing the number of live cells
presence of the PEG within the synthesizedc®@35 polymers. by the total number of cells.

After PGS, PG&10PEG, PGEs20PEG, and PG®40PEG Metabolic activity of the cells was determined using a PrestoBlue
prepolymers were dissolved in deuterated chloroformgJCIR€l kit following the manufactueeprotocol. Brig/, PrestoBlue solution
'HNMR spectra were obtained at 500 MHz. The data were process@s added to the media at days 1, 3, or 5 post-seeding to constitute
and evaluated using Delta NMR software (JEOL USA, Inc.). The0% of the whole media in the wells. Subsequently, cells were
assignment of the peaks in both PGS andcBREs spectra is  incubated for 45 min at 3T. A microplate reader (Bio-Tek Inc.)
reported elsewhefe. was used to measungorescence intensity of the solutions at 590

2.3.3. Fourier Transform Infrared (FTIR). FTIR was performed 615 nm emission and 5360 nm excitatiom( 3).
with attenuated total rection and the spectra were recorded in 253, Cell Adhesion and Spreading. To evaluate the adhesion and
transmittance mode over a wavenumber range o4CRE0cm® spreading of W-20-17 cells on the surface of thelds;ad,6-
(Vertex70 FTIR Spectrometer). The newly synthesized polymers wigiamidino-2-phenylindole (DAPI) and Alexa Fluor gBalloidin
di erent compositions (e.g., PGS/PCL, 10/PCL, 20/PCL, 40/PCL,staining were usédCells seeded on scids werexed in 4% (v/v)
40/PCL/1LA, 40/PCL/5LA, and 40/PCL/10LA) were mixed with  paraformaldehyde for 20 min at days 1, 3, and 5 post-seeding. Next, to
KBr to form a pellet to be used in FTIR analysis. increase the cells permeability and to block nonespiaaling, cells

2.4. Physical Characterization. 2.4.1. Morphology. Morphology were treated with 0.1% (w/v) Triton X-100 solution in DPBS for 45
of the scaolds was assessed using scanning electron microscagih and 1% (w/v) bovine serum albumin (BSA) solution in DPBS for
(SEM) (ZEISS Leo Supra58ld emission SEM). Scids wererst 2 h, respectively. Subsequently, cells were incubated with Alexa Fluor
coated with gold using a sputter coater at 20 mA for 2 min (LADD188-phalloidin in 0.1% (w/v) BSA at 37 (1:200 dilution) for 45
Hummer 8 Sputter Coater). Images of theottg were captured at  min to stain the actin cytoskeleton. Next, cells were counter-stained
an accelerating voltage of 8 kV. Fiber diameters and pore sizes wgith DAPI (1 L/ml in DPBS) by incubating for 5 min at 37 to
measured using ImageJ software. For each groupei@rom stain the nuclei of cells. Finally, the samples were washed with DPBS
three dierent samples were assessed to obtain the admage three times and visualized with an invertedescence microscope
diameters. (Zeiss Axio Observer Zin ( 3). DAPI stained nuclei were

2.4.2. Mechanical Properties. The mechanical properties of the guanti ed using ImageJ software.
scaolds were measured using a uniaxial mechanical tester (Instromp 5 4. Alizarin Red Staining (ARS). The samples (40/PCL and 40/
5542) as described previodSIgrie y, samples werest cut into PCL/5LA) were washed with DPBS, followed by a 20xation in
rectangular strips (12 mm#.5 mm) and then incubated in DPBS for 494 paraformaldehyde after 7 days of culture. Next, they were washed
2 h. Thickness was determined using a digital calip@0(7am). with deionized (DI) water before staining with a 2% (w/v) solution of
For tensile testing, both ends of each sample were placed betwegiarin Red (pH 4.14.3) for 10 min at 37C. Alizarin Red solution
double sided tape (ARcare 90445, clear polyester double-sidgéls then removed, and samples were washed with DI water and
adhesive tape) and placed between the tensile grips of the mechanjgalged using an inverted microscope (Nikon Eclipse, Ti-E, Nikon
tester. A strain rate of 1 mm/min was applied to each sample Untﬂorporation) )
failure. The linear (st 5 15%) portion of the stresstrain curves)( 2.5.5. Calcium Deposition Assay. Calcium biomineralization was

3) was used to calculate the elastic moduli. quanti ed using a QuantiChrom Calcium Assay Kit according to the

