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Abstract

Bone tissue engineering aims to alleviate the shortage of available autograft material and the 

biological/mechanical incompatibility of allografts through fabrication of bioactive synthetic bone 

graft substitutes. However, these substitute grafting materials have insufficient biological potency 

that limits their clinical efficacy in regenerating large defects. Extracellular matrix, a natural tissue 

scaffold laden with biochemical and structural cues regulating cell adhesion and tissue 

morphogenesis, may be a versatile supplement that can extend its biological functionality to 

synthetic grafts. Embedding decellularized extracellular matrix (dECM) into synthetic polymers 

offers a promising strategy to enhance cellular response to synthetic materials, mitigate physical 

and mechanical limitations of dECMs, and improve clinical utility of synthetic bone grafts. 

Enriched with dECM biochemical cues, synthetic polymers can be readily fabricated into complex 

biocomposite grafts that mimic bone structure and stimulate endogenous cells to regenerate bone. 

In this study, cell-derived dECMs from osteoblast and endothelial cells were incorporated into 

polycaprolactone (PCL) solutions for electrospinning dual-layer nanofibrous scaffolds with 

osteogenic and vascular cues. The study examined the bioactivity of dECM scaffolds in osteoblast 

cultures for cell number, mineral deposits, and osteogenic markers, as well as regeneration of 

cortical bone defect in a rat femur. Scaffolds with osteoblast dECM had a significantly robust 

osteoblast proliferation, Alizarin Red staining/concentration, and osteopontin-positive extracellular 

deposits. Implanted scaffolds increased bone growth in femoral defects, and constructs with both 

osteogenic and vascular cues significantly improved cortical width. These findings demonstrate 
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the potential to fabricate tailored biomimetic grafts with dECM cues and fibrous architecture for 

bone applications.
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1. INTRODUCTION

Regeneration of large bone defects poses a major orthopedic challenge. Extensive bone loss 

and the concurrent damage to surrounding soft tissues disrupt vasculature, alter tissue 

differentiation, and hinder graft integration with the host tissue. Bone unions fail to form in 

approximately 10% of long bone fractures and 25–40% of vertebral fusion procedures. 

[1,2,3] Autologous bone grafting is an effective standard treatment for bone defect 

reconstruction, but the insufficient availability of a grafting material, donor-site morbidity 

along with infection risks render this procedure unsuitable in many cases. [4,5] These 

limitations have prompted the development of bone graft substitutes that mimic bone’s 

native composition and architecture and augment its ability to repair.

The higher success rate of autografts suggest that mimicry of anabolic bone with osteogenic 

cells grown on an osteoconductive extracellular matrix (ECM) may generate an efficacious 

bone graft. [6] ECM, a three-dimensional network of protein and polysaccharides embedded 

in calcium phosphate minerals, constitutes a large portion of bone microenvironment and a 

substrate for tissue growth. [7] ECM has an inherent multitude of morphological and 

structural cues that regulate cells adhesion, gene expression, and differentiation. [8,9] Grafts 

that recapitulate the native bone ECM may be able to guide bone formation with their 

biochemical signals. Decellularizaton of cell cultures can isolate a broad spectrum of 

morphological cues that mimic native microenvironment. Decellularized ECM (dECM) 

retains some of its biochemical complexity, and it exceeds bioactivity of synthetic polymers. 

[10,11,12,13] Cell-derived dECMs offer flexibility in composition of biological grafts by 

allowing for combination of dECMs from several cultures to mimic the heterogeneous bone 

ECM. [14] However, dECMs from homogenous cultures were predominantly evaluated for 

bone application thus far. [1,15,16,17,18,19]

The mechanical properties of the homogenized dECM hydrogels or powders are insufficient 

to support regeneration of the hard bone. [20,21] Synthetic bone graft substitutes made from 

biodegradable and biocompatible materials (ie. polycaprolactone (PCL)) can match the 

mechanical demands for many orthopedic applications [22]. However, they are void of 

osteogenic signals which are critical for regeneration of large defects [23]; thus, their 

effectiveness has proven highly variable. [24] Combining dECM with synthetic biomaterials 

may remedy the limitations of these materials by tailoring the graft’s physical properties 

using versatile biofabrication techniques and displaying bioactive cues on its surface. [9,25]

Electrospinning is a nanofiber production process used in a variety of applications ranging 

from textiles, thermal insulators, fuel cells, filtration systems, and tissue engineering 
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scaffolds [26,27]. This fabrication method has the potential to replicate the fibrous 

architecture of the bone. [28,29,30]. In bone, type I collagen is arranged in fibrils, a three-

dimensional fibrous mesh confirmed in a regular parallel pattern with a diameter distribution 

between 30 and 80 nm. [31,32] Artificial production of these structures requires processing at 

a nano-scale and various fiber compositions, including polymer-dECM fibers, were 

fabricated using the electrospinning. [33,34,35,36,37,38,39] Polymer-dECM fibers can be 

generated by culturing cells on the electrospun fibers for deposition of ECM on their surface 

and then decellularizing the culture. [35]. An alternate approach is to embed dECM by 

lyophilizing the dECM from cell cultures, and blending the powder with a polymer solution 

for electrospinning.[8,18]

The aim of this study was to combine the manufacturing adaptability of synthetic polymers 

and the biological diversity of cell-derived dECM to fabricate dual-layer bioactive PCL-

dECM nanofibrous scaffolds for bone regeneration. The two-layer scaffolds were fabricated 

by sequential electrospinning PCL solution containing either osteoblast- or endothelial cells 

(EC)-derived dECM. Osteoblasts were selected for their capacity to secrete nascent bone 

ECM components in contrast to undifferentiated MSCs. The evidence of synergistic 

interactions between EC and osteogenic cells in supporting in tandem bone regeneration and 

vascularization in vivo provided the rationale for incorporation of vascular cues from ECs 

into scaffolds. Several studies demonstrated that pre-seeding EC together with osteoblasts/

bone marrow stem cells can improve mechanical properties of graft, increase capillary 

density in the graft, and enhance their bone volume fraction and mineralization. [40,41,42,43] 

Thus, it is likely that ECMs from these two cell types can relay important biological signals 

that guide bone regeneration. Nanofibers with their high surface to volume ratio are ideal for 

presentation of a high amount of ECM cues. Prior studies reported a low dECM content with 

respect to the bulk fiber, ranging from 0.025–1 wt% [8,18,39], while studies with dECM 

content of 10% or greater used animal sources [8,21,44]. The working hypothesis was that 

incorporation of both angiogenic and osteogenic cues into nanofibers would produce 

osteoconductive scaffolds with improved mechanical strength that will stimulate bone 

growth via ECM-mediated signaling. The hypothesis was tested by characterizing scaffolds’ 

physical and biological properties, and evaluating their capacity to enhance osteoblast 

proliferation, alkaline phosphatase (ALP) activity, amount of calcium mineral deposits, and 

osteocalcin (OC) and osteopontin (OPN) markers. In vivo bioactivity was evaluated 6 weeks 

after implantation in a cortical defect of a rat femur by means of histology and 

histomorphometry. This work demonstrates the potential of tissue mimicry approach using 

polymer-dECM nanofibrous scaffolds with dECM tunable composition and the physical 

malleability of synthetic polymers which could be useful in a variety of tissue engineering 

applications.

