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Abstract

The primary focus of this work is to present the current challenges of printing scaffolds with 

concentration gradients of nanoparticles with an aim to improve the processing of these scaffolds. 

Furthermore, we address how print fidelity is related to material composition and emphasize the 

importance of considering this relationship when developing complex scaffolds for bone implants. 

The ability to create complex tissues is becoming increasingly relevant in the tissue engineering 

community. For bone tissue engineering applications, this work demonstrates the ability to use 

extrusion-based printing techniques to control the spatial deposition of hydroxyapatite (HA) 

nanoparticles in a 3D composite scaffold. In doing so, we combined the benefits of synthetic, 

degradable polymers, such as poly(propylene fumarate) (PPF), with osteoconductive HA 

nanoparticles that provide robust compressive mechanical properties. Furthermore, the final 3D 

printed scaffolds consisted of well-defined layers with interconnected pores, two critical features 

for a successful bone implant. To demonstrate a controlled gradient of HA, thermogravimetric 

analysis was carried out to quantify HA on a per-layer basis. Moreover, we non-destructively 

evaluated the tendency of HA particles to aggregate within PPF using micro-computed 

tomography (µCT). This work provides insight for proper fabrication and characterization of 

composite scaffolds containing particle gradients and has broad applicability for future efforts in 

fabricating complex scaffolds for tissue engineering applications.
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Introduction

Bone is a complex tissue comprised of both compositional and structural gradients [1]. 

Recent work in the tissue engineering community has sought to recapitulate the complexities 
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of the osteochondral interface by fabricating scaffolds with gradients of extracellular matrix 

(ECM) [2], bioactive molecules [3], and pore size gradients [4, 5]. Biologically, calcium 

phosphate concentrations gradually increase from the uncalcified region of cartilage to 

underlying region of subchondral bone [1]. Specifically for the subchondral bone, polymer 

scaffolds with a compositional gradient of ceramic nanoparticles are interesting from both a 

mechanical and bioactivity standpoint. It remains to be proven the optimal composition 

needed in a synthetic scaffold to promote functional bone regeneration. However, it is 

commonly known that nanoparticles have a greater surface area to volume ratio than 

microparticles, providing better mechanical reinforcement in a composite. Additionally, 

hydroxyapatite (HA) nanoparticles have been shown to improve bone tissue formation and 

have more biological relevance than HA microparticles [6–8].

There are, however, inherent challenges associated with the fabrication and characterization 

of compositional gradients. The uniform mixing of polymer and ceramic composites is 

known to be challenging, often due to opposing physical and chemical interactions. 

Additionally, when working with nanoparticles, it is often difficult to achieve uniform 

particle dispersion and prevent particle aggregation, which can diminish the effectiveness of 

the nanoparticles to improve composite mechanical properties [9]. Many strategies have 

been employed to understand and improve the interfacial interactions of polymers and 

ceramics [10–12], including the incorporation of surfactants, modification of surface 

chemistry, and application of magnetic fields. Yet, for the purposes of tissue engineering, it 

is important to use approaches that are simple, are clinically relevant, and minimize 

cytotoxicity. Furthermore, few investigations have evaluated the effects of composition on 

the fabrication of gradients, specifically the rheological properties and how those affect 

scaffold architecture. In order to successfully incorporate compositional gradients, material 

properties and composite interactions should be considered during the fabrication of fibrous 

scaffolds.

From a materials standpoint, poly(propylene fumarate) (PPF) has been used previously as a 

bone implant material [13, 14]. In recent work, PPF was a successful candidate for 

extrusion-based printing [15]. The in vitro osteogenic potential has been characterized by 

both PPF-HA scaffolds fabricated by salt leaching [16] and PPF scaffolds fabricated by 

stereolithography (STL) [17]. HA improved cell-material interactions and osteogenic gene 

expression in vitro [16], underlining the osteoconductive properties of HA. Additionally, 

STL scaffolds with interconnected pores promoted enhanced osteogenic gene expression as 

compared to salt leached scaffolds [17], demonstrating that scaffolds prepared by additive 

manufacturing methods promote bone tissue formation due to improved mass transport.

Extrusion-based 3D printing, in particular, allows for direct fabrication of scaffolds with 

interconnected pores and pore sizes relevant for bone tissue engineering [15, 18]. Compared 

to STL techniques that typically allow only single-material printing, extrusion-based 

printing systems allow printing of multiple materials simultaneously, which facilitates the 

fabrication of scaffolds with compositional gradients. Recent work provides a detailed 

comparison of STL and extrusion-based printing, including limitations in print resolution 

[19]. A few reports have explored extrusion-based printing of scaffolds with multiple 

material compositions [20–24], but the printing behavior of each material and the effect of 
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graded composition on printing uniformity have not been characterized extensively. Due to 

the scarce material analysis available for multi-material printing, we systematically 

characterized extrusion-based printing of PPF scaffolds with HA nanoparticle gradients, 

which better mimic the native tissue environment in bone.