24.3. Degradation. In vitro degradation of the solls was  manufacturés instructions. The assay is based on the formation of a
evaluated by placing square samples3f (1 cmx 1 cm)in 1 mL stable blue complex between free calcium and phenolsulfonphthalein
of DPBS at 37C for 28 days. The specimemsight was measured  dye that can be measured by using a microplate reader at612 nm.
before the experiment. Following incubation for 1, 3, 5, 7, 14, or ﬁie y, cell-seeded scéds (40/PCL and 40/PCL/5LA) were
days, the weight of the samples was measured after freeze-dryjaghed with DI KD to remove calcium ions from the media.
overnight. The weight loss was measured using the followingpsequently, scdds were homogenized in 0.6 M HCI for 4 h on a

equatio shaker at room temperature. Next, cell lysates were centrifuged at
- 12 000 rpm for 3 min, and & of the supernatant of each sample was
weight loss (%% WS W, 100 mixed with 200 L of working solution. After 3 min incubation at
W room temperature, absorbance was measured at 612 nm using a

microplate reader (Bio-Tek Inc.). Calcium concentrations were
whereW, is the initial weight and, is the weight after the designated determined from a previously developed standard calibration curve
time points. derived from known calcium concentrations ranging from 0 to 20 mg/

2.5. Biological Assessment. 2.5.1. In Vitro Cell Culture. Pre- dL (n 3).

osteoblast murine bone marrow stromal cells (W-20-17) were 2.5.6. Alkaline Phosphatase Activity Assay. Evaluation of alkaline
cultured in a humided atmosphere at 3C and 5% C®in phosphatase (ALP) activity, an early marker of osteoblastic di
MEM . The media was supplemented with penicillin/streptomycirentiation, was performed on cell-seededldsat 1, 4, or 7 days of
(1% v/v) and fetal bovine serum (FBS) (10% v/v). The cells wereculture using a QuantiChrom alkaline phosphatase activity assay. This
used at 70% conency for scald seeding. Saalds were cut into  assay is based on the hydrolysisnifophenyl phosphate (pNPP)
square samples (0.5 en®0.5 cm) and mounted on glass slides for substrate. Cell-seeded stds (40/PCL and 40/PCL/5LA) were
easier handling. Prior to in vitro assessmentjdsavere sterilized rst washed with DPBS and then incubation with 0.2% Triton for 20

3315 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 th
nanocomposites: 1 refers to the prepolymer solution containiogPE&S-PCL, and Laponite used in theada fabrication process, 2 refers

to the addition of AMP during the electrospinning process in betweendlda kngers, and 3 refers to the resultingpdtawere tested for the
antibacterial @ct and their ability to enhance the osteogemiteditiation of cells. (3H NMR spectra of PGS and PGSIOPEG, indicating

the additional methylene peak (referred to by the red arrow) in tlef@EG spectrum caming 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, 208 an incubator shaker. At spetime points, 100L of solution was

L of assay ber, and 5 L of Mg acetate were added to &®f the removed, and the solutions were replenished with fresh DPBS. The
cell lysates. The same amount of the reagents was added to 50absorbance of AMP solutions was recorded at 280 nm, which
ultrapure HO as a blank. A microplate reader (Bio-Tek Inc.) wascorresponded to the absorption peak characteristic for tryptophan in
used to measure the absorbance at 405 nm, and the ALP activity wddP. Scaolds without AMP were used as blanks to eliminate any
calculated from a standard calibration curve and according to tirgerference. Series of dilutions of the AMP in DPBS ranging from 25
manufactur& proceduren( 3). to 100 g/mL were prepared to obtain the standard carve3).

2.5.7. RNA Isolation and Real Time PCR (RT-PCR). RNA was 2.7. Antimicrobial Activity Evaluation. Antimicrobial activity
isolated from cells seeded on 40/PCL and 40/PCL/5LA samplesf 0.2AMP and 0.4AMP nanocomposites were examined against
using TRIzol (Invitrogen) at day 7 post culture. The concentration oGram-positiveS. aure§$ATCC 12600) and Gram-negati& €o)i
RNA was determined using a NanoDrop 2000/2000c Spectroph¢ATCC 25922) bacteria and compared to 40/PCL/5LA samples with
tometer at 260 and 280 nm. cDNA was synthesized using randone AMP, which served as controls. Single colonies of each bacterial
hexamer primers and RNase free reverse transcriptase (Roche strain were incubated overnight in a shaking incubator (200 rpm at 37
strand cDNA synthesis kit) in a total volume reaction df £ 45 °C). After it was mixed with tryptic soy broth (TSB; Bacto; 5 mL),
min (10 min at 25C, then 30 min at 5%C, followed by incubation  the concentration of the bacterial solutions was adapted to an optical
at 85°C for 5 min, and nally held at £C). Gene expression density (OD) value of 0.52 at 562 nm (representih@BEQ/mL)
quanti cation was performed using a TAQMAN Mater mix using a microplate reader (SpectraMax Paradigm). Next, the bacterial
(ThermoFisher scient), Tagman primers, and cDNA synthesized suspensions were diluted t® ZTFU/mL. The scaolds were
in the previous stem( 3). Genes and their respective primer sterilized by UV for 30 min before being placed in 24 well plates with
sequences are listedTmble S3 1 mL bacterial solution (A@FU/mL). The samples were then

