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Abstract

Bone morphogenic protein 2 (BMP2) is a key growth factor for bone regeneration, possessing 

FDA approval for orthopedic applications. BMP2 is often required in supratherapeutic doses 

clinically, yielding adverse side effects and substantial treatment costs. Considering the crucial 

role of materials for BMPs delivery and cell osteogenic differentiation, we devote to engineering 

an innovative bone-matrix mimicking niche to improve low dose of BMP2-induced bone 

formation. Our previous work describes a novel technique, named thermally induced nanofiber 

self-agglomeration (TISA), for generating 3D electrospun nanofibrous (NF) polycaprolactone 

(PCL) scaffolds. TISA process could readily blend PCL with PLA, leading to increased osteogenic 

capabilities in vitro, however, these bio-inert synthetic polymers produced limited BMP2-induced 

bone formation in vivo. We therefore hypothesize that functionalization of NF 3D PCL scaffolds 

with bone-like hydroxyapatite (HA) and BMP2 signaling activator phenamil will provide a 

favorable osteogenic niche for bone formation at low doses of BMP2. Compared to PCL-3D 

scaffolds, PCL/HA-3D scaffolds demonstrated synergistically enhanced osteogenic differentiation 

capabilities of C2C12 cells with phenamil. Importantly, in vivo studies showed this synergism was 

able to generate significantly increased new bone in an ectopic mouse model, suggesting PCL/

HA-3D scaffolds act as a favorable synthetic extracellular matrix for bone regeneration.
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1. Introduction

Biomaterials-mediated bone morphogenic proteins (BMPs) delivery for bone graft 

substitutes is a fast-growing strategy for repair of critical sized bone defects [1–3]. Two FDA 

approved growth factors, BMP2 and BMP7, are used in orthopedic applications in clinical 

settings due to their potent ability to induce osteogenesis and bone formation [2]. However 

encouraging the use of BMPs are in bone regeneration, several factors limit the clinical 

effectiveness of BMPs in practice; including high dosage requirement, high associated costs, 

unintended side effects, and other more serious consequences including ectopic bone 

formation and increased cancer risk [4, 5]. Therefore, it is urgent to develop novel strategies 

to address these challenges for BMPs application in bone repair.

With an increased understanding of the role of extracellular matrix (ECM) during tissue 

repair, researchers are recognizing that the fibrous networks are not only providing 

mechanical support and adhesion sites to cells, but also acting as a reservoir for many 

growth factors which control a variety of cellular processes [6]. Engineering a 3D scaffold to 

mimicking the natural ECM for bone regeneration is a critical step in making an effective 

niche for stem cells and growth factors, as both chemical and physical features of the 

materials can significantly affect its interaction with cells and BMPs [7]. For example, 

functional groups and charged surfaces have been shown to impact the adsorption-

desorption rate of BMP2 in in vitro experiments [8]. The structure of the scaffold can also 

directly affect growth factors release kinetics, as factors such as fiber diameter, overall 

porosity, and pore size can significantly impact BMP2-induced bone and cartilage formation 

[9]. Thus, it is of critical importance to develop innovative and favorable 3D scaffolds for 

bone tissue engineering [7].

Mimicking the natural ECM of bone has long been a strategy to approach the development 

of synthetic scaffolds for bone repair; specifically targeting the size and shape of collagen 
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fibers ranging from tens to hundreds of nanometers in diameter, which are the main 

component of natural bone matrix [10]. Techniques attempting to mimic the structure of 

natural ECM have arisen over recent years, with methods including self-assembly, phase 

separation, and more recently notable, electrospinning [11]. Electrospinning technique has 

gained interest lately due to its ability to generate nanofibers with morphological structures 

very closely similar to natural ECM as well as robust processing capabilities [12–14]. 

Electrospun scaffolds possess high surface area and porous structure, two factors helping 

encourage cell adhesion, migration, and differentiation, making it a viable strategy for tissue 

engineering scaffolds. However beneficial these characteristics may be, electrospun NF mats 

lack interconnected macroporous structures critical for the infiltration and growth of cells 

[15].