2. MATERIALS AND METHODS

2.1. Electrospinning PCL and PCL-ECM nanofibers

For PCL fibers, polycaprolactone (PCL, Mw = 80,000, Sigma) pellets were dissolved in 

1,1,1,3,3,3-hexafluoro-2-propanol (HFIP, Oakwood Products) at a 16% (w/v) ratio. For 

PCL-dECM fibers, PCL fibers decorated with cell-derived dECM were removed from 50 
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coverslips, dehydrated with ethanol gradient (70%−100%), and dried in a desiccator 

overnight. The mass of the PCL fibers was measured before and after culture. Dry PCL-

dECM fibers were dissolved in HFIP/Formic acid/DMSO (8:1:1 v/v) to obtain solutions that 

were 16% PCL (w/v) and 10% dECM (w/w). For PCL-collagen fibers, rat tail collagen 

(C7661, Sigma) was dissolved in HFIP to obtain a 10% collagen (w/w) and 16% (w/v) PCL 

solution. The solutions were loaded into a 5mL syringe with a 20G blunt stainless steel 

needle and delivered at a flow rate of 0.25 mL/h using a medical syringe pump. To induce 

fiber formation, high voltage source was set to 10–12 kV. Fibers were collected on 18 mm 

glass coverslips placed on an aluminum foil wrapped collector kept at a distance of 10 cm 

from the needle tip. Electrospinning parameters are summarized in Table 1.

Nanofibrous scaffolds were composed of two connected fiber layers (EC dECM and/or osteo 

dECM fibers) through sequential electrospinning of above solutions. Five groups of 

scaffolds were fabricated in the following configurations: (1) osteo dECM fibers (top layer) 

and EC dECM fibers (bottom layer) (EO), (2) PCL fibers (top layer) and EC dECM fibers 

(bottom layer) (ENDO), (3) osteo dECM fibers (top layer) and PCL fibers (bottom layer) 

(OST), (4) PCL fibers (top and bottom layers) (PCL), and (5) PCL/collagen fibers (top 

layer) and PCL fibers (bottom layer) (COL). A schematic representation of the scaffold 

fabrication procedure is presented in Figure 1.

2.2. Preparation and decellularization of cell-derived ECM from Osteoblasts and ECs.

Primary rat osteoblasts (Cell Applications, San Diego, CA) were subcultured in α-Minimal 

Essential Medium supplemented with penicillin (50 U/ml), streptomycin (50 μg/ml) (Gibco), 

and 10% fetal bovine serum (ATCC) and maintained at 37°C in a humidified atmosphere of 

5% CO2 and 95% air. Primary rat endothelial cells (ECs, Cell Applications, San Diego, CA) 

were cultured in a supplemented endothelial cell medium without phenol red according to 

manufacturer’s instructions. Prior to seeding, PCL scaffolds were disinfected for 2h in 70% 

ethanol and washed three times in phosphate buffered saline (PBS, ThermoFisher). 

Osteoblasts and ECs were seeded onto PCL scaffolds at a density of 105 cells/scaffold and 

cultured for 28 days to allow for secretion of ECM. Culture media was changed every other 

day. Fibrous constructs from cell cultures with deposited ECM were decellularized 

according to a previously published protocol after 28 days. [45] Briefly, cultured fibers were 

washed with PBS three times and placed in a 5 mM phosphate-buffered 68.5 mM sodium 

solution (½ PBS) containing 125 mM3-(Decyldimethylammonio)-propane-sulfonate 

(SB-10) overnight at 4°C under gentle agitation. Afterwards, constructs were washed three 

times in PBS and placed in ½ PBS solution containing 0.14% sodium deoxycholate and 

0.6mM 3-(N,N-Dimethylpalmitylammonio) propanesulfonate (SB-16) overnight at 4 °C 

under gentle agitation. This process was repeated two times. Decellularized constructs were 

stored in PBS at 4°C.

2.3. Assessment of the DNA and protein content of decellularized ECM scaffolds

Decellularized PCL fibers decorated with dECM were stained with 0.05 % Methylene Blue 

solution (MB, Sigma) for 20 minutes for DNA detection. [46] Coomassie Blue R250 (CB, 

Bio-Rad) staining for 1h was used for protein detection. [47] Afterwards, the samples were 

washed in PBS until nonspecific binding was eliminated. The images were captured using a 
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Nikon T100 Stereomicroscope. The DNA and protein content was quantified using Quant-

iT™ PicoGreen dsDNA (ThermoFisher) [48] and Bicinchoninic acid (BCA) (ThermoFisher) 

assays [48,49], respectively. Assays were performed according to manufacturer’s instructions 

with some modifications. Fibers with decellularized dECM were detached from coverslips, 

placed in a 15 mL tube containing 4 mL of working solution for each assay, and vortexed for 

1 minute. For BCA, samples were incubated at 37°C for 30 minutes, and the absorbance was 

measured at 562 nm wavelength. For Quant-iT™, samples were incubated at room 

temperature for 5 minutes, and fluorescence was measured at 485/530 nm (ex./em.). PCL 

scaffolds without dECM were used as controls. Standard curves were generated for each test 

and used to determine DNA and protein amounts. Five samples were tested for each 

condition.

2.4. Scanning Electron Microscopy (SEM)

Characterization of electrospun fibers was performed using Auriga FE-SEM (Zeiss, 

Germany). Samples were sputter-coated with gold and imaged at several magnifications 

using an accelerating voltage of 5 kV. Average fiber diameter and fiber diameter distribution 

were determined by measuring at least 100 individual fibers from at least 5 different images 

using ImageJ software (ImageJ 1.49, National Institutes of Health, USA). Average pore size 

and pore size distribution were determined by thresholding and Analyze Particles module in 

ImageJ. To examine morphological changes of osteoblasts and ECs after attachment to 

fibers, scaffolds were removed from culture media 24h after seeding, washed three times 

with PBS, and fixed with 4% paraformaldehyde solution for 30 mins. Scaffolds were 

dehydrated in ethanol gradient, dried in a desiccator overnight, sputter-coated with gold, and 

examined under the SEM operated at 3kV.

2.5. Porosity

For porosity (θ) measurements, scaffolds were cut into ten 2cm2 samples and measured by 

the liquid intrusion method. [50] After recording dry weight of samples, they were immersed 

in pure ethanol solution overnight. Densities of pure ethanol (ρETOH), 0.789 g mL−1, and 

PCL (ρPCL), 1.45 g cm3, were used in subsequent calculations. Surface of samples was 

blotted dry and their mass was recorded to determine the amount of ethanol present within 

the sample. The porosity was calculated as follows:

θ = VETOH/ VETOH + VPCL (1)

VETHis the volume of intruded ethanol derived from the ratio between the observed change 

in mass after intrusion and ρETOH. VPCL denotes the volume of PCL fibers derived from a 

mass of a dry sample and ρPCL.