2.6. Release Pro le of AMP (Tet213). The in vitro cumulative  incubated for 6 or 12 h at 3€ and 5% C@ Next, the ODs were
release prée of AMP from the 0.2AMP and 0.4AMP nano- recorded using a microplate reader (SpectraMax Paradigm) at 562
composites was obtained using a microplate reader (Bio-Tek, Inam. For the colony forming units (CFU) test, incubated samples were
Accordingly, the saalds were incubated in 2 mL of DPBS &t(37 removed after 12 h and washed three times with DPBS. Thdssca

3316 https://dx.doi.org/10.1021/acsabm.0c00250
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Figure 2. Physical characterization of the nanocomposites. (a) Aberadiameter for dérent nanocomposite formulations. Representative
SEM images for (b) PGS/PCL, (c) 40/PCL, and (d) 40/PCL/5LA, respectivelypaitbiameter distribution (scale bar =ri. (e) Ultimate

tensile strength and (f) elastic modulus fardnt nanocomposite formulations. (g) Representative image from the uniaxial mechanical testing
demonstrating the high extensibility of 40/PCLodts (h) Elongation of saads with various formulations. (i) In vitro degradation of PGS/

PCL and PG8ePEG/PCL scalds. (j) E ect of Laponite addition on the in vitro degradationlepraf the nanocomposites. Data are
represented as me&rsD (*p < 0.05,**p < 0.01***p < 0.001****p < 0.0001, 1t  3))

were then placed in 1 mL microcentrifuge tubes and vortexed at 30@0th osteoinductive and antimicrobial properties. Recent
rpm for 15 min to release the bacteria from thelsisainto the  stydies have shown the remarkaleteof matrix elasticity
solution. The resulting bacterial solutions were serially diluted wlgh bone tissue regeneraﬁ%lrf This is mainly because elastic

DPBS in 96-well plates over 4 logarithmic dilutions. From eac . .
dilution, 10 L of the bacterial solutions were seeded on tryptic so caolds are able to transduce the applied load to the recruited

agar plates and incubated for 24 h &4€3and 5% C@Finally, the ~ Progenitor cells guiding their efientiation, matrix matura-
bacterial colonies number on each agar plate were counted &ifdn, and bone remodeling in vivo and in vitt6Therefore,
reported as CFU. For SEM imaging, the samples were incubated wite developed a highly elastic B&¥=G brous scald for

10° CFU/mL for 12 h and washed three times with DPBS, followethone tissue engineering applications. To enhance the
then, dehydrated with serial dilutions of ethanol (30%, 50%, 70%, adyite nanosilicates within the polymer matrix. In addition,

100%) and, nally, freeze-dried overnight. After samples were sputter . . : . .
coated with gold at 20 mA for 2 min, SEM images (ZEISS Leio. impart antimicrobial properties, we incorporated an AMP

Supra55eld emission SEM) were obtained at an accelerating voltad¥thin the nanocomposites. Physical characterizations were
of 8 kV (LADD Hummer 8 Sputter Coaten) ( 3). performed to evaluate morphology, mechanical characteristics,

2.8. Statistical Analysis. The analysis of the data was performed and degradability of the nanocomposites. The antimicrobial
through a Studest test or one-way ANOVA using GraphPad Prism activity of the nanocomposites was examined &gainisind
6.0 software. Error bars presented the mestandard deviation g gyreuss models for Gram-negative and Gram-positive
(SD) of measurementsp(< 0.05"*p < 0.01***p < 0.001, and 3 cteria; respectively. Finally, the optimized nanocomposites
p < 0.0001). co e
were used to assess in vitro osteogeriedtiation of W-20-
17 pre-osteoblasts to assess the suitability of the engineered
3. RESULTS AND DISCUSSION materials for bone tissue regeneratiayufe a).
In this study, we engineered elastomeric electrospun nano-3.1. Synthesis and Chemical Characterization of PGS-
composites based on highly elastic copolymecdRES co-PEG and Nanocomposite Sca olds. PGSeGPEG
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prepolymers were synthesized by varying the glycerol/PEZBPEG/PCL), and 40/PCL (PG®40PEG/PCL) were 3.3
molar ratio in a two-step polycondensation reé%tl“ﬂne +0.5,2.6:0.4,2.4-0.3,and 2.6 0.5 m, respectively. The
molecular weights determined by GPC were 4483, 6572, 634fcorporation of Laponite within the 40/PCL sdds