Our recently published work describes a novel technique of thermally induced nanofiber 

self-agglomeration (TISA) followed by freeze drying; a process by which as-electrospun 

polycaprolactone (PCL) NF mats can be transformed into 3D electrospun PCL NF scaffolds 

with interconnected macroporous structures [15]. Ensuing in vitro and in vivo data indicated 

scaffolds ability to successfully support BMP2-induced osteogenic differentiation and bone 

formation, however, only limited new bone was identified in the surrounding area of 

scaffolds [15]. Consequently, our other recent work explored improving the bioactivity of 

PCL scaffolds by introducing polylactic acid (PLA) blend, showing improved mechanical 

properties and bioactivity [16]. Although the PCL/PLA-3D scaffolds significantly promoted 

more osteogenic differentiation in vitro and new bone formation in vivo than PCL-3D 

scaffolds, the bone forming ability of the blend scaffolds were still limited and not able to 

completely heal the critical-sized bone defect even after addition of rhBMP2 [16]. These 

finding suggested that the bioinert nature of these synthetic polymers (i.e., PCL and PLA) 

urged more biomimicking-functionalizations to create more bone-forming favorable 

microenvironment for improving the signaling activity of BMP2 and bone regeneration.

Improvements to PCL scaffolds seek to enhance the BMP2-induced bone formation 

capabilities of our designs, where we look to functionalize the scaffold and directly activate 

the BMP2 signaling pathway as well. Bone-like hydroxyapatite (HA) is a classically-utilized 

and well tested modification for scaffold in bone tissue engineering as it mimics the biphasic 

structure of natural bone [17], and has shown to positively impact BMP2 signaling via 

improved release kinetics and new bone formation in rats and mice [18, 19]. Another route 

for improving BMP2 signaling is activating the endogenous BMP signaling pathway by 

using small molecules such as phenamil to act as a synergizing agent, which can help lower 

required dosage while remaining cost-effective [20–22]. Although the promising roles of 

HA and phenamil for improvement of BMPs-induced bone formation were reported in other 

scaffolds and systems [23–26], their effects and application to our newly developed TISA 

3D PCL scaffolds remain unknown.

In this work, we study the capabilities of NF 3D PCL scaffolds modified with mineral-

mimicking HA in combination with BMP2 activator phenamil and their effects on 

osteogenesis in vitro and bone formation in vivo. We hypothesize that by combining bone-

matrix-biomimetic PCL/HA composite scaffolds and introducing a synergizing agent for 

BMP2 in phenamil, we can generate a bone-forming favorable niche, thereby significantly 
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improving the efficacy of BMP2 to achieve adequate bone formation at relatively low dose 

of BMPs.

2. Experimental

2.1. Materials

Polycaprolactone (PCL, M w = 80,000), gelatin (G1890), ethanol, dichloromethane (DCM), 

N,N-dimethylformamide (DMF), were purchased from the Sigma-Aldrich (St. Louis, MO). 

All of the chemicals/materials were used without further purification.

2.2. Electrospinning and Scaffold Fabrication

As described in our previous work [15, 16], PCL NF mats with diameter ranging from 200 

nm – 1 µm were generated via electrospinning process. The electrospinning setup included a 

high voltage power supply (Gamma High Voltage Research, Inc., Ormond Beach, FL) and a 

laboratory-produced roller (with the diameter of 25 cm). After mat synthesis, scaffolds were 

cut into individual nanofibers and tiny pieces upon mechanical grinding into liquid nitrogen 

repeatedly, until almost all of the short individual NF pieces were collected. Shortened 

nanofibers were placed into a glass bottle in a combined water/gelatin/ethanol solution 

(4/2/1 mL volume ratio) and submerged into a water bath at 55 °C for 3 min. During this 

time period, the short nanofibers and/or tiny pieces of PCL spontaneously agglomerated into 

a 3D structure. Immediately thereafter, the bottle/vial with PCL 3D agglomerate was placed 

into ice water for 30 min to prevent the further shrinkage and/or agglomeration. Finally, the 

obtained PCL 3D agglomerate was rinsed with DI water several times to remove the residual 

ethanol and gelatin.