2.6. Mechanical tensile testing

Mechanical properties of scaffolds were measured under uniaxial tensile testing using an 

Advanced Rheometric Expansion System, ARES, rheometer (TA Instruments, New Castle, 

DE) with a normal force transducer range of 2–2000 gf with 0.01% accuracy. Eight 

rectangular test specimens for each condition were prepared with a length of 50 mm, width 

of 5 mm. To minimize crack formation, the two ends of the specimens were sandwiched in 
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between molten sheets of PCL and clamped within fixtures. A schematic illustration is 

shown in Fig. S1. The initial length was recorded after loading of the specimen. A constant 

displacement rate of 10 mm/min was applied. Experimental data was collected and 

processed using TA Orchestrator software. The Young’s modulus was calculated from the 

slope of the initial linear strain region of the stress-strain curve. Toughness (work to fracture) 

was measured as the area under the stress-strain curve from initial strain until fracture. 

Ultimate tensile strength was obtained from the stress-strain curves. Scaffold thickness was 

measured using SEM by mounting samples onto a 90 degree SEM mount. Three different 

scaffolds were used from each condition and 10 separate measurements were made for each 

sample.

2.7. Osteoblast proliferation on PCL-dECM scaffolds

Osteoblasts were expanded and seeded as stated above. After 24 hours of culture, the growth 

media was replaced with the osteogenic medium (αMEM supplemented with 0.1 μM 

dexamethasone, 0.05 mM ascorbic acid, and 10 mM glycerophosphate) (all from Sigma-

Millipore). CellTiter 96® AQueous Non-Radioactive Cell Proliferation Assay (MTS) 

(Promega) was used to assess proliferation at days 7, 14, 21, and 28 of cultures. The assay 

was performed according to manufacturer’s protocol. Five samples for each condition were 

used. Absorbance was measured at 490 nm after 2 h incubation using a microtiter plate 

reader (Synergy™ HT, BioTek Instruments, Inc.). Tissue culture plate (TCP) condition was 

used as a reference material/surface for evaluation of the effects of scaffolds on osteoblast 

growth characteristics, ALP activity, and mineral deposition. [51,52,53]

2.8. Alkaline Phosphatase (ALP) assay

ALP activity was measured in osteoblast cultures using a colorimetric ALP assay kit 

(Abcam, ab83369) according to the manufacturer’s instructions. Briefly, samples were 

washed in cold PBS and lysed using 1 mL of assay buffer. Scaffolds were removed from 

coverslips, transferred to a 1.5 mL centrifuge tube with the cell lysate, and vortexed for 30 

secs. Extracts were centrifuged at 13.5g for 15 min at 4 °C. Ten microliters of protein 

solution was added to 120 μL of working solution in a 96-well plate and incubated for 1h at 

37°C. The reaction was halted by adding 20 μL of stop solution. The absorbance was 

measured at 405 nm. The p-nitrophenol concentration in samples was measured, correlated 

to standard concentrations, and normalized to the cell number (U/ml/cell). Five samples 

from each group were tested at each time point. TCP condition was used as a reference 

material for determining the effects of scaffolds on ALP activity [51,52].

2.9. Alizarin Red S (ARS) staining and quantification

Osteoblasts were stained with ARS for calcium deposits after 28 days of culture. Samples 

were rinsed with PBS, fixed in 4% paraformaldehyde solution for 30 min, and stained for 30 

min with 2 mL of 40 mM ARS (Millipore, TMS-008-C) (pH=4.2) under gentle shaking. 

ARS was aspirated and wells were washed 5 times with H2O for 5 mins to remove 

nonspecific staining. Red calcium deposits were captured using a Nikon T100 

Stereomicroscope. TCP condition was used as a reference material/surface for evaluation of 

the effects of scaffolds on osteoblast mineral deposition. [51,52] For ARS staining 

quantification, dried samples were transferred into 1.5 mL centrifuge tubes and destained in 
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1 ml of 10% (w/v) cetylpyridinium chloride (CPC) 10mM sodium phosphate solution 

overnight at room temperature. The absorbance of samples measured at 562 nm. Sample 

concentration was determined by correlating measurements with a standard curve generated 

by serial dilution of ARS in CPC solution.

2.10. Immunostaining for OC and OPN

At day 28 of culture, osteoblast cultures were stained for bone mineralization markers, OC 

and OPN. Scaffolds were rinsed with PBS, fixed for 30 min in 4% paraformaldehyde 

solution, and permeabilized in 0.1% Triton X-100 in PBS for 20 mins under gentle agitation. 

Samples were blocked for 1 h in PBS containing 1% BSA. Blocking solution was used for 

all subsequent antibody incubations and washes. Samples were incubated in primary 

antibody solutions for OPN (Abcam, ab8448), or OC (ThermoFisher, MA1–82975) at 

dilutions 1:1000 and 1:500, respectively, overnight under gentle agitation at 4°C. After 

rinsing in the blocking solution three times for 10 minutes, secondary antibodies, Alexa 

Flour™ 488 and 594 (ThermoFisher, A11008 and A11005, respectively) were added at a 

1:2000 dilution and incubated for 30 min at RT. After six washes, samples were mounted 

using Fluoroshield with DAPI (Sigma), observed using a fluorescence microscope (BZ-

X710, Keyence) with the image software BZ-H3 (Keyence).

2.11. Cortical Bone Injury

A rat femoral cortical bone defect model was used to evaluate the regenerative capacity of 

PCL-dECM nanofibrous scaffolds in vivo. All animal procedures followed protocols 

approved by the Stevens Institute of Technology Institutional Animal Care and Use 

Committee and the NIH Guide for the Care and Use of Laboratory Animals. Adult male 

Sprague-Dawley rats (500g, male, Charles River Laboratories, Inc. Wilmington, MA) were 

anesthetized by inhalation of isoflurane using a VetEquip anesthesia system (VetEquipInc, 

Pleasanton, CA). The concentration of isoflurane was controlled at 2.0–3.0% and adjusted as 

needed to keep animals sedated with smooth breathing. A right hind leg was shaved and 

Betadine (West Chemicals Inc, Long Island, NY) was applied onto exposed skin. A 15-mm 

incision was made along the femoral axis. Fascia connecting biceps femoris and vastus 

lateralis was cut, the surrounding muscles were moved aside with blunt instruments, and the 

anterior femur was exposed using periosteal elevator. The initial hole was drilled on the 

distal side of the lesser trochanter of the femur with a 3-mm flat burr through the cortex into 

medullary cavity using a dental drill (RAM Rampower 35 Control Box with Tech2000 

Handpiece, RAM Products, Inc., Dayton, NJ). A 5-mm flat burr was used to enlarge the 

defect. Sterile PBS was continuously sprayed into the defect to rinse the bone chips away 

and to minimize tissue damage. Each rat received a defect in the right femur. Eight defects 

per experimental group were available for analysis. Six groups of eight rats per group were 

assigned: (1) control, defects unfilled; defects covered with (2) PCL scaffolds; (3) COL 

scaffolds; (4) ENDO scaffolds; (5) OST scaffolds; and (6) EO scaffolds. Premade and 

disinfected rectangular scaffolds (10 mm length, 20 mm width) were rinsed with PBS and 

rolled over the defects. Fig. S2 shows a representative image of the implanted scaffold over a 

defect. Muscles were sutured using a continuous 5–0 suture. Skin wounds were closed with 