and 7331 g/mol for PGS, PG&LOPEG, PGE&320PEG, and  decreased the averadeer diameter to 1.% 0.2 m for
PGSe640PEG, respectivelil NMR analysis conmed the 40/PCL/1LA, 1.3+ 0.3 m for 40/PCL/5LA, and 0.& 0.2
successful synthesis of RGBEG copolymers-igure b). m for 40/PCL/10LA Figure 2), which is in agreement with
The'H NMR spectrum of PGS showed three peaks attributegrevious reporf§>* However, this reduction in averalger

to methylene groups at 1.3, 1.6, and 2.3 ppm. In additiodiameter did not have a sigaint inuence on the average
peaks indicative of the protons in glycerol were visible at 4gbre size of scalds composed of dirent polymers and
and 5.2 ppm. An additional methylene peak was observeddaterent Laponite concentrations (40/PCL/1LA, 40/PCL/
3.6 ppm in the'H NMR spectrum of PG&40PEG, 5LA, and 40/PCL/10LATable Sp The morphological
con rming the presence of PEG in the copolymer backbone.analysis of the saids by SEM showed smooth, non-beaded
As demonstrated irable Slthe PEG percentage within PGS-  pers for scald with di erent formulations. Additionally, the
col0PEG, PGEs20PEG, and PGB40PEG was calculated  morphology did not change after the incorporation of Laponite
from the integration of methylene peaks of PEG and sebagjg shown ifrigures B d andS2

aCid. A C|Ose Corre|ati0n betWeen the theoretical PEG ratiO anq\/lechanica| properties are important in determining the

the ratio calculated frofd NMR was found, indicating  scaolds suitability for bone tissue engineering. In this regard,
precise control over the copolymer synthesis reaction.  the mechanical properties of the sics were assessed. The
FTIR analysisF{gure SJafurther conrmed the presence regylts revealed a drop in the ultimate tensile stress (UTS) for

of PEG and PGS in the backbone of the ¢8FEG  40/pCL (2.65+ 0.1 MPa) as compared to PGS/PCL (3.1
copolymers, where both PGS and 8&%=G showed similar  \1pa) which could be due to the increase in PEG céhtent.

overlapping peaks with elient intensities at @rent PEG  oyever, no sigriant changes were observed in the UTS

concentration. A typical absorption peak assigned 10 theyes for 10/PCL and 20/PCL in comparison to PGS/PCL
stretching vibration of (CO) at 1725 cm’ validated the igure 2). This can be mainly due to lack of enough PEG
presence of PGS in the copolymer. In addition, a broag;ntent within 10/PCL and 20/PCL scéds, which could

absorption peak characteristic of an HD group was not illicit distinqui : ;

! guished mechanical properties as compared to
?bseéve:_? gt 3360 cn agd anoc';hetr an;?agbso:jptzlcgréspl?aks PGS/PCL samples. Furthermore, the addition of Laponite
or ( ) bonds were observed a -©an - cm negatively a&cted the UTS values for the composite

for the asymmetrical and symmetrical stretching vibration antaining 1% Laponite, (decreased from=2.68 to 1.5
respectively. Furthermore, two absorption peaks assigned Ol 25 MPa for 40/PCL and 40/PCL/ALA. respectivel )
(C C) vibration modes and symmetrical stretching vibrations_. : b y

- igure ). However, there was no sigant dierences in
g{n(%a%zg);geaggﬁy‘;fevg%f'”ggﬁ rande frl%rfpélLoozg;Plé‘E TS values of 40/PCL/5LA, 40/PCL/10LA, and 40/PCL.

) On the basis of the tensile test, the PGS/PCL, 10/PCL, 20/
and 40/PCL are shown irigure S1bThe PCL spectrum ' X ’ -
showed two main absorption bands at 1241 and 1281 CrnPCL, and 40/PCL scalds showed an elastic modulus within

related to the asymmetric stretching of @CC), (C O), the range of 911 MPa. The addition of 1%, 5%, and 10%