2.3. HA Deposition via Simulated Body Fluid (SBF)

A 10x concentrated SBF solution was generated by adding several ions to 450 mL of DI 

water, after modification of formula described previously [27]. The ensuing solution was 

then adjusted to 500 mL using DI water, and pH adjusted to 6.0. For HA coating, scaffolds 

were immersed in the 10x SBF for 24 hours at 37°C. Scaffolds were then removed from the 

fluid and rinsed in DI water three times to remove any excess and unattached ions and then 

lyophilized overnight.

2.4. Mechanical Test

The elastic modulus of the electrospun material was determined using the atomic force 

microscope (AFM, Model: MFP-3D BIO, Asylum Research, Santa Barbara, CA) mounted 

on an inverted microscope (Model: IX73, Olympus America Inc). A silicon nitride tip (0.6 

N/m) attached with a 5 µm diameter borosilicate sphere was used to indent the electrospun 

fibrous material at an indentation speed of 1 µm/s. Three different locations were measured 

for each sample. Young’s modulus of the fibrous material was evaluated by fitting a 

modified Hertz model onto the AFM indentation curve using the built in function of AFM 

software (Asylum Research) [28].
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2.5. Surface and Morphological Characterization

A Zeiss Supra 40VP field-emission scanning electron microscope (SEM) was employed to 

characterize morphological structures of various samples [15, 16]. Scaffolds were sputter 

coated for 60 seconds prior to SEM for imaging purposes. Water surface contact angle was 

determined by use of VCA Optima goniometer and imaged using VCAOptimaXE software 

(AST Products Inc.). Scaffolds were fixed horizontally and a 2.0 µl drop of water was 

allowed to rest on the surface for 10 seconds before capturing images. The surface chemical 

compositions of scaffolds before and after SBF immersion were determined by attenuated 

total reflectance (ATR) spectroscopy (Nicolet, USA). The spectra were collected in 

transmission mode in the mid-IR range (4000–400 cm -1).

2.6. In vitro Cell Study

2.6.1. Sterilization and Cell Seeding—PCL NF scaffolds were first cut into discs (5 

mm diameter × 2 mm thickness) with tissue punch, the samples were then immersed in 70% 

ethanol for 30 min followed by being washed with PBS for 3 times. Subsequently, these 

samples were incubated in minimum essential medium α (α-MEM, Gibco, Waltham, MA) 

for 30 min. The residual medium on a scaffold was removed with sterile gauzes before 

C2C12 cells were seeded into the scaffold (1×10ˆ5 cells per scaffold). All of the cells/

scaffolds were cultured in 24-well plate at 37 °C with 5% CO2.

2.6.2. Cell Morphology and Viability—The mouse multipotent C2C12 cell was a 

generous gift from Dr. Yifan Li at the University of South Dakota. C2C12 morphologies on 

different scaffolds were visualized by Texas red-X Phalloidin (Molecular Probes, Grand 

Island, NY) and DAPI (SouthernBiotech, Birmingham, AL) staining methods, which 

respectively labels F-actin and cell nuclear [15, 16]. Cell viability on 3D scaffolds was 

assessed using the LIVE/DEAD cell imaging kit (Invitrogen #R37601) by following 

manufacturer’s instructions. In brief, after culture in growth medium for 24 h, the constructs 

of cells/scaffolds were placed in sterile 4-well chambered coverglass (Lab-TekTM II, 

Thermo Scientific) and rinsed with DPBS. The mixed Green/Red dye was then added to 

stain cells, then samples were incubated for 15 min at 37 °C with 5% CO2. After staining, 

the cells were supplied with fresh growth medium. Stained cells were imaged with a laser 

scanning microscope (FV1200, Olympus, Japan). The ratio of live cells (green) and dead 

cells (red) was measured using ImageJ software (NIH, Bethesda, MD).