Once a gradient is fabricated, it is often difficult to effectively characterize its spatial 

properties within the scaffold. Specifically, the ability to quantitatively and qualitatively 

evaluate the dispersion of particles and prove the presence of a gradient can be a challenge 

when working with nanoparticles. Micro-computed tomography (µCT) is a non-destructive 

technique that provides a full 3D reconstruction of the scaffold and gives a better summary 

of particle distribution and aggregation [25, 26] than techniques that primarily characterize 

the surface, such as atomic force microscopy (AFM) [27] or Fourier transform-infrared 

spectroscopy (FT-IR) [28]. This can also be coupled with quantitative techniques like 

thermogravimetric analysis (TGA) to quantify concentrations within scaffold layers or 

within cross-sections to prove the presence of a gradient or a uniform particle distribution.

The aim of this work is to generate biologically relevant scaffolds with defined and 

controlled compositional gradients, robust mechanical properties, and interconnected pores 

to facilitate mass transport in vitro and in vivo for bone tissue applications. We first 

investigated if addition of a surfactant improved HA particle dispersion using µCT. Then, we 

investigated the effect of the surfactant on scaffold properties, including printing solution 

viscosity, fiber diameter, porosity, pore size and interconnectivity, and compressive 

mechanical properties. We then demonstrated the ability to fabricate scaffolds with a HA 

gradient, evaluated the nanoparticle distribution, and quantitatively evaluated the HA 

concentration within each layer of the scaffold.

Materials and methods

Synthesis and characterization of PPF

PPF was synthesized as previously described using a two-step condensation reaction [29]. 

The number average molecular weight (Mn) and polydispersity index (PDI) were 

characterized by gel permeation chromatography in triplicate following previous methods 

[15]. Mn and PDI were, respectively, 2980 ± 30 Da and 2.06 ± 0.01 for the surfactant study 

and 2280 ± 20 Da and 1.72 ± 0.02 for the bilayer and gradient study.

Polymer/ceramic composite preparation

Synthesized PPF (Mn 2000–3000 Da) was mixed with a solution of diethyl fumarate (DEF, 

Sigma, St. Louis, MO) – used to reduce the viscosity of the printing solution – and 

phenylbis(2,4,6-trimethylbenzoyl)-phosphine oxide (BAPO, BASF, Florham Park, NJ), used 

as a photoinitiator for polymer crosslinking. For scaffolds containing surfactant, a 0.1 M 

solution of sodium dodecyl sulfate (SDS, Sigma, St. Louis, MO) in dimethyl sulfoxide 

(DMSO ACS reagent, Sigma, St. Louis, MO) (0.144 g SDS in 5 mL DMSO) was prepared 

and mixed with HA (<200 nm particle size, Sigma-Aldrich, St. Louis, MO) (120 µL per 1 g 

HA) prior to ultrasonication. SDS surfactant was added to improve HA nanoparticle 

dispersion. HA was ultrasonicated with or without surfactant for 2 min before being mixed 
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into the PPF:DEF:BAPO solution. Solutions were prepared following Table 1 and loaded 

into a 30 mL plastic syringe barrel (Optimum® Syringe barrel; Nordson EFD; East 

Providence, RI) with a high viscosity piston (SmoothFlow™ piston; Nordson EFD; East 

Providence, RI) and a 0.840 mm (inner diameter, 18 gauge) plastic tapered syringe tip 

(Dispense tips; Nordson EFD; East Providence, RI). For the bilayer and gradient scaffolds, 

solutions were prepared following Table 2. More BAPO was added to solutions containing 

HA due to their optical properties, as they tend to disperse UV light and diminish 

crosslinking [30, 31].

Scaffold printing

All scaffolds were fabricated using a commercial 3D printing system (3D Bioplotter, 

EnvisionTEC, Gladbeck, Germany) capable of printing multiple materials at a wide range of 

temperatures (2 – 250 °C) and pressures (0 – 9 bar). PPF and PPF-HA solutions were loaded 

into separate print heads and were heated to their respective temperatures (Table 3) for 30 

min prior to printing. After printing one layer, a UV curing head was used to crosslink the 

layer for a specified duration (Table S1). The printer took successive images of each layer 

during printing, allowing quantification of pore size and fiber diameter in each layer 

(described in Scaffold Characterization). The center-to-center spacing between adjacent 

fibers for all scaffolds was 1.2 mm. Scaffolds were printed concurrently on cardstock with 

EnvisionTEC software (BioplotterRP, EnvisionTEC, Gladbeck, Germany). Printing settings 

are specified in Supplemental Information.