and (C C), respectively. Similar bands were observed for tHefPONite into 40/PCL led to a dramatic drop in the elastic
electrospun PGS/PCL, 10/PC, 20/PC, and 40/PCL, indicat-M0dulus compared to pure 40/PCL samplgufe 5). In
ing the presence of PCL. Other absorption bands were visifi@dition, the 40/PCL scald exhibited the highest elongation
around 1725 cr, representative of carbonyl stretéhfig ~ With @ 2-fold increase as compared to PGS/R@ju(e g
and was characteristic of PGS and alkB8E& copolymers. and ). There was no_sigrant dierence between the
To impart osteoinductive properties to the fabricatedt!Ongation values of PGS/PCL, 10/PCL, and 20/PCL,
electrospun scalds, dierent concentrations of Laponite although the elongation of these slds was comparatively
nanosilicates known for inducing osteogéfgbigere added  lower than 40/PCL sceld (almost 2-fold lower). The
to 40/PCL (PGS:640PEG) samples. Laponite integration h!gher extensibility of 4Q/PCL soll can be a.'[tl’lbutgg to the
within 40/PCL scaolds was commed by FTIR analysis Nigh PEG content, leading to a more elastioldca™ The
(Figure t), indicating three typical absorption bands at 46€longation showed a sigaint decrease upon addition of
cm ! (attributed to SiO bending mode), at 658 ch{Mg Laponite Figure g and h). A similar drop in mechanical
O bonding), and a broad absorption band at 1009in0  Properties was reported previously in Laponite containing
stretching modeéf. *2 The same three characteristic absorp-Nan0COMPosités™® It was a result of a decrease in ther
tion peaks were observed in other samples with enhancdi@meter, which led to more brittheers and consequently less
intensity as the concentration of Laponite increased, indicatifipngatiori**® Another factor that might have contributed to
the successful incorporation of the Laponite within the 40fhe decrease in the mechanical properties is the possibility that
PCL scaolds. Laponite might be aggregated within the electrosmra
3.2. Physical Characterization of the Sca olds. The eventually acting the elastic deformation within the
physical properties of the engineeredoktsawere charac- Nnanocomposités.
terized for their morphology, mechanical properties, and Elastic scalds have become advantageous for bone
degradation prte. The 40/PCL samples were used to beregeneratio®®’ The elastic structures of such el
loaded with Laponite and AMP because of its desiregrovide a load-transducing environment. This potentially
mechanical properties. They were used to studyetteoé facilitates the ECM deposition, formation, and maturation of
the addition of these components on the physical propertiesméw boné® Since 40/PCL showed the highest elasticity of
the resulting scalds. The averagéer diameters of PGS/ almost 400%, we used this formulation to form composite
PCL, 10/PCL (PG$e10PEG/PCL), 20/PCL (PG&s scaolds 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-kegatimed Gram-positiv@. aureugc, d) Colony forming unit (CFU)
test showing the ect of 0.2AMP and 0.4AMP nanocomposites after 12 h against Gramiegalisved Gram-positivB. aureuge)

Representative SEM images of hanocomposites with and without AMP showingettosiran bacteria growth for bBthcolandS. aureus
(scale bar = 2m). Data are represented as me&D (****p < 0.0001,1f  3)).

Despite the decrease in mechanical properties after additidoroblasts at low polymer molecular wef§i@s the other
of Laponite, the properties of the nanocomposites were stilaind, PG8ePEG degrades via surface erosion, where the
within the suitable range for bone tissue engineering (e.gegradation rate increases with increasing PEG concentration.
elastic modulus up to 5 MPa and elongation of 180%). The PEG content enhances the hydrophilicity of the
Therefore, we selected 40/PCL/5LA as a model for furthecopolymer, which accelerates the hydrolysis of the*PGS.
biological evaluation due to its higher mechanical propertiesldslike PCL, which has a slow degradation rate (up to several
compared to 40/PCL/1LA. In addition, 40/PCL/5LA had less years), PGBePEG has a relatively fast degradation rate that
Laponite agglomeration compared to 40/PCL/10LA, makingan occur in days to months. Moreover, Laponite also has a
it more suitable for the electrospinning process. hydrophilic natur&. Taking all this together, it is anticipated

These nanocomposites were further raddivith AMP to that the degradation rate of the stis can be tuned through
provide antimicrobial characteristics. We evaluateéthefe  three factors: altering PCL/PGS&REG ratio, controlling the
AMP on the mechanical properties of the nanocomposite alREG ratio within the PG®PEG copolymer, and adjusting
found that the addition of AMP had noee&t on the the Laponite concentration within the nanocomposites. This
mechanical properties of the resultingofts: Figure S3a enables us to fabricate stds for bone tissue engineering
). This is in consistence with recent studies from our groupyith tunable degradation rates for both small or large bone
which showed that the integration of AMP within a hydrogetlefects>**
matrix did not aect the mechanical properties of the The degradation prie of the scaolds with various
hydrogef®*° This was due to the small size of AMP, whichformulations was evaluated by incubating samples in DPBS
subsequently could not change the polymeric networit 37°C and measuring weight loss over 28 days. The results
microstructure and stiess. showed that the degradation rate increased with increasing the