2.6.3. ALP Activity—ALP activity was carried out using an EnzoLyte pNPP Alkaline 

Phosphatase Assay Kit (AnaSpec, San Jose, CA), as we previously described [15, 16] with 

some minor modifications. Briefly, cells/scaffolds were rinsed with PBS solution and lysed 

with lysis buffer for 12 min at room temperature. The lysate was then transferred into a tube 

and centrifuged for 15 min at 2500 g at 4 °C. The collected supernatant or standard solution 

(50 µL) was mixed with p-nitrophenyl phosphate and incubated for 30 min at 37 °C. 

Following the incubation, the reaction was stopped by adding 100 µL terminated liquid. ALP 

activity was measured at 405 nm and normalized against total protein content. The total 

protein content was measured with a BCA kit (Thermo Scientific™, Waltham, MA) 

according to the manufacture’s instruction. ALP histochemistry was carried out using an 

Alkaline Phosphatase Staining Kit (Sigma) by manufacturer’s instructions. Wells were fixed 
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by Citrate-Acetone-Formalehyde mixture for 30 seconds, and then again rinsed with DI 

water for 45 seconds. Cells were then stained via a diazonium salt/Naphthol AS-Bl Alkaline 

solution for 15 minutes at room temperature, then once again rinsed for 2 minutes in DI 

water.

2.6.4. Gene Expression Analysis—Total RNA from scaffolds was isolated using a 

GeneJET™ RNA Purification Kit (Thermo Scientific™, Waltham, MA) by following 

manufacturer’s instruction. RNA concentration was determined by absorbance at 260nm, 

where an equivalent amount per of RNA (0.5µg/group) was processed to generate cDNA 

using the High Capacity cDNA Reverse Transcript kit (Applied Biosystems, Forster City, 

CA). Quantitative PCR was performed with Taqman gene expression assays (Applied 

Biosystems, Forster City, CA) as our previously described [15, 16]. TaqMan® Gene 

Expression Assays of GAPDH (Mm99999915), Runx2 (mCG122221), and BSP 

(Mm00436767) were purchased from Applied Biosystems (Forster City, CA).

2.7. Bone Regeneration in vivo

2.7.1. In vivo Bone Formation—For in vivo bone regeneration, animal surgeries were 

performed according to the guidelines approved by the Institutional Animal Care and Use 

Committee (IACUC) of the University of South Dakota. Inbred C57BJL/6 male mice (5–6 

weeks, Envigo) were adopted for the study. Mice were shaved and an antiseptic (70% 

ethanol) was applied to the surgical area. As per our previous protocol, each mouse received 

a total of 4 scaffolds on their dorsal sides [15]. Scaffolds received 2.5 µg BMP2 and/or 0.4 

µg phenamil, which was re-suspended in 10µg of collagen I solution (Bedford, MA, USA). 

Mice were euthanized 28 days after surgery, and retrieved ossicles were fixed in 10% neutral 

buffered formalin for 2 days and then transferred to 70% ethanol until further analysis.

2.7.2. Radiographic & Histological Analysis—Radiographic analysis was performed 

on the fixed constructs using an In-Vivo Xtreme small animal imaging system (Bruker, 

Billerica, MA, USA). The formalin fixed ossicles were decalcified using 15% EDTA (pH = 

7.2) solution for 1 day and then embedded in paraffin. Ten micron cross-sections were cut 

from the middle of scaffolds and stained with Hematoxylin and Eosin (H&E) for 

microscopic observation. The percentage of new bone area of each specimen was measured 

using the ImageJ software.

2.8. Statistical analysis and image editing

To determine statistical significance of observed differences between the study groups, a 

two-tailed homoscedastic t-test was applied. A value of p < 0.05 was considered to be 

statistically significant, while 0.05 < p < 0.10 was considered to represent a nonsignificant, 

but clear trend in cell or tissue response. Values are reported as the mean ± one standard 

deviation (SD). Brightness and contrast were adjusted equally across all of the images for 

improved visibility.
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3. Results

3.1. Morphology of PCL/HA-3D scaffolds

As described in our previous work, 3D electrospun PCL scaffolds were generated through 

the innovative TISA method following by freeze drying, leaving 3D structure with 

interconnected and hierarchically structured porous structure [15]. Control PCL scaffolds 

possessed porosity of ~96% and pore sizes up to 300 µm, with fiber diameter in the ranges 

of 200 nm-1µm (Fig. 1, A–C). Observation by SEM revealed a uniform coating of HA 

crystals on PCL-3D scaffolds, both on the outside surface (Fig. 1, D–F) and inner cross 

section (G–I), with minimal obstruction of porous morphology noted.