For the S-HA 10 % scaffolds with or without SDS, a 10×10 mm square was designed 

(SolidWorks, Waltham, MA) and sliced into 9 layers (Figure 1a, Figure S1) (0.5 mm slicing 

thickness) using BioplotterRP. For the bilayer scaffolds, a 10 × 10 mm square composed of 6 

layers (0.3 mm slicing thickness) was designed, and layers were printed following the 

schematic in Figure 1b (also refer to Figure S2). It was necessary to reduce the slicing 

thickness for bilayer and gradient scaffolds because solutions containing lower 

concentrations of HA tended to spread during printing. For the gradient scaffolds, each 10 × 

10 mm scaffold contained 8 layers (0.3 mm slicing thickness) with 2 layers each of the 4 

concentrations (1.25, 2.5, 5, and 10 wt% HA). Scaffolds were printed in ascending and 

descending concentration (descending schematic in Figure 1c and Figure S3. Two 

concentrations were loaded into the printer at one time to print the first 4 layers, after which 

the second set of concentrations was loaded and printed on top of the first two with a vertical 

offset of 0.4 mm from the top of the 4th layer. In order to fully crosslink the polymer, all 

scaffolds were post-processed in a flash box (Otoflash, EnvisionTEC, Gladbeck, Germany) 

following previous methods [15].

Scaffold characterization

Viscosity of printing solution—Based on previously reported methods [15], the 

apparent viscosity of the printing solutions (Equation 1) was calculated based on the volume 

of material extruded over time (i.e. flow rate of a fiber with circular cross-section, Qc). This 

is a simple method that models the extruder as a capillary die rheometer, allowing real-time 

testing of the printing solution viscosity while the material is being extruded [32]. A single 

fiber was extruded (initial fiber diameter test), and the fiber diameter (d) was measured 
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based on previous methods [15] and compared to a power relationship described previously 

[33]. The pressure drop (ΔP = Patm – Papp = 1.013 bar – Papp) and fiber diameter varied 

depending on the printing solution (Table 3), while syringe diameter (ds, 0.840 mm) and 

syringe length (Ls, 12.7 mm) were kept constant. Apparent (Newtonian) shear rate at the 

wall (γ̇aw) and shear stress at the wall (τw) were used to estimate apparent viscosity.

Equation 1. 

Apparent viscosity, capillary die rheometer

Pore and fiber morphology analysis of PPF-HA scaffolds—Pore size, fiber 

diameter, and fiber spacing were measured based on previous methods [15]. Briefly, a scale 

was set based on image dimensions (0.009 mm/pixel, 1032 × 776 pixels), and imaging 

software (ImageJ, NIH) was used to take measurements (n = 5 measurements each per layer, 

4 scaffolds per group – PPF-HA with SDS, PPF-HA without SDS, bilayer, gradient 

descending). Example pore and fiber measurements are shown in Figures S1a–S3a.

Porosity measurements of PPF-HA scaffolds—Porosity was quantified (n = 5 per 

formulation) using gravimetric analysis following previous methods [34]. Briefly, sample 

dimensions (length, L; width, W; thickness, H) and mass (mscaffold) were measured and used 

to calculate the porosity according to Equation 2, where ρscaffold is the scaffold density and 

ρmaterial is the density of the material. The respective densities of PPF (1.267 × 10−3 g/mm3) 

[35], DEF (1.052×10−3 g/mm3) (Sigma), HA (3.14×10−3 g/mm3) (Sigma), SDS (0.370×10−3 

g/mm3), BAPO (1.19×10−3 g/mm3) (BASF), and DMSO (1.10×10−3 g/mm3) (Sigma) were 

used to estimate ρmaterial for each printing solution following quantities in Table 1, Table 2, 

and layers within each scaffold type.

Equation 2. Scaffold porosity

Compressive mechanical testing of S-HA 10 % scaffolds—For scaffold groups S-

HA 10 % scaffolds with SDS and PPF-HA without SDS (Table 3), the compressive 

mechanical properties (n = 10 per formulation) of the composite were evaluated (MTS, 858 

Mini Bionix, Eden Prairie, MN) to determine the effect of SDS on compressive modulus. 