It is well established that the degradation of PCL occuBEG contentKigure . For example, after 28 days, 10/PCL,
through either surface or bulk degradation through two ste@9/PCL, and 40/PCL scalds showed 385 1.6, 38.3t 3,
hydrolytic cleavage of ester groups and intracellular polymend 45.4+ 2.2% weight loss, respectively, which was
digestion facilitated through giant cells, macrophages, acomparatively higher than PGS/PCL £9.7%). Further-
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Figure 4. In vitro cytocompatibility of the nanocomposited) Representative live/dead images of W-20-17 cells cultured on 40/PCL, 40/PCL/

5LA, and 0.4AMP at days 1 and 5 (scale bar =mip(@g 1) Representative Actin/DAPI images of W-20-17 cells cultured on 40/PCL, 40/PCL/

5LA, and 0.4AMP after 1 and 5 days (scale bar =n10@m) Quanti cation of cell viability for cells cultured on 40/PCL, 40/PCL/5LA, and

0.4AMP after 1, 3, and 5 days of seeding. (n) Qcatitn of the number of cells per unit area for the cells cultured on 40/PCL, 40/PCL/5LA,

and 0.4AMP at day 1, 3, and 5 post seeding. (0) Metabolic activity of W-20-17 cells cultured on 40/PCL, 40/PCL/5LA, and 0.4AMP after 1, 3, and
5 days. Data are represented as mezd (*p < 0.05**p < 0.01,***p < 0.001****p < 0.0001,1f  3)).

more, the addition of Laponite did not have a sigmi e ect wavelength of 280 nm. 40/PCL/5LA sdd without AMP

on the degradation rat€igure §. For example, 40/PCL/  was used as control. A burst release of the AMP was observed
1LA, 40/PCL/5LA, and 40/PCL/10LA saalds had a weight  within the rst hour, followed by complete release of AMP
loss of 4% 1.4%, 50.% 0.7%, and 568 0.3%, respectively, after 4 h Figure S3d This can be explained due to the
after 28 days. This slight enhancement in hydrophilicity migiphysical entrapment and absence of chemical bonding between
be due to the decrease in the averdge diameter of AMP molecules and polymer backbone in the nanocomposite.
nanocomposites, which may facilitate DPBSiadin and For sustained release, further investigation should focus on the
promote the hydrolysis of both PCL and R&®PCL>? encapsulation of AMP within theers of the nanocomposite,

3.3. Antimicrobial Properties of Nanocomposites within nanocarriers, or immobilization on Laponite nanoplates,
Loaded with AMP. The risk of bacterial infection associatedfor the long-term release since ideally a high dose of
with orthopedic implants and bone graft materials can lead &mtimicrobial a%ents is required for thet 1 2 days post-
the implant failurE:** Thus, it is desirable to design sldls ~ implantatiori*>%>*
that are not only biocompatible, osteoinductive, and The antimicrobial activity of the AMP-loaded nano-
mechanically stable but also possess antimicrobial propertesposites was then evaluated against both Gram-negative
to hinder bacterial colonization. AMP iscéive against both (E. co)i and Gram-positiveS( aureyisbacteria, which can
Gram-negative and Gram-positive bacteria, including dreguse orthopedic implant faiftfréntimicrobial activity was
resistant straif$?® This function depends on their ability to determined by measuring optical density (OD) and perform-
disrupt the bacterial membrane through electrostatic inteing a CFU assay. For optical density measurement, four groups
actions because of the negative charge on bacteria’Surfacegere used: bacteria solutions, 40/PCL/5LA, 0.2AMP, and
In addition, AMP has been used as potent antimicrobial agef®@tAMP nanocomposites. OD was measured for bacteria
for implant coatings or bone cements without any negatialutions (19 CFU/mL) in tryptic soy broth (TSB) media.

e ect on bone formation procéss'® As such, the The results showed a sigant reduction in the bacteria
incorporation of AMP within 40/PCL/5LA nanocomposite growth curve for bothe. coliand S. aureusvith nano-
should provide the sadd with antimicrobial properties, composites containing AMP (0.2AMP and 0.4AMP) as
without inhibiting its osteoinductive properties. compared to the samples without AMP or the bacteria

First, the release pte of AMP from 0.2AMP and 0.4AMP solution after 6 h incubation. The reduction in the growth, as
nanocomposites was investigated. 0.2AMP and 0.4AMMserved by the OD reading, was continued after 1ZEh for
nanocomposites were prepared through adding 0.2% or 0.48ti for both 0.2AMP and 0.4AMP nanocomposkesule
(w/v) AMP solutions on top of each layer of 40/PCL/5LA 3a). However, foiS. aureusthe antimicrobial ect was
during the electrospinning process. Next, 0.2AMP and 0.4AMiPevalent only with 0.4AMP nanocompositgufe B).
nanocomposites were incubated in DPBS €,3@nd the These results were camed by CFU assay using 40/PCL/
cumulative release of AMP was measured at an absorptBlpA, 0.2AMP, and 0.4AMP nanocomposites. The results
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Figure 5. E ect of Laponite-containing nanocomposites on osteogergniittion of cells. (a) Alkaline phosphatase (ALP) activity after 1, 4,