3.2. Scaffold Surface Properties

2D electrospun mats are used for surface characterization due to difficulty using 3D TISA 

for contact angle goniometry and FTIR-ATR devices. As shown in Fig. 2, surface 

modification to PCL nanofiber mats (Fig. 2A) demonstrated a consistent HA-coating on the 

surface after 24h (Fig. 2B), indicating ease of precipitation for the 10x SBF solution. 

Wettability of scaffolds was measured to determine change in hydrophobicity, as a 

significant decrease in contact angle of ~30° from 130°to 99° was noted from PCL only 

(Fig. 2C) to PCL/HA (Fig. 2D). The crystalline material was examined by FTIR-ATR, 

revealing characteristic phosphate peaks at 1040 and 600–560 typical of hydroxyapatite as 

confirmed in prior literature [29].

3.3. Mechanical properties of PCL/HA-3D scaffolds

The Young’s modulus was measured after PCL scaffolds were modified with HA, yielding 

an increase from 6438±342 N to 13032±404 N (Fig. 2F). Mechanical testing was initially 

observed using a 1kN electromechanical tester, yielding no significant difference in sample 

modulus (data not shown); further investigation was undergone with AFM to discover more 

local modulus of individual fibers/smaller areas. Upon investigation with AFM, PCL/HA-3D 

scaffolds were found to have significantly increased Young’s modulus (P < 0.05).

3.4. ALP activity of cells exposed to phenamil

To study the effect of phenamil on osteogenic differentiation of C2C12 cells in culture, cells 

were cultured in medium containing varying concentrations of phenamil to observe response 

in ALP activity and potential toxicity. Resulting ALP quantification (Fig. 3A) showed 

phenamil alone induced a dose-dependent effect, with the most effective concentration at 

20µM in solution, as significant cytotoxicity at 50 µM was noted (Fig. 3B). Subsequently, 

BMP2 was introduced and its effect in combination with phenamil was observed; 

histochemical analysis (Fig. 4A) showed phenamil was able to induce more intense ALP 

staining of C2C12 cells after 5d of culture in both high (100 ng/mL) and low (50 ng/mL) 

doses of BMP2. The combination effect was consistently noted in the quantification assay 

(Fig. 4B), as the two molecules induced a significantly higher ALP level (BMP2+Phe) in 

cells than either one separately.
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3.5. Cell morphology and viability on PCL-3D and PCL/HA-3D scaffolds

Morphologies of C2C12 cells on PCL-3D and PCL/HA-3D scaffolds were investigated after 

24h of culture (Fig. 5). More bright cytoskeletal staining was observed in HA-modified 

groups (Fig. 5, B, E) compared to the control scaffolds (PCL-3D, Fig. 5, A, D). Both groups 

had roughly similar nuclear density and cell penetration into scaffolds, as evident in the 3D 

constructed z-stacked images (Fig. 5, D, E). Additionally, viabilities of C2C12 cells on 

PCL-3D and PCL/HA-3D scaffolds were quantitatively measured after culture for 24 by 

live/dead assay. As Fig. 5C shows, no significant difference was found in cell viability, 

indicating that addition of HA to PCL-3D scaffolds did not impact viability for cell life and 

growth.

3.6. Osteogenic differentiation of C2C12 cells on PCL-3D and PCL/HA-3D scaffolds

To study the effect of the HA-modification as well as phenamil on osteogenic differentiation 

of C2C12 cells, cells were cultured on either scaffold (with our without HA modification) in 

either growth medium or medium containing 20µM phenamil for 10 days. As an early 

osteogenic marker, ALP activity was quantitatively measured in scaffolds (Fig. 6A). 