4–0 vicryl discontinuous sutures. Following surgery, rats received subcutaneous injections of 

analgesic and were allowed to ambulate freely.
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2.12. Histology and Histomorphometry

Animals from each group were sacrificed 6 weeks post-surgery. Femurs were dissected and 

fixed in 10% Neutral Buffered Formalin (Sigma) overnight. Tissue samples were decalcified 

in 10% EDTA/PBS solution, and dried in an ethanol series. Samples were embedded in a 

Technovit 7100 resin according to manufacturer’s instructions. Samples were cut into 5–

7μm thick longitudinal sections using a rotary microtome (Microm HM 360, Thermo 

Scientific) and mounted on Superfrost-plus slides (Fisher). For each sample, a total of 15 

sections were cut across the injured area. Sections were stained with hematoxylin and eosin 

(H&E), Masson’s Trichrome (MTC) and von Kossa (VK) stains.

Before each staining procedure, slides were immersed three times in xylenes solution for 5 

minutes, followed by a series of ethanol washes to hydrate the slides: three times in 100% 

ethanol for 5 minutes, one time in 95% ethanol for 5 minutes, and 80% ethanol solution for 

5 minutes, and in distilled water for 5 minutes. After staining, sections were dehydrated with 

two washes of 95% alcohol, two washes in absolute alcohol. All samples were clear in two 

washes of xylenes and mounted in Permount™ Mounting Medium (Electron Microscopy 

Sciences (EMS), #17986–01). For H&E staining [54], sections were immersed in Harris 

Hematoxylin solution (Sigma, HHS32) for 5 minutes and rinsed in deionized water for 5 

minutes. Samples were quickly dipped three times into differentiation solution (Sigma, 

A3179) and rinsed in distilled water for 5 minutes. Samples were immersed in 1X Scott’s 

Tap Water Substitute (Sigma, S5134) for 1 minute and later in 95% ethanol for 30 seconds. 

Sections were stained in Eosin Y Solution (Sigma, HT1101) for 1 minute. For MTC staining 

[55], slides were mordanted in preheated Bouin’s Solution (EMS, 26367–01) for 1 hour at 

56°C. After cooling, slides were rinsed in running tap water until yellow color was removed 

from sections. Slides were stained with a working Weigert’s Iron Hematoxylin Solution 

(mix equal parts of Weigert’s Iron Hematoxylin A (EMS, 2636702) and Weigert’s Iron 

Hematoxylin B (EMS, 26367–03)) for 5 minutes and rinsed in distilled water. Samples were 

then stained in Biebrich Scarlet-Acid Fuchsin (EMS, 26367–04) for 15 minutes, followed by 

rinse in distilled water. Slides were immersed in Phosphomolybdic Acid-Phosphotungstic 

Acid (EMS, 26367–05) for 15 minutes and stained in Aniline Blue Solution (EMS, 26367–

06) for 10 to 20 minutes. Sections were differentiated in Acetic Acid, 1% (EMS, 26367–07) 

for 3 to 5 minutes. For VK staining [56], sections were incubated in 1% silver nitrate 

solution (Sigma, 209139) under a 100 watt light bulb for 4 hours. Samples were rinsed in 

distilled water. Un-reacted silver was removed with 5% sodium thiosulfate (Sigma, 563188) 

for 5 minutes and followed by rinse in distilled water. Samples were counterstained with 

nuclear fast red (Sigma, 1.15939) for 5 minutes and rinsed in distilled water. Samples were 

imaged using brightfield settings (BZ-X710, Keyence). Bone histomorphometry was 

performed on sections using ImageJ software. Primary histomorphometry measurements 

taken were: area of bone formation per unit area, total perimeter of new bone formation per 

unit area, and cortical width. For each measurement, the images of 8 sections were used.

2.13. Statistical Analysis

Quantitative data is presented as sample mean ± standard deviation. The statistical 

significance was calculated using a one-way ANOVA in GraphPad Prism 6, and confirmed 
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with Tukey post-hoc test. A confidence interval of p < 0.05 was considered statistically 

significant.

3. RESULTS

3.1. Electrospun PCL and PCL-ECM nanofibers

The designation of top/bottom layers for in vitro experiments was made with consideration 

for in vivo implantation experiments. The study was designed with the hypothesis that the 

top layer (facing away from the femur) would aid in bone formation through osteogenic cues 

in osteoblast dECM. This layer (OST) was expected to be exposed to osteoblasts and bone 

lining cells in the periosteum, and that the osteogenic cues embedded in it, would facilitate 

osteoblast migration and closing of the defect via bone formation. In contrast, exposing 

endothelial dECM (as in ENDO/PCL) could have caused proliferation of fibroblasts, hinder 

formation of the bone around the defect, and result in fibrosis, since osteogenic cues would 

be absent in the top layer. The bottom layer (facing towards the surface of the bone) was 

meant to aid vascularization and indirectly enhance bone formation and through vascular 

cues in endothelial dECM. [57] The bottom layer was expected to be in contact with BMSCs, 

other osteoprogenitors as well as endothelial cells in the bone marrow. Positioning the layer 

with endothelial dECM would minimize its exposure to fibroblasts.

For in vitro experiments, the objective was to test the effectiveness of EO scaffold (OST/

ENDO) in terms of bone formation and osteoblasts were cultured to this end. Due to tissue 

specificity, it was expected that osteoblasts would respond favorably to OST dECM; thus, in 

order to maximally expose osteoblasts to the layer with osteoblast dECM, osteoblasts were 

directly seeded onto OST layer (top layer). In a hypothetical ENDO/OST combination, 

osteoblasts would not be maximally exposed to osteogenic cues in the osteoblast dECM in 

the OST layer, since it would be partially masked by the ENDO layer. It was anticipated that 

osteoblasts would respond less favorably to the ENDO layer in ENDO/OST due to the tissue 

specificity. Therefore, this combination was excluded from the experimental design.

To control for any effects from release of dECM factors from the fibers in the bottom layer, 

the orientation of the fibers with respect to top/bottom was maintained and specific layers 

were substituted with PCL layer, which did not contain any cues. To control for the effect of 

osteoblast dECM in EO, the OST layer was substituted with the PCL and the ENDO layer 

remained underneath (PCL/ENDO). Conversely, to control for the release of any factors 

from endothelial dECM, the ENDO layer in EO was substituted with the PCL layer and the 

OST layer remained on top of the PCL layer (OST/PCL).

3.2. DNA and protein content evaluation of dECMs

The DNA and protein content determine effectiveness of decellularization. For qualitative 

assessment, decellularized EC and osteoblast cultures were stained with MB and CB. PCL 

fibers without any dECM were used as controls (Fig. S3A and D, respectively). MB staining 

(Fig. S3B and C, respectively) revealed small discernable structures. CB staining of EC 

cultures (Fig. S3E) had protein aggregates organized into extensive networks signifying 

tubulogenesis. CB stained osteoblast cultures (Fig. S3F) revealed scattered protein 
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aggregates that did not form any discernible structures. DNA content in EC and osteoblast 

cultures (Fig. S3G) was 16.63±5.97 and 12.64±4.84ng DNA/mg scaffold, respectively. 