and 7 days of cell seeding on 40/PCL and 40/PCL/5LA. (b) Quatitin for the G4 deposited by cells cultured on 40/PCL and 40/PCL/5LA

scaolds after 1, 4, and 7 days. (c) Alizarin red staining of the mineralized matrix deposition by cells cultured on 40/PCL and 40/PCL/5LA on day
7 post seeding (scale bar = 200. (d, e) RT-PCR analysis evaluating the relative expression of mRNA of the osteogenic markers RUNX2, ALP,
Axin2, and the extracellular matrix deposition marker, COL1A1l. Data are representedsés (fpea0.05**p < 0.01***p < 0.001****p

< 0.0001,1f 3)).

indicated that 0.2AMP and 0.4AMP nanocomposites coulthnocomposites may be morecéive in vivo because of an

e ectively inhibit the growth Bf colivhen compared to 40/  expected lower number of bacterial colthies.

PCL/5LA (Figure 8). However, forS. aureusonly the 3.4. Biocompatibility of the Nanocomposites. The
0.4AMP sample waseetive Figure @). SEM images for biocompatibility of the nanocomposites was assessed by
nanocomposites incubated in TSB wfICFU/mL of E. coli ~ seeding W-20-17 on the surface of 40/PCL, 40/PCL/SLA
or S. aureusupported the results from OD reading and cEuand 0.4AMP. Cell viability was evaluated using a live/dead kit
assay. As shown figure 8, 0.2AMP and 0.4AMP were ©On days 1 and 5 post-seeding. The results showed that cells
highly eective again&. colin comparison to 40/PCL/5LA.  cultured on all tested nanocomposites maintained more than
In contrast, only 0.4AMP demonstrated signt antimicro- ~ 90% viability igure & f and m), conrming the in vitro

bial properties agairt aureushen compared to 40/PCL/ ~ cytocompatibility of the engineered sicts. Furthermore, the
5LA and 0.2AMP. This prominenteet of 0.4AMP addition of Laponite and AMP did not show any negative
nanocomposite against Gram-negBtivelimay be due to € €Ct on cytocompatibility, which is in agreement with
the more negative charg&€otols surface combined with the PréVious reporfS.“ Actin/DAPI staining was used to stain
fact that AMP has higher mity for negatively charged F-actin laments and nuclei to evaluate the ability of
surfaces. This could attract more AMP. tolcompared t&. nanocomposites to support spreading and proliferation of

aureusleading to a stronger antibacterial activity of AMP a%ells.ldThe qualnt(:ja;[:pr;] of ﬁe" dendslty ondthe si.L;rfac_e of :che
lower concentrationd>* Also, the dierences in Gram- scaolds revealed high cell spreading and proliferation after 5

negative versus Gram-positive bacteria, particularly th

: ) ; C§ 5-fold enhancement after day 5 postse&fii ).
Gram-negative bacteria have thinner proteoglycan layers, {ji§reover, PrestoBlue assay Wasyuse% to evaIL?all?eE(the) metabolic
may have facilitated the permeability of AMP at lowep ity of the cells. The cells showed a constant increase in the
concentration¥. Consequently, AMP waseetive again€.  metabolic activity with no sigrant change between the
aureusonly at higher concentration. Similar results wergagted groups(gure o).

reported by Bhowmick et al., where they found that magnetiC 3.5. Osteogenic Act|V|ty Of Nanocomposites' The
nanocomposites containing nanohydroxyagesj@, were  osteogenic derentiation of the W-20-17 cells seeded on the
more eective toward Gram-negative bacteria as a result of te@rface of engineered sdds was investigated through