We did not evaluate the compressive mechanical properties of the bilayer and gradient 

scaffolds due to their lack of pore interconnectivity. 10 mm length × 10 mm width × 2.5 mm 

height (approximate scaffold thickness) scaffolds were compressed perpendicular to their 

short axis at a cross-head speed of 0.5 mm/min after an initial pre-load of 25 N, following 

previous work [34]. The compressive modulus (elastic region between a fixed strain of 0.20–

0.30 %, Poisson ratio = 0.5) was calculated using a Python script (see Supplemental 

Information) [36, 37].
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Scanning electron microscopy (SEM)—The surface morphology of the 3D printed 

scaffolds was imaged using scanning electron microscopy (SEM) to characterize the fiber 

morphology, roughness, and pore interconnectivity. Samples (n = 1 per formulation) were 

sputter-coated with 20 nm of gold (Denton Desk V, Moorestown, NJ) and SEM (FEI Quanta 

400 ESEM FEG, FEICo, Hillsboro, OR) images were obtained at 2.00 kV (high voltage, 

HV) with 30 or 50× magnification following previous methods [38].

Micro-computed tomography (µCT) analysis—In order to characterize HA particle 

dispersion (due to the addition of surfactant and changes in HA concentration in gradient 

scaffolds), 3D printed scaffolds were scanned using a Skyscan 1172 µCT (Skyscan, 

Aartsellar, Belgium). Scans were performed with Skyscan 1172 software (v. 1.5) (Bruker, 

Billerica, MA) at an X-ray voltage of 40 kV and a current of 250 µA. S-HA 10 % images 

were taken with a step angle of 0.2° and a nominal resolution of 13.52 µm/pixel (no filter). 

Gradient scaffold images were taken with a step angle of 0.25° and a resolution of 12.49 µm/

pixel (no filter). NRecon (v. 1.6.9.18), CTAn (v.1.15.4.0), and CTVox (v.3.0.0) software 

were used to reconstruct and analyze scans (Bruker, Billerica, MA).

Thermogravimetric analysis (TGA)—Single printed layers containing 0, 1.25, 2.5, 5, or 

10 wt% HA in PPF were analyzed via TGA (TGA Q50, TA Instruments; New Castle, DE) to 

confirm HA content following established methods [39]. Briefly, 20 mg of printed material 

(n = 3 per formulation) was heated from room temperature to 95 °C at a constant ramping 

rate of 20 °C/min, equilibrated at 100 °C for 10 min, ramped to 500 °C at 20 °C/min, and 

equilibrated for 10 min. Oxygen flow rates of the balance and sample were 40 and 60 mL/

min, respectively. Results were analyzed with TGA software (TA Universal Analysis; TA 

Instruments). The normalized sample weight (expressed as a fraction of the initial weight 

after evaporation of water at 100 °C) was measured versus temperature. The normalized 

weight at 500 °C was considered to be equal to the HA weight fraction of the 3D printed 

PPF-HA composite scaffold.

Statistical analysis

All measurements are expressed as a mean ± standard deviation. A one-way analysis of 

variance (ANOVA) was used to calculate differences among groups, with post-hoc analysis 

performed via Tukey's Honestly Significant Difference (HSD), where p-values (p < 0.05) 

were considered statistically significant. Statistical analysis was performed using Microsoft 

Excel (Microsoft Corporation, Redmond, WA) and JMP Pro 10 software (SAS Institute Inc., 

Cary, NC) following previous methods [15, 34].

Results

A commercial printing system was used to print PPF-HA composite scaffolds. First, we 

investigated how incorporation of a surfactant, SDS, affects HA particle dispersion, printing 

solution viscosity, scaffold architecture (pore size, fiber diameter, and fiber spacing), 

porosity, and compressive mechanical properties of 3D printed composites. We then 

explored the spatial deposition of different HA concentrations within the same scaffold by 

printing bilayered composites – half composed of PPF and half composed of PPF with 10 wt

Trachtenberg et al. Page 6

J Biomater Sci Polym Ed. Author manuscript; available in PMC 2018 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



% HA – and then by printing gradient scaffolds – containing layers with PPF and a range of 

1.25–10 wt% HA. The printing solution viscosity, scaffold architecture, and porosity were 

characterized for these scaffolds. HA particle dispersion was also evaluated non-

destructively via µCT to both identify large HA aggregates and demonstrate the fabrication 

of an HA gradient. For the gradient scaffold layers, we also quantified the HA content in 

each layer using thermal analysis, demonstrating the presence of a gradient. Representative 

images of the scaffolds are depicted in Figure S1–S3. Printing parameters (printing speed, F 

(mm/s); pressure, P (bar); extruder temperature, T (°C); and layer thickness, z (mm)) were 

varied in order to print continuous fibers with similar diameters to that of the syringe inner 

diameter (0.840 mm) (refer to Table 3). Table 3 also summarizes statistical comparisons 

among groups for the initial fiber diameter test and apparent viscosity.