There was a significant difference (P<0.0001) in protein content between EC and osteoblast 

cultures with 0.685±0.132mg and 3.252±0.072mg, respectively (Fig. S3H).

3.3. Fiber Morphology and Porosity

Fiber diameter decreased with the addition of dECM into the polymer solution, Fig. 2A–D. 

The mean fiber diameter for PCL fibers (Fig. 2I) was 1.109±0.215 μm and ranged from 

0.564μm to 1.901μm. Fibers with embedded dECM had a significantly reduced fiber 

diameter, 0.468± 0.127μm for COL fibers, 0.123±0.056μm for ENDO fibers, and 

0.118±0.047μm for OST fibers. Fig. 2E–H shows the fiber diameter distribution for each 

condition. For COL group fibers ranged from 0.153μm to 1.148μm. Addition of globular 

protein in dECM reduced the propensity to form thick fibers with diameter range from 38nm 

to 430nm for ENDO and 47nm to 368 nm for OST groups. Solutions with dECM also 

formed large beads. The average pore size in the mesh layers was reduced from 0.434±0.618 

μm2 in PCL group to 0.186±0.262μm2 for COL, 0.047± 0.063 μm2 for ENDO, and 

0.034±0.032 μm2 for OST (Fig. S4A–E). However, the porosity of the scaffolds did not 

significantly change with the addition ofdECM to the polymer solution. Porosities (Fig. 2J) 

were calculated as follows: 87.99± 2.34% for PCL fibers, 88.01±3.25% for COL, 

88.05±6.11% for ENDO, 83.34± 1.39% for OST, and 82.98± 8.27% for EO.

3.4. Mechanical tensile testing

Scaffold thickness was measured to calculate the cross sectional area and there was no 

statistical difference between ENDO and OST fibers nor between COL and EO fibers (Fig. 

S5). Tensile strength (Fig 3A) for the PCL condition represents the highest stress recorded, 

1.015±0.067 MPa. Unlike other samples, PCL samples did not fracture. In other conditions, 

tensile strength was recorded when one of the layers of the scaffolds ruptured. The tensile 

strength in the COL condition, 11.618±1.837 MPa, indicates that addition of fibrous protein 

into polymeric fibers can enhance their strength. Addition of globular dECM protein in 

ENDO, OST, and EO conditions did not provide such reinforcement. Similar trends could be 

observed in the measurement of Young’s modulus (Fig. 3B) and yield stress (Fig. 3C). 

Embedding globular dECM protein into fibers caused them to rupture more readily than 

PCL and COL fibers as evidenced by an order of magnitude difference in toughness (Fig 

3D).

3.5 In Vitro cell responses to PCL-dECM fibers

3.5.1 Osteoblast and EC attachment—Bioactivity of PCL-dECM fibers can be 

evidenced in attachment characteristics of cells. Fig. 4 A–E shows morphology change in 

ECs upon attachment to different fiber surfaces. In Fig. 4A and C, where the top layer is 

PCL fibers, ECs attach mainly at the fiber junctions and retain a rounded morphology. ECs 

spread on fibers with embedded dECM, (Fig 4B, D, E). In EO condition, fewer cells are 

rounded than in the other two conditions, indicating that the bottom layer with embedded EC 

dECM might have been sensed by cells. Osteoblasts showed phenotypic change, Fig. 4 F–J. 

In PCL, COL, and ENDO conditions, osteoblasts had a bone-lining phenotype, Fig. 4F–H. 
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In OST and EO conditions, with osteoblast dECM embedded in the top layer, their 

morphology became cuboidal, Fig. 4I–J.

3.5.2 Proliferation—Fig. 4K shows proliferation of rat osteoblasts on fibrous scaffolds 

in differentiation media. The difference between TCP and fiber cultures could be attributed 

to greater surface area available for cell attachment. In the first two weeks of culture, there 

was no statistical difference in growth between groups. At day 21, there was a significant 

difference in cell number values between PCL (p<0.01) and COL (p<0.001) scaffolds and 

ENDO, OST, and EO scaffolds. Cell number values for PCL and COL scaffolds were 

1.634±0.122 ×106 and 1.482±0.129×106 cells, respectively. Cell number values for ENDO, 

OST, and EO were 1.846±0.194×106, 1.883±0.256×106, and 1.928±0.066×106 cells, 

respectively. This suggests that embedding dECM protein in the polymeric fibers enhanced 

their proliferation and that this effect may take up to 21 days. At day 28, the modest increase 

in absorbance values in ENDO, OST, and EO groups indicates that cultures might have 

reached their growth plateau.

3.5.3 ALP—On Day 14, osteoblasts grown on ENDO scaffolds had a significantly higher 

ALP activity (p<0.001) than other scaffolds with embedded dECM, Fig. 4L. After 21 days, 

ALP activity in PCL, ENDO, and TCP condition remained significantly higher than COL, 

OST, and EO conditions. The corresponding values for ALP activity for cultures on these 

scaffolds were, 6.295±0.326×10−6, 4.780±0.347×10−6, 5.288±0.582×10−6, 

2.438±1.864×10−6, 3.826±1.236×10−6, and 7.407±0.878×10−6 U/ml/cell for PCL, COL, 

ENDO, OST, EO, and TCP, respectively. At day 28, ALP activity in COL and dECM groups 

was lower than in PCL and TCP groups. Based on these results, embedding of dECM did 

not translate into higher activation of ALP enzyme.

3.5.4 ARS Staining and Quantification—Osteoblast cultures were stained with 

ARSto compare mineralization levels after 28 days of culture, Fig. 5. In TCP condition, 

stained nodules were grouped in the center of the culture well, Fig. 5F. In PCL (Fig. 5A,G), 

COL (Fig. 5B,H), and ENDO (Fig. 5C,I) groups, similar levels of staining were observed 

with about half of the scaffold stained pink-red color. OST and EO conditions, Fig. 5D,J and 

E,K respectively, had pronounced dark red staining, with OST scaffold entirely covered in 

dark red stain. Quantification, Fig. 5L, confirmed that OST scaffold had a significantly 

greater ARS concentration, 1.400±0.604mM compared to other conditions, and no 

significant difference between other conditions.

3.5.5 OC and OPN—To confirm results from ARS experiments, cultures were stained 

with OC and OPN mineralization markers after 28 days, Fig. 6. The presence of 

extracellular OPN was pronounced in OST group (Fig. 6N, P, X) and to a lesser extent in 

COL culture (Fig. 6F, H, V). In PCL (Fig. 6B, D,U) condition, OPN was secretedthroughout 

the culture in select regions. In ENDO (Fig. 6J, L,W) and EO (Fig. 6R,T,Y), both conditions 

with EC dECM, OPN was localized mostly intracellularly. OC staining did not provide a 

clear indication of a difference in secretion levels between PCL (Fig. 6C), COL (Fig. 6G), 

OST (Fig. 6O), or EO (Fig. 6S) conditions. ENDO condition (Fig. 6K) appeared to have the 
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fewest cells stained positively for OC. DAPI staining (Fig. 6A,E,I,M, Q) was used to 

distinguish intracellular and extracellular deposits.