Compared to control samples, addition of phenamil or HA induced a significant increase (P 
< 0.05) in ALP activity, indicating that both components are able to induce osteogenesis to 

some degree. The combined effect of both HA and phenamil further increased the activity to 

an even more significant degree, also suggesting the effects of these 2 components can be 

compounded. Showing consistent trends with the ALP data, quantitative gene expression 

results also indicated that both HA and phenamil could positively increase osteogenic 

differentiation of C2C12 cells on the scaffolds; early gene marker Runx2 showed a similar 

trend (Fig. 6B), and mature osteogenic marker Bone Sialoprotein (BSP) (Fig. 6C) also 

demonstrated significant increases in phenamil and HA groups and a further increase in 

combined component effect on gene expression.

3.7. Ectopic bone formation on PCL/HA-3D scaffolds

To study the effects of our scaffolds influence in BMP2-induced bone formation in vivo, 

PCL-3D and PCL/HA-3D scaffolds were implanted ectopically on the dorsal sides of mice 

for up to 4 weeks. Scaffolds of PCL or PCL/HA were supplemented with BMP2, phenamil, 

or a combination of the two to observe the singular and combination effect of the 

experimental variables. Radiographic examination of scaffolds after harvesting revealed a 

trending increase of opacity of samples from positive control with BMP2 only (Fig. 7A), as 

addition of HA (Fig. 7B) revealed a slight increase in opacity, and a further and significant 

increase was noted with combination of phenamil and HA added to scaffolds (Fig. 7D). 

Scaffolds without BMP2 (Fig. 7C) possessed little to no bone formation, suggesting that 

BMP2 is a required component for ectopic bone formation in vivo. Histological observation 

indicated a similar trend to radiopacity, as some new bone was formed in positive control 

group with BMP2 (Fig. 8A), and experimental groups adding HA (Fig. 8B) and HA/

phenamil (Fig. 8D) yielded significantly more new bone as evident in the microscope 

images. New bone area was quantified by ImageJ software (Fig. 8E), detailing the average 

increase of new bone which was significantly more (P < 0.05) in each group starting with 

control of BMP2 only, increasing with addition of HA and further with HA+phemamil. Also 
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agreeing with radiopacity data was the lack of new bone formed in HA+phenamil only 

scaffolds without BMP2, as no bone was found in any samples from this group and neither 

HA nor phenamil could induce bone formation on PCL-3D scaffolds (data not shown).

4. Discussion

One of the critical challenges in bone regeneration is the necessity for high doses of BMP2 

in tissue engineering strategies, leading to unintended side effects and high costs for 

treatments [30]. As we know drug/growth factor delivery is one of the three components of 

tissue engineering alongside scaffold materials and stem cells, it is likely we can use some 

improvements in other components to help lessen the workload and requirement of 

exogenous BMP2 delivery to see improved osteogenesis and new bone formation. Our 

previous work has shown the ability to generate 3D NF electrospun scaffolds via an 

innovative and convenient approach of TISA, which had also shown capability for blend 

with PLA for further improved bioactivity, however discussion noted that significant 

improvements to bioactivity and growth factor signaling could yield stronger BMP2-induced 

osteogenesis and new bone formation, as the new bone formation of the scaffolds was 

significant yet limited in area[15, 16]. In this work, bone-like HA was adopted for its 

similarity to native bone environment, and the small molecule phenamil was used for its 

ability to improve and synergize with the BMP2 signaling pathway. Due to the nature of bio-

inertness and hydrophobicity of PCL, a 10x concentrated simulated body fluid was used to 

precipitate HA crystals throughout the PCL-3D scaffolds, after a simple test on the as-

electrospun mats to confirm deposition was performed. Small molecule phenamil was 

utilized as a BMP2 activator for its cost effectiveness and ease of use, as its ability to 

promote BMP2 signaling pathway has been outlined in previous research [21]. The resulting 

combination of PCL/HA-3D scaffolds with initial administration of phenamil showed a 

significant increase in new bone formation in in vivo mouse models, and each modification 

showed improved osteogenic effects in vitro as well.