Characterization of surfactant effects on printing solution viscosity and scaffold porosity, 
architecture, and compressive mechanical properties

Fiber diameter of single strands and viscosity of printing solutions—When 

printed at the same settings (Table 3), S-HA 10 % solutions containing SDS exhibited 

similar fiber diameter to solutions without SDS (Figure 2a) but had a significantly lower 

apparent viscosity (Figure 2b). Both solutions exhibited shear thinning behavior, which is 

represented by a decrease in apparent viscosity with an increase in shear rate. The printer 

software limits the maximum layer thickness to 0.5 mm (i.e. maximum fiber height). 

Considering this limitation, the fibers were ultimately elliptical in shape, and so we also 

modeled the viscosity of the printing solutions in consideration of an elliptical cross-section 

(Equation 3). The flow rate (Qe) is a function of fiber diameter (d), slicing thickness (z), and 

printing speed (F) and can be used to estimate apparent viscosity in Equation 1. Solutions 

containing SDS had a lower viscosity than solutions without SDS, but viscosity for both 

solutions was higher when compared to their respective circular cross-section models.

Equation 3. Flow rate, elliptical cross-section

Representative images of S-HA 10 % scaffolds with or without SDS—During 

scaffold printing, the printer took sequential images of each layer. The representative images 

in Figure S1 demonstrate that both printing solutions with and without SDS produced 

scaffolds with continuous fibers, uniform layers, and fully interconnected pores. The 

uniformity of fibers diminished in higher layers. Although the layer-by-layer images in 

Figure S1 only represent S-HA 10 % scaffolds with SDS, comparative images of scaffolds 

without SDS had almost identical fiber morphology, connectivity, and uniformity in each 

layer. From the cross-sectional image in Figure S1d, the fibers appeared relatively spherical 

in shape. Similar results were observed for scaffolds without SDS.

Scaffold architecture, porosity, and compressive mechanical properties—After 

printing multi-layer scaffolds, we were interested in understanding the effect of surfactant on 

scaffold architecture, including fiber diameter, pore size, and the spacing between 

neighboring fibers within each layer. Figure 3 confirmed results from imaging, 
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demonstrating a better uniformity of fibers and pores in initial layers (Layers 1–3) than in 

higher layers (indicated by smaller standard deviations). Additionally, the incorporation of 

surfactant did not appear to affect layer uniformity (indicated by comparable standard 

deviations in each layer), which also confirms results from the images. The Supplemental 

Information for this work includes all of the statistical analysis for Figure 3, which compares 

each layer by ANOVA.

However, when we compare scaffold architecture as a whole (Figure 4a), the incorporation 

of SDS significantly decreased fiber diameter (SDS = 0.63 ± 0.14 mm and without SDS = 

0.70 ± 0.13 mm, p < 0.0001) and increased pore size (SDS = 0.52 ± 0.13 mm and without 

SDS = 0.45 ± 0.12 mm, p < 0.0001). The center-to-center spacing between neighboring 

fibers (which was set by the printing software to be 1.2mm), was also greater for scaffolds 

without SDS (SDS = 1.14 ± 0.19 mm and without SDS = 1.15 ± 0.19 mm, p = 0.0122). 

Additionally, the porosity of scaffolds containing SDS was significantly higher (SDS = 0.49 

± 0.02 and without SDS = 0.36 ± 0.01, p < 0.0001) (Figure 4b). Upon comparison of 

compressive mechanical properties, both formulations exhibited similar compressive moduli 

(SDS = 49.2 ± 4.2 MPa and without SDS = 48.9 ± 5.6 MPa, p = 0.9408) (Figure 4c).

Fabrication of 3D printed bilayer and gradient scaffolds containing PPF and HA

Fiber diameter of single strands and viscosity of printing solutions—From 

these results, we have demonstrated the ability to print S-HA 10 % scaffolds with fully 

interconnected pores and found that the incorporation of SDS did not improve overall HA 

dispersion, layer uniformity, or compressive mechanical properties. Thus, we continued 

fabrication of bilayer and gradient scaffolds without the use of surfactant for the remaining 

studies in this work.