3.6 Histology and Histomorphometry

The histology of femur sections revealed all defects healed to varying degrees, Fig. 7A–F 

and Fig. S6. Scaffolds did not rupture under shear stress from the muscle, but some were 

enveloped and displaced by the muscle. The regenerated bone area as a ratio of the total 

defect area (Fig. 7G) in experimental groups regardless of the fiber composition was a 

significantly greater (p<0.01) than in the control group. In defect group, the ratio of area of 

newly formed bone to total area of defect was0.296±0.070,and in PCL, COL, ENDO, and 

OST groups the ratios were 0.468±0.060, 0.465±0.059, 0.454±0.058, and 0.451±0.093, 

respectively. In EO condition, the ratio was 0.474±0.080, (p<0.001). There was no 

significant difference in the perimeter of the newly formed bone tissue among groups (Fig. 

7H). However, the cortical width at the center of a defect (Fig. 7C) was a significantly 

greater (p<0.0001) in EO condition, 301.95±76.27μm,compared to other groups, 

186.20±55.21μm (Defect), 174.95 ± 29.22 μm (PCL), 147.06 ± 31.65 μm (COL), 

162.21±34.73 μm (ENDO), 154.60±52.33 μm (OST).

4. DISCUSSION

Embedding dECM into polymeric nanofibers presents a strategy for mimicry of the bone 

microenvironment by biosynthetic grafts. The dECM contains a tissue-specific array of 

bioactive protein, carbohydrates, and their genetic variants that is difficult to replicate with 

sequential surface modifications. [58,59] The approach presented here allows for inclusion of 

less known components of bone ECM and optimization of the fiber composition by 

combining multiple dECMs. Fibers also provide contact guidance cues to orient cells, and 

their high surface to volume ratio regulates presentation, release, and degradation of dECM.

The goal of this study was to fabricate bioactive nanofibrous PCL-dECM scaffolds with 

embedded osteogenic and vascular cues for regeneration of large bone defects. To present 

cell-derived dECMs from primary rat osteoblasts and ECs on the surface of fibers, PCL-

dECM solutions were sequentially electrospun as two connected layers. The scaffold design 

aimed to enhance bone formation on the top surface of the scaffold and increase 

vascularization in the inner part of the defect. The purpose of embedding dECMs was to 

functionalize PCL fibers with protein epitopes, not necessarily the entire protein. A protein 

may not retain its entire tertiary and quaternary structure after it has been removed from of 

its aqueous environment and placed in an organic solvent, such as HFIP. However, some of 

the protein functional epitopes remained exposed after embedding, provided a diverse source 

of chemical and biological signals to the attached cells, and bound growth factors released 

during clotting. Moreover, as the polymer degraded and more of the protein became 

exposed, more epitope signals were revealed and some protein were released into the 

microenvironment. We predicted that the scaffold with these osteoconductive and vascular 

stimuli would enhance bone growth. To verify this, scaffolds were evaluated in vitro and 

showed enhanced osteoblast proliferation and mineralized matrix deposition. To assess the 

validity of our approach in vivo, scaffolds were implanted in a rat cortical bone defect.
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PCL-dECM scaffolds overcome a drawback of synthetic scaffolds by providing crucial 

morphogenic cues on their surface. Histomorphology indicated that physical guidance cues 

provided by fibers may aid in formation of the nascent bone by serving as a migratory bridge 

for osteoblasts and stem cells. Similar mechanism underlies the concept of Masquelet 

technique that takes advantage ofa biomembrane encapsulating a cement spacer [60]. 

Scaffolds also blocked infiltration of other endogenous cells into the defect and prevented 

pseudoarthrosis. The embedded protein did not elicit an immune response or fibrosis, 

although some scaffolds were displaced by a growing surrounding tissue.

Similarly, studies by other groups demonstrated the effectiveness of dECMs for 

enhancement of bone regeneration. Scaffolds prepared from dECM of porcine cancellous 

bone increased expression of OC and OPN and supported MSC differentiation in vitro. In 

the rabbit femoral condyle defect model, dECM scaffolds with low stiffness had 

significantly increased deposition of ECM and mature bone matrix. Moreover, low stiffness 

dECM scaffolds had significantly reduced fiber capsule thicknesses, a gap between bone and 

a scaffold, attenuated in vivo inflammatory response, and increased the number of vascular 

structures compared to the control group. [61] In another study, adipose tissue dECM 

hydrogel implanted into mouse critical-sized femoral defects resulted in significantly 

increased expression of collagen and osteopontin, bone volume, bone area, and overall 

amount of regenerated tissue after 6 weeks relative to the untreated group. [62] Likewise, 

dECM scaffolds derived from small intestinal submucosa had increased bone formation ratio 

and bone mineral ratio 4 and 8 weeks post-implantation into mouse calvarial defects. [63]

Other groups produced polymer-dECM fibers for bone regeneration and evaluated these 

constructs in vitro. Coating polymeric fibers with ECMs by directly culturing cells on fibers 

[36,37] constrains the available surface for dECM deposition and the final amount of isolated 

dECM. It also renders dECM prone to degradation after implantation. Embedding tissue-

derived dECM nanoparticles into PCL fibers can be an efficient method for composite fiber 

production, but protein of animal origin introduce a risk of immune response and an inherent 

composition variability that is difficult to control. [8] Cell-derived dECMs from co-cultures 

might result in limited or altered dECMs from one or both phenotypes [18]. Here, separate 

cultures bypass mixing of media as VEGF supplement in EC media may alter osteoblast and 

undifferentiated MSCs phenotype. Primary osteoblasts were chosen as they are more prone 

to releasing nascent bone ECM components than undifferentiated MSCs.

The discrepancy between in vitro and in vivo results indicates that cooperation between 

different cell phenotypes in vivo introduces extraneous factors that need to be considered 

when evaluating bone scaffolds. Similarly to other in vitro studies, tissue specificity of the 

dECM was evident. [18,21] Osteoblast proliferation, mineralization, and OPN secretion were 

mostly enhanced in OST group despite an identical top layer in EO group. Differences in 

attachment phenotype and mineralization between OST and EO groups indicate that the 

surface of fibers degraded and released embedded EC dECM factors from the bottom layer 

not in contact with the cells. ECs have been shown to inhibit or delay bone calcification in 
vitro. [64] However, released EC protein may not contribute to osteoblast mineralization in 
vitro, but may indirectly stimulate other cells to contribute to this process by supporting 

osteoblast maturation. This could account for the differences in cortical width in vivo. EC 
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dECM contains collagen type IV, laminin isoforms, heparan sulfate sulfate proteoglycans 

(perlecan and agrin), and nidogens. [65] Exposed epitopes of these protein and carbohydrates 

can provide direct signaling via integrin binding to osteoblasts, BMSCs, osteoprogenitors. 