Biomimicking of nature and its organisms is a long practiced strategy, with its origins dating 

all the way back to da Vinci’s time during the Renaissance [31]. As bone is a primarily 

biphasic material consisting of an organic (collagen) and inorganic phase (hydroxyapatite), a 

logical improvement on our 3D-PCL NF scaffolds would be to incorporate bone-like mineral 

into the matrix to imitate a more natural bone-like niche. This incorporation has been 

utilized in previous bone tissue engineered research, and would improve bioactivity and 

wettability of our scaffolds, as well as provide a more biomimicking ECM akin to natural 

bone, assisting stem cell growth and differentiation [10, 23, 32]. As seen in our in vitro data, 

significant improvements in osteogenic factors such as ALP activity, and osteogenic gene 

markers Runx2/BSP were noted in PCL/HA-3D scaffolds versus control PCL-3D scaffolds. 

This could be attributed simply to addition of bioactive HA, as scaffolds morphology and 

especially porous morphology remained uncompromised during modification with HA. 

Additionally, mechanical strength was noticeably increased as shown by AFM data, another 

factor has been shown to contribute to increased osteogenic differentiation of stem cells and 

bone formation as we reported previously [33]. It was noticed that the local stiffness may be 

more directly influencing the cell behaviors compared to the bulk mechanical strength of the 

scaffolds, which were not significantly changed by HA modification as shown by our data. 
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Water contact angle was also noticeably decreased, with lowered hydrophobicity of scaffolds 

possibly playing into increased osteogenic differentiation of cells on PCL/HA-3d scaffolds. 

Consistently, more intense cytoskeletal staining was observed on the HA-modified scaffolds, 

suggesting stronger cell attachment on PCL/HA-3D scaffolds possibly contribute to the 

improved osteogenic differentiation as well [34, 35].

In addition to bulk/surface modification by HA, it was noted in our cell culture studies that 

the small molecule phenamil could induce osteogenic differentiation in C2C12 cultures, as 

varied amounts of phenamil showed a dose-dependent response of ALP activity on cells 

alone. In addition, phenamil was able to improve ALP activity of low doses of BMP2 when 

used in tandem, as the combination effect showed noticeable increase over both phenamil 

and BMP2 alone. Even in the absence of BMP2, in vitro studies showed similar ALP 

increase with combination treatment of phenamil on PCL/HA-NF scaffolds, suggesting both 

of these factors are able to positively increase osteogenic differentiation to some degree. It is 

known that phenamil increases BMP2 signaling by downregulating Smurf1 and increasing 

SMAD signaling, and prior research has utilized this small molecule to induce osteoblastic 

differentiation of stem cells and mineralization of MSCs, and shown its feasibility in 

combination use with BMP2 for further improved osteogenic applications[20–22]. As a 

widely used cell line, C2C12 is a pre-myoblast with the ability to differentiate to osteoblast 

with the presence of BMPs. Due to the high sensitivity to BMPs, C2C12 is a valuable tool to 

evaluate the osteo-inductive activity of drugs or materials [36, 37]. Therefore, our study 

provided further evidence to indicate that phenamil is a promising small molecule with 

osteo-inductivity that can both induce osteogenic differentiation and improve BMP2-induced 

osteoblast differentiation in a common and relative homogenous cell line, C2C12, compared 

to primary cells.

Our in vivo results followed a similar trend to our in vitro data; PCL/HA-3D scaffolds in 

combination with phenamil were able to see markedly increased osteogenic capabilities, 

generating significantly more bone in our ectopic mouse model. It was remarkable that the 

relatively small amount of phenamil in a bolus dose was able to achieve such a significant 

increase (1:6 ratio, phenamil: BMP2 by weight), suggesting this molecule can be an 

extremely cost effective way to increase new bone formation in combination with BMP2 and 

HA modification. Consistent with prior research [21, 22, 38] and our previous work 

however, we found that phenamil alone is not enough to generate new bone structures in 

scaffolds, despite seeing increased osteogenic effects from in vitro data alone, in addition to 

HA modification as well. However, these factors used in combination with the essential and 

FDA approved BMP2 molecule yielded significant increase to new bone formation on 

scaffolds, suggesting these factors are able to cooperatively and synergistically enhance 

BMP2 signaling. Furthermore, as this experiment utilized bolus dosage strategies, drug 

delivery mechanisms to deliver consistent therapeutic over longer period of time could yield 

even further favorable results; whereby this is a possible avenue for future experiments. 