Upon moving forward with the fabrication of scaffolds with complex compositions, 

however, we observed complications when combining printing solutions with varying HA 

concentrations. Specifically, HA concentration drastically affected printing solution 

viscosity and subsequent scaffold properties. At identical printing settings (temperature, 

pressure, and printing speed), the B-HA 0 % printing solution had a much lower viscosity 

than the B-HA 10 % solution, which caused B-HA 0 % fibers to spread more during printing 

(Figure 5a). Consequently, the printing settings had to be changed in order to increase the B-

HA 0 % apparent viscosity and extrude fibers with similar diameters since the syringe tip 

diameter remained constant. This was also true for printing solutions with four different 

concentrations of HA. More fiber spreading was observed for solutions containing smaller 

quantities of HA (1.25 and 2.5 wt%), while the most concentrated solutions (5 and 10 wt%) 

exhibited the least spreading (Figure 6a). All solutions exhibited shear-thinning behavior 

(Figure 5b and Figure 6b). After adjusting printing settings to accommodate varying HA 

concentrations (Table 3), the groupings of printing solutions with statistically equivalent 

apparent viscosities are ranked from high to low as follows: 1) B-HA 0 %, G-HA 5 %, and 

G-HA 10 %; 2) B-HA 0 %, G-HA 1.25 %, and G-HA 2.5 %; and 3) G-HA 1.25 %, G-HA 

2.5 %, and B-HA 10 %.
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Representative images of bilayer and gradient scaffolds—From the representative 

images in Figure S2–S3, fiber fusion and sagging were observed to the point that pores were 

no longer interconnected as compared to the S-HA 10 % scaffolds (with or without SDS). 

We observed that bilayer scaffolds had more continuous fibers in each layer (Figure S2) than 

gradient scaffolds (Figure S3), which is evident in the layer-by-layer images.

Scaffold architecture and porosity of bilayer and gradient scaffolds—Compared 

to S-HA 10 % scaffolds with or without SDS, the bilayer scaffolds had a significantly lower 

porosity (0.23 ± 0.05 for bilayer, 0.49 ± 0.02 for S-HA 10 % with SDS, 0.36 ± 0.01 for S-

HA 10 % without SDS, p < 0.05) (Figure 7). Gradient scaffolds had a comparable porosity 

to S-HA 10 % scaffolds without SDS, regardless of whether they were printed in descending 

concentration (0.33 ± 0.11) or ascending concentration (0.33 ± 0.02). We also measured the 

pore size, fiber diameter, and fiber spacing for bilayer and descending gradient scaffolds 

(Figure 8). The mean scaffold fiber diameter was significantly smaller for G-HA 10 % and 

G-HA 5 % layers in gradient scaffolds (statistical analysis in Supplemental Information). On 

the other hand, the largest pore sizes were found in layers containing G-HA 5 %, G-HA 

10 %, B-HA 0 %, or B-HA 10 %. The fiber diameter stayed constant regardless of layer or 

HA concentration (statistical analysis in Supplemental Information). As before with the S-

HA 10 % scaffolds with or without SDS, the layer uniformity declined within higher layers. 

It should be noted that the standard deviations for the bilayer and gradient scaffolds 

increased when compared with the S-HA 10 % scaffolds (with and without SDS), which 

indicated a diminished uniformity for these scaffolds.

µCT analysis of HA aggregates and distribution within PPF-HA composite scaffolds

Previous work demonstrated the ability to evaluate HA distribution within a polymer 

composite scaffold via µCT [40]. We were interested in qualitatively investigating the 

distribution of HA nanoparticles within the PPF matrix and compared S-HA 10 % scaffolds 

with and without SDS. At this resolution (~10 µm), it was difficult to identify the dispersion 

of HA nanoparticles within the polymer, but it was possible to visualize large aggregates 

(Figure 9). Similar aggregates were apparent regardless of the presence of SDS, meaning 

that the surfactant did not effectively facilitate uniform dispersion of the particles within the 

scaffold. Additionally, we used µCT to visually represent the HA distribution in gradient 

scaffolds. We observed similar HA aggregates within the gradient scaffolds but had 

difficulties distinguishing a gradient of nanoparticles due to the scanning resolution (Figure 

9b).

Thermogravimetric analysis (TGA) to confirm HA gradient

Thermal analysis enabled confirmation of an HA gradient within 3D printed layers (Figure 

10a). In general, it was possible to distinguish the following distinct concentrations: PPF 

only (−0.02 ± 0.42); PPF-HA 1.25 wt% (3.90 ± 0.54) or 2.5 wt% (4.48 ± 0.27); PPF-HA 5 

wt% (7.47 ± 0.64); and PPF-HA 10 wt% (12.22 ± 0.02). Quantitative measurements were 

more accurate for formulations with greater HA concentration (Figure 10b). It should be 

noted that there was an uncharacteristic behavior between 400–500 °C. We analyzed PPF 

and PPF-HA (10 wt%) up to 700 °C under oxygen and nitrogen atmospheres and plotted 

their profiles (temperature vs. time and weight % vs. time in Figure S1). Between 400–

Trachtenberg et al. Page 9

J Biomater Sci Polym Ed. Author manuscript; available in PMC 2018 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



500 °C, we recognized a sharp peak – related to mass loss of PPF – under an oxygen 

atmosphere that was absent under the nitrogen atmosphere (Figure S4). This behavior was 

observed for both for both PPF and PPF-HA (Figure S4a and b).