For example, laminins, a major component of endothelial ECM transducing signals that 

control cell migration, survival, proliferation, and differentiation. In response to this 

signaling, these osteogenic cells can proliferate, differentiate, or secrete a series of growth 

factors to stimulate vascularization (vascular endothelial growth factor, VEGF) and 

migration into the defect (transforming growth factor beta, TGFβ). In response to this VEGF 

secretion, endothelial progenitor cells can secrete BMPs 2,4 and 7 causing osteoprogenitor 

migration, differentiation, and further increase in VEGF secretion, thus initiating a positive 

feedback loop. [66] Stimulation of endothelial progenitor cells in bone marrow via integrin 

binding can also lead to secretion of other growth factors such as insulin-like growth factor 

(IGF) or TGFβ. [67,68] Equally likely, the increased growth by cells infiltrating the defect in 

EO samples can be attributed to increased affinity to bind growth factors by the exposed 

dECM epitopes. Laminins, heparan sulfate proteoglycans, and multiadhesive glycoprotein 

found in endothelial dECM can sequester the above-mentioned growth factors and 

morphogens with their surface receptors. These growth factors when released during clotting 

can activate proliferation of endothelial cells or differentiation of osteoprogenitors resulting 

in bone formation response. [69]

Differences in proliferation in ENDO, OST, and EO groups appeared after 21 days of culture 

and reached a plateau after 28 days. Cultures on larger constructs over a longer period of 

time may be necessary to elicit similar effects on osteoblasts as observed in vivo 6 weeks 

post-implantation. Conversely, it is possible that insufficient amount of dECM was exposed 

on the fibers to elicit an early measurable difference in proliferation. Despite on-going 

studies, the therapeutic amount of dECM to be embedded into fibers and its composition 

have yet to be determined. Other groups embedded 0.025–10% (w/w) of dECM, but perhaps 

greater concentrations are required to achieve robust bone growth. One of the objectives of 

this study was to present a maximal amount of dECM on the surface of fibers, since high 

polymer concentrations may mask majority of bioactive epitopes. Concentration of PCL was 

gradually increased and parameters were optimized until a solution yielded fibers and 

minimized bead formation.

Solubility of the dECM poses a challenge as charged groups conflict with nonpolar 

polymers. To resolve this, dECMs were dissolved in HFIP/formic acid/DMSO. Although 

HFIP leads to undesirable degradation of protein structures [70,71], the results indicate that 

some bioactivity of dECMs was preserved. Embedded osteoblast dECM in OST and EO 

groups altered morphology of osteoblasts upon attachment to cuboidal phenotype. 

Differences in fiber diameter between groups present a plausible alternative explanation to 

the morphological changes rather than fiber composition. [72] However, in COL group, 

osteoblasts retained the flat bone lining morphology as in PCL group despite differences in 

fiber diameter.

Addition of dECM into PCL solution decreased fiber diameter and reduced average pore 

size in PCL-dECM groups. Embedded collagen and dECM in the fibers increased their 

tensile strength, Young’s modulus, yield stress, and toughness. The comparison of the results 
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between COL and ENDO, OST, and EO samples revealed that the structure of protein has 

influence on the strength of the fibers. Fibrous collagen in COL samples enhanced the 

strength of the fibers likely because individual collagen fibers aligned with the 

polycaprolactone chains as fibers began to form during electrospinning. Amino acid residues 

in collagen could form electrostatic interactions between carboxyl groups in 

polycaprolactone, which would require additional energy (force) to pull these chains apart 

and fracture the sample. Globular protein in dECM did not align with the polycaprolactone 

chains, likely disrupting their alignment in a PCL fibers, and introduced structural defects 

into the molecular structure of a fiber. The increase in mechanical properties in ENDO, OST, 

and EO samples resulted from the additional energy required to separate interactions 

between amino acid residues in dECM that and carboxyl groups in PCL as well as those 

between amino acid residues within that maintained the globular conformation of the 

protein. The additional energy required to “untangle” the globular protein probably 

contributed to the increased strength of the fibers. As a result, EO sample with both layers 

having embedded dECM required more energy to fracture than either OST or ENDO 

sample.

The overall porosity of scaffolds was not affected. In all groups, the calculated porosity was 

greater than 80%, and similar results were previously noted. [50,73,74] However, with the 

average pore size less than 1μm2, cell penetration through the nanofibrous matrix was 

greatly thwarted [75], as evidenced by limited presence of cells within the scaffold after 

implantation. Thus, fibrous scaffolds may be more influential in enhancing the initial cell 

attachment, providing guidance cues, aligning cells and their matrix in a specific orientation, 

and releasing mineralization cues. [9]

Controlling presentation of a specific amount of the dECM on a scaffold surface remains to 

be a challenge. A dose response study can determine the optimal molecular composition and 

the amount of dECM for osteoblast mineralization. There is evidence that a mineralized 

matrix containing greater quantities of calcium and collagen may induce a more robust 

osteogenic response [76]. As one study suggests, amount of mineral deposition may 

correspond in a dose-dependent manner to the protein concentration within dECM. [77] 

Combining multiple dECMs will introduce a subsequent challenge in determining which 

dECM combinations and their respective amounts are therapeutic. Some dECM 

combinations might alter endogenous cells infiltrating the graft towards cartilage formation 

or fibrosis. Not all dECM combinations will be therapeutic [21]. Osteoblast dECM alone 

may not be optimal in heterogeneous bone microenvironment; thus, other dECM 

combinations should be investigated.

The study had some limitations that warrant further investigation. Osteoblast cultures were 

supplemented with an artificial osteogenic cocktail, which may not accurately simulate in 
vivo microenvironment. Given that several cell types regulate bone growth in concert with 

osteoblasts, the osteogenic media may inadequately stimulate osteoblasts or mask secondary 

effects of dECMs. Likewise, exclusion of these cells from osteoblast culture likely 

contributed to the discrepancies with in vivo results. Early and late time-points in the in vivo 
study can provide insights into the healing response of the cortical injury and the initial 

cellular response to the implant.
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To take advantage of this technology and arrive at a clinically relevant construct, future 

studies require optimization to accommodate compressive stresses in segmental defects. This 

may include increasing a number of layers in the scaffold and altering its geometry to 

prevent displacement by the growing tissue. Alignment of polymeric fibers across the defect 

may better guide cells across the gap, increase their migration, and result in secretion of an 

aligned matrix similar to collagen fibrils in the bone. [78]

In summary, the results of this study demonstrate the potential of polymer-dECM scaffolds 

to mimic bone native micro-environment and accelerate bone healing. Embedding dECM 

into polymeric fibers provides a modular platform that can be optimized to enhance 

osteoblast attachment and proliferation, while restricting access of other phenotypes that 

disrupt bone formation during healing process. This study improves material properties of 

synthetic polymers by introducing a novel method of fabrication of biologically responsive 

biomaterials for bone defect regeneration.