Additionally, in vivo cranial defect models may be adopted in future studies, as they provide 

a more clinically relevant defect scenario for studies.
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5. Conclusions

A novel 3D electrospun PCL/HA NF composite scaffold was generated to mimic natural 

bone matrix, and utilized in combination with the BMP2 activator molecule phenamil for 

improved osteogenesis in vitro and new bone formation in vivo. Both our in vitro and in vivo 
results indicated that PCL/HA-3D scaffolds and phenamil molecule were able to form a 

synergistic core to generate more favorable microenvironments for osteogenic differentiation 

and BMP2-induced ectopic bone formation than previously reported 3D electrospun PCL 

NF scaffolds. Overall, our results suggest that PCL/HA-3D scaffolds in combination with 

phenamil provide highly favorable microenvironments for BMP2-induced bone formation.
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Highlights

• 3D electrospun PCL/hydroxyapatite nanofibrous composite scaffolds were 

developed.

• These scaffolds had high porosity and interconnected hierarchically structured 

pores.

• Both in vitro osteogenic differentiation and in vivo bone formation were 

improved by phenamil and bone-like scaffold.

• The scaffolds could act as favorable synthetic ECM for bone regeneration
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Fig. 1. 
SEM images showing representative morphologies of PCL-3D scaffolds (A–C) and PCL/HA 

coated scaffolds external surface (D–F) and internal cross section (G–I).
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Fig. 2. 
SEM of NF PCL mats both before (A) and after (B) soaking in SBF for 24h. Contact angle 

of corresponding neat (C) and HA-coated (D) scaffolds as measured by contact angle 

goniometer. ATR spectra of scaffolds prior to and after SBF treatment (E). Young’s Modulus 

of PCL-3D and PCL/HA-3D scaffolds as measured by AFM (F). Data are expressed as 

mean ± SD (n = 3).
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Fig. 3. 
ALP activity of C2C12 cells cultured in medium containing varying levels of phenamil as 

measured after 5d (A), viability of cells as measured by MTS assay (B). Activity is 

normalized by total protein content. Data are expressed as mean ± SD (n =3).
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Fig. 4. 
ALP staining (A) of cells after culture in growth medium containing phenamil (20 µM) 

and/or BMP2 (50 ng/mL or 100 ng/mL). Quantitative measurement of ALP in wells 

containing phenamil or BMP2 or combination of both (B). Data are expressed as mean ± SD 

(n =3).
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Fig. 5. 
C2C12 cell morphologies on PCL-3D (A) and PCL/HA-3D scaffolds (B) after 24h of 

culture. Cell viabilities on both scaffolds after 24h of culture (C) and 3D stacked image of 

100 µm sections of PCL-3D (D) and PCL/HA-3D (E) are also shown. Data are expressed as 

mean ± SD (n = 3). Scale bars (A and B) = 100 µm.
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Fig. 6. 
ALP activity of C2C12 cells cultured in PCL and PCL/HA 3D scaffolds after 7 days in 

growth medium with or without phenamil (A). Osteogenic gene markers Runx2 (B) and BSP 

(C) were measured by real-time PCR assays after culturing for 10 days. Data are expressed 

as mean ± SD (n = 3).
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Fig. 7. 
Radiographic examination of ossicles (A–D) after harvesting from mice after 4 weeks. 

BMP2 only group (A), BMP2 + HA group (B), phenamil + HA group (C), and BMP2/

phenamil + HA group (D) were all imaged, and mean intensity value of scaffolds was 

quantified (E). Data are expressed as mean ± SD (n = 4).
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Fig. 8. 
H&E staining of retrieved ossicles after 4 weeks implantation in vivo. BMP2 only group 

(A), BMP2 + HA group (B), phenamil + HA group (C), and BMP2/phenamil + HA group 

(D) area of new bone was measured by ImageJ software (E). Scale bars = 100 µm.
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