Discussion

For S-HA 10 % scaffolds, the fiber diameter was not affected by the presence of SDS. 

However, SDS lowered apparent viscosity for both circular and elliptical cross-section 

models. When the fibers were modeled with elliptical cross-sections, apparent viscosity 

increased for both groups, which is understandable because the estimated flow rate of 

material decreases with an elliptical cross-sectional area. In both scaffolds with and without 

SDS, we found that each layer contained continuous fibers and fully interconnected pores. 

Pore sizes were between 0.600–0.800 mm, which is a relevant range for bone tissue 

engineering [5, 18, 41–44]. We also observed a decline in uniformity with higher layers, 

which is common for 3D printed scaffolds. If the z height (layer thickness) is too high or too 

low, layer detachment or fusion, respectively, is propagated in an additive manner. 

Interestingly, we found that SDS did not affect the fiber morphology or the uniformity 

within layers. However, SDS did affect fiber diameter, pore size, and porosity, which is 

likely due its role in decreasing surface tension [45].

Due to the difference in porosity, we expected a difference in compressive mechanical 

properties based on reported work [34, 46]. Contrary to these reports, however, it appears 

that the differences in pore size and fiber diameter also affected the mechanical properties. 

The compressive modulus for both S-HA 10 % scaffolds with and without SDS was about 

50 MPa, which is greater than or comparable to previous reports with 3D printed polymers 

(20–90 MPa) [34], 3D printed composites (30–100 MPa) [40], and non-porous PPF-HA 

composites (20–60 MPa [27] and 135–150 MPa [28]). Our S-HA 10 % scaffolds also 

showed similar porosity and scaffold architecture to PPF-HA composites prepared via STL 

[47]; however, our results showed an improvement in compressive modulus with extrusion-

based printing techniques. After comparing our results to other literature, it is notable that 

the incorporation of fully interconnected pores does not dramatically compromise 

mechanical properties, and the scaffolds fabricated in this work would facilitate waste and 

nutrient transport much more effectively in vitro and in vivo than non-porous composites. In 

the event that the bilayer and gradient scaffolds had interconnected pores, allowing us to 

accurately perform compressive testing, it would be important to evaluate the effect of 

varying photoinitiator concentration on mechanical properties, which would likely 

contribute in addition to the HA concentration.

Based on guidelines from previous work, the S-HA 10 % scaffolds would constitute 

successful prints [15]. However, the bilayer and gradient scaffolds exhibited higher 

variability in the layer-by-layer analysis and did not have interconnected pores, which would 

limit their effectiveness for mass transport in vivo. The importance of molecular weight 

should also be mentioned, since the molecular weight used for S-HA 10 % scaffolds was 

higher than for the bilayer and gradient scaffolds. Although mechanical properties were not 

evaluated for bilayer and gradient scaffolds, scaffolds prepared with a lower molecular 

weight would likely have lower compressive moduli [35]. The higher molecular weight PPF 
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would have also increased the viscosity of the printing solutions [15, 35], which would 

consequently have an impact on scaffold architecture.

Non-destructive analysis methods were also used to evaluate the scaffold architecture and 

distribution of composite phases. Large aggregates of HA were observed throughout the PPF 

matrix via µCT. Although µCT gives qualitative information about HA particle distribution, 

the resolution of most instruments is not precise enough (~10 µm) to identify individual 

nanoparticles in 3D reconstructions. Therefore, scaffolds with gradient HA content could not 

be distinguished from scaffolds with uniform HA content. Other reported strategies to 

characterize dispersion include Raman spectroscopy [9] and FT-IR [28], which are also 

relevant for quantitatively analyzing nanoparticle distribution. It is likely, however, that the 

3D printed scaffold geometry would complicate analysis using these techniques, which are 

primarily performed on non-porous films. It is notable that HA aggregation and nanoparticle 

concentration not only affected the rheological behavior of printing solutions, but 

aggregation also physically occluded small orifices, limiting the syringe diameters that could 

be used for extrusion. The ability to extrude fibers smaller than 0.500 mm is limited with 

this preparation. Some reports have offered alternatives to improve dispersion, including 

modifying the PPF chemistry with carboxy- termination to facilitate surface attachment of 

the HA to the polymer chains [9]. Conductive coatings have also been used to modify the 

PPF surface [48]. Other authors prepared a colloidal dispersion of HA in PPF for STL by 

first dispersing nanoparticles in ethanol, mixing with DEF, and then mixing with PPF and 

evaporating the ethanol [31]. However, particle settling and spatial dispersion of the particles 

was not evaluated, and these are important considerations for successfully printing 

monodisperse scaffolds with STL and extrusion-based 3D printing.