low thickness of proteoglycan layers compared to Grargvaluating the ALP activity, mineralized matrix deposition,
positive bacterfa. It is noteworthy to mention that the and the expression levels of the osteogenesis markers using
presence of Laponite did not alter the antimicrobial propertig®T-PCR analysis. W-20-17 cells are murine pre-osteoblast
of the nanocomposites, which is in agreement with previob®ne marrow stromal cells that are capable evdtiating
reports.’ Moreover, it has been suggested that AMP-loadeitito osteoblasts when cultured on osteoinductive surfaces and
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in the presence of bone morphogenetic protein 2 (BMPLaponite to the electrospun sads led to a decrease ber
2).>7 % Alkaline phosphatase (ALP) was used as an eartliameter and mechanical properties. Neverthelessgdssca
indicator for osteoblastic dientiation and mineralizatfSn.  were still within the acceptable range used in bone tissue
W-20-17 cells were seeded on 40/PCL (control) and 40kngineering. Also, an increase in the degradation rate was
PCL/5LA scaolds, and ALP activity was investigated at daysbserved after the addition of Laponite. Introducing the AMP
1,4, and 7. Cells seeded on 40/PCL/5LA showed acsighi  provided antimicrobial properties against both Gram-negative
enhancement in ALP at days 4 and 7 as compared to 40/P@. coliand Gram-positiv®. aureusacteria. Furthermore, 2D
scaolds without LaponiteF{gure @). Similarly, a previous culture of W-20-17 cells on the surface of the nanocomposites
study reported that the level of ALP increased in the presenskowed high viability and enhanced proliferation and
of BMP-2 after 7 days for a W-20-17 cell seeded chitosan geietabolic activity, indicating the biocompatibility of these
In addition to ALP, calcium deposition and alizarin rechanocomposites. The ability of the nanocomposites to support
staining were used to detect the degree of mineralizatidhe osteogenic dérentiation was also assessed using W-20-17
produced by cells seeded on 40/PCL/5LA and 40/PCLcells. The incorporation of Laponite led to enhanced ALP
nanocomposites. A considerable elevation in calcium levels aetivity and mineralization. Moreover, it showed an upregu-
observed in the cells seeded on 40/PCL/5LA when comparddtion of markers related to osteogenierdntiation. Overall,
to 40/PCL after 4 and 7 days of seediigure B). After 7 the results presented in this study suggest the suitability of
days in culture, the nanocomposites were stained with alizaFsSeePEG based nanocomposites as potential platforms for
red, which indicated an enhancement in the mineralized matkigmne tissue engineering. Such applications require multi-
formation depicted by the red color shown on 40/PCL/5LAfunctional properties including osteoinductivity and antimicro-
nanocompositesigure §). bial activity, which were demonstrated in the reported
We further investigated the expression levels of the earlgnocomposites. Our future study will focus on the in vivo
osteogenic markers runt-related transcription factor Wvalidation of the osteoinductive potential of the engineered
(RUNX2), ALP, collagen type 1 alpha 1 (COL1A1), whichnanocomposites.
are responsible for the synthesis of ECM, and Axin2, a
regulator of Wnt signaling J)athways that plays a vital role in  ASSOCIATED CONTENT
osteogenic derentiatio’*°° The upregulation of these _ . .
markers is associated with enhanced osteoblastic activity. SUPPOrting Information _
Compared to cells cultured on 40/PCL, W-20-17 cells seeddd'® Supporting Information is available free of charge at
on 40/PCL/SLA showed a 2-fold enhancement in the NitPs://pubs.acs.org/doi/10.1021/acsabm.0cQ0250

expression level of RUNX2 and COL1Algyre d). FTIR spectra of PGS, PGELOPEG, PGEe20PEG,
Similarly, ALP and Axin2 exhibited prominent upregulation PGSeG40PEG, PCL, 10/PCL, 20/PCL, and 40/PCL;
level in cells cultured on 40/PCL/5LA|gUre §) Similar representative SEM images for 10/PCL, 20/PCL, 40/

behavior was observed in Laponite incorporated polymeric  pCL/1LA, and 40/PCL/10LA; AMP ect on the
matrices in previous studies. For example, poly(ethylene oxide) nanocomposites mechanics and AMP release; tryptic soy

(PEO) hydrogels containing Laponite showed a 2-fold  agar plates for CFU test; NMR ratio between PGS and
enhancement in mineralized matrix deposition by MC3T3 PEG; summary for averageer diameter sand pore

cells when compared to cells cultured on tissue culture sjzes of dierent scaolds; and RT-PCR primer
polystyrene (TCPS) (positive contfdl)in another study, sequenceOF

nanocomposite hydrogels composed of gelatin methacryloyl

(GelMA) and Laponite demonstrated the ability of Laponite to

trigger the osteogenic dientiation of human mesenchymal AUTHOR INFORMATION

stem cells (hMSCs) through an elevation in ALP activity an@orresponding Author

the degree of mineralization when compared to GelMA Nasim Annabi Department of Chemical and Biomolecular

without Laponité? In addition, the inclusion of Laponite in a ; : - ; ;

X ) ' Engineering and Center for Minimally Invasive Therapeutics
catechol-moded gelatin methacryloyl (GelMA-DOPA) as an (C-MIT), California NanoSystems Institute (CNSI), University
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the osteogenic direntiatiod? These results from other United States:orcid org/0060-0003-1879-12'02' '
reports are consistent with the results presented here, 4 PP . : LA
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be used as osteoinductive substrates that support osteogeqi¢hors
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