5. CONCLUSION

Combination of synthetic polymers and cell-secreted dECMs presents a novel design for 

engineering biosynthetic bone graft that mimic bone microenvironment and augment bone’s 

capacity to regenerate. This study evaluated an efficient method for fabrication of dual-layer 

polymer-dECM scaffolds with embedded osteogenic and vascular cues from osteoblast and 

EC dECMs. Scaffolds were evaluated as a substrate in an osteoblast culture and in a cortical 

bone defect of a rat femur. The study demonstrates changes in mechanical properties upon 

dECM embedding, retention of its bioactivity, and increased cortical bone growth after 

implantation. Scaffolds with embedded osteoblast dECM enhanced osteoblast proliferation 

and mineral deposition in tissue specific manner. However, histomorphological analysis of 

cortical bone sections showed that osteogenic and vascular cues stimulate bone growth to a 

greater extent than either of the cues alone. Main advantages of the biocomposite 

nanofibrous scaffold design are ease of fabrication, malleability of fiber composition, and 

physical guidance provided by fibers that may prove to be critical in healing of an injured 

bone. The results of the study illustrate the potential of nanofibrous polymer-dECM 

scaffolds to aid regeneration of bone defects by presenting dECM cues that recapitulate bone 

ultrastructure. This concept of biomimicry through biocomposite fibers may prove 

advantageous in future tissue engineering designs to produce clinically relevant constructs 

for bone regeneration.
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Highlights

• Decellularized extracellular matrices (dECMs) retain their bioactivity after 

embedding into a synthetic polymer.

• dECM source predicts osteoblast mineralization in vitro in tissue specific 

manner.

• In implanted scaffold with two distinct extracellular matrices, both matrices 

synergistically contribute to cortical bone regeneration.

• The nanofibrous architecture of the scaffold blocks tissue infiltration and 

might serve as a cell migration bridge in bone defects in vivo.
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Fig. 1. 
A schematic representation of the electrospinning fabrication process of nanofibrous dual-

layer scaffolds with embedded decellularized ECM from osteoblasts and endothelial cell 

cultures in fibers.
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Fig. 2. 
Scanning electron microscopy images depicting morphology of electrospun (A) PCL, (B) 

PCL-collagen (COL), (C) PCL-endothelial dECM (ENDO), (D) PCL-osteoblast dECM 

(OST) fibers. Histogram of fiber diameter distribution for (E) PCL, (F) COL, (G) ENDO, 

(H) OST fiber groups. Average fiber diameter (I) of PCL fibers and fibers with embedded 

dECM protein. Percentage of porosity (J) measured for each group in dual-layer scaffolds. 

***P<0.0001. n.s. P>0.05. Scale bar 10μm.
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Fig. 3. 
Mechanical properties of dual-layer PCL-dECM scaffolds after tensile testing. Ultimate 

tensile strength (A), Young’s modulus (B), yield stress (C), and toughness (work to fracture)

(D). *P<0.01. ***P<0.0001. n.s. P>0.05.
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Fig. 4. 
Cell attachment and growth response in vitro to PCL-dECM fibers. Cell morphology 

depicted using scanning electron microscopy of endothelial cells (A-E) and osteoblasts(F-J) 

attached to dual layer PCL (A,F), COL (B,G), ENDO (C,H), OST (D,I), and EO 

(E,J)scaffolds. Cell number of osteoblasts (K) cultured for 7, 14, 21, and 28 days on dual 

layer PCL scaffolds (PCL) with dECM from endothelial cells (ENDO), osteoblasts (OST), 

and osteoblast and endothelial cell dECM in separate layers (EO). Enzymatic activity 

measurement of Alkaline Phosphatase (ALP) secreted by osteoblasts cultured on PCL 

scaffolds with embedded dECM(L) at day 7, 14, 21, and 28. Values are expressed as mean ± 

SD. *P<0.01. **P<0.001. ***P<0.0001. n.s. P>0.05. Scale bar 10 μm.

Junka and Yu Page 26

Mater Sci Eng C Mater Biol Appl. Author manuscript; available in PMC 2021 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. 
Alizarin Red S (ARS) staining of osteoblast calcium mineral deposits (red) after 28 days of 

culture (A-K). Cells were cultured tissue culture plate (TCP, F) and on PCL fibrous scaffolds 

mounted on a coverglass (A,G) as controls. Nanofibrous scaffolds with embedded collagen 

(COL) (B,H), endothelial dECMs (ENDO)(C,I), osteoblasts dECM (OST) (D,J), or 

endothelial/osteoblasts dECM in separate fiber layers (EO) (E,K). Images at lower 

magnification show entire scaffold and the extent of mineralization (A-F).Higher 

magnification show relative areas and intensity of mineral deposit staining on the scaffold 

(G-K). For stereomicroscope images (A-F), scale bar 5 mm. For optical microscope images 

(G-K), scale bar 100 μm. Concentration of ARS abound to calcium mineral deposits 

extracted from Day 28 cultures with cetylpyridinium chloride (U). Values are expressed as 

mean ± SD. *P<0.01. **P<0.001.
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Fig. 6. 
Immunostaining of osteocalcin (OC) and osteopontin (OPN) extracellular deposits secreted 

by osteoblasts cultured on PCL fibers with embedded collagen (COL) (E,F,G,H,V), 

endothelial dECM (ENDO) (I,J,K,L,W), osteoblast dECM (OST) (M,N,O,P,X), and 

endothelial/osteoblast dECM in separate layers (EO) (Q,R,S,T,Y). Osteoblasts cultured on 

PCL scaffolds were stained as controls (A, B, C, D, U). Cells were stained with a nuclear 

stain DAPI (A,E,I,M,Q) (blue), antibodies against OPN (B,F,J,N,R) (green), and antibodies 

against OC (C, G, K, O,S) (red).To identify extracellular and intracellular OPN and OC, 

images were merged (MERGE) (D,H,L,P,T,U,V,W,X,Y). Boxes in D,H,L,P,T indicate 

regions imaged in U,V,W,X,Y, respectively. Scale bar 200 μm.
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Fig. 7. 
Representative histological examination of decalcified femurs 6 weeks postsurgery with 

different treatments: untreated control (A, Defect), dual-layer PCL scaffold (B, PCL), 

scaffold with embedded collagen (C, COL), scaffold with embedded endothelial dECM (D, 

ENDO), scaffold with embedded osteoblast dECM (E, OST), and scaffold with endothelial/

osteoblast dECM (F, EO).Sections were stained with Masson’s Trichrome stain. Lines 

indicate boundaries of defects. # indicates uninjured cortical bone. * indicates regenerate 

bone. + indicates un-degraded scaffold. Histomorphological analysis of femur sections 

showing new bone formation per unit area (G), total perimeter of new bone formation per 

unit area (H), and cortical width (I). For each measurement, the images of 8 sections were 

used. Values are expressed as mean ± SD. *P<0.01. **P<0.001. ***P<0.0001. Scale bar 

1mm.
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Table 1.

Electrospinning parameters

Parameters

Solvent HFIP/FA/DMSO (8:1:1)

Voltage 10–12 kV

Flow rate 0.25 mL/h

Distance 10 cm

Spinning time per layer 10 minutes

Needle Gauge (GA) 20 G
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