Although µCT analysis primarily served as a qualitative measure of particle aggregation, 

TGA can quantify the amount of HA in gradient layers if they are separated. The machine 

sensitivity was not able to detect the differences between 1.25 wt% and 2.5 wt% HA. 

However, we have performed TGA on scaffolds containing a greater difference in 

concentration (10 wt% increments) that provide distinctions with much greater accuracy 

(data not shown). Our initial degradation profiles were similar to those reported in previous 

reports [27, 31, 48]. In this study, we chose to use oxygen gas instead of nitrogen in order to 

burn off the excess PPF residue remaining in the sample pan, leaving only the ceramic phase 

at the end of the sample run. Since nitrogen gas is inert, the combustion of polymer is 

prevented during the ramping to high temperature, as indicated by the drastic mass loss at 

around 40 min for the oxygen environment and the lack of mass loss for the nitrogen 

environment (Figure S4). Because of this behavior, the use of oxygen gas allowed us to more 

accurately quantify the HA within each layer. Other work performed with nitrogen gas 

reported a thermal degradation temperature of 400 °C for PPF-co-poly(ε-caprolactone) 

(PCL), which is consistent with our results [28].

For future in vitro applications, we would anticipate that the incorporation of HA would 

improve cell attachment and proliferation based on previous reports [27, 28]. The exposure 

of HA to the surface plays an important role in promoting cell adhesion and can be difficult 

to achieve in scaffolds with micro- and macro-scale fibers. However, previous work 

demonstrated enhanced exposure of HA to the surface of PPF-co-PCL films with increased 
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HA concentration (up to 30 wt%) via SEM and FT-IR [28]. HA exposure depends both on 

the method of scaffold fabrication and the efforts made to disperse the nanoparticles. 

Another report used flow perfusion and surface coating of PPF with HA to improve cell 

attachment on scaffolds fabricated via STL [48].

For future in vivo implantation, 3D printed PPF-HA scaffolds can provide improved 

mechanical support for load-bearing implants as compared to PPF-HA scaffolds fabricated 

via indirect casting [49], molds [27], or STL [44, 50]. Furthermore, the osteoconductive 

properties of HA would allow bone to form within the scaffold’s pores and integrate with the 

surface. The molecular weight used for this study would mechanically support tissue 

infiltration during scaffold degradation based on reports from other work [35, 51, 52].

Conclusions

In this work, we have provided a systematic characterization of composite polymer/ceramic 

scaffolds with HA gradients. We have quantitatively evaluated the HA content in each layer 

using thermal analysis and qualitatively assessed the particle aggregation within the polymer 

matrix using µCT. Additionally, we have characterized the effects of adding a surfactant, 

SDS, to improve the dispersion of HA nanoparticles. We observed that SDS affected 

scaffold architecture and porosity. However, architecture and porosity balanced each other in 

a way that SDS did not impact compressive mechanical properties, and we were able to print 

scaffolds that would serve as mechanically robust implants. Upon printing complex scaffolds 

with multiple printing solutions, it is notable that solution viscosity determines scaffold 

architecture within each layer and drastically affects scaffold uniformity. This is a crucial 

consideration for printing slurries of a variety of components, including polymer/ceramic 

solutions, metal slurries, and hydrogel/cell solutions, among others. This work provides 

insight for proper fabrication and characterization of composite scaffolds containing 

nanoparticle gradients and is important for future efforts in fabricating complex scaffolds for 

tissue engineering applications.
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Refer to Web version on PubMed Central for supplementary material.
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ANOVA Analysis of variance

BAPO Phenylbis(2,4,6-trimethylbenzoyl)-phosphine oxide

DEF Diethyl fumarate

DMSO Dimethyl sulfoxide

ECM Extracellular matrix

FT-IR Fourier transform-infrared spectroscopy

HA Hydroxyapatite

HSD (Tukey’s) Honestly Significant Difference test

PDI Polydispersity index

PPF Poly(propylene fumarate)

PPF-co-PCL Poly(propylene fumarate)-co-poly(ε-caprolactone)

SDS Sodium dodecyl sulfate

SEM Scanning electron microscopy

STL Stereolithography

TGA Thermogravimetric analysis

µCT Micro-computed tomography

γ̇aw Wall shear rate

τw Wall shear stress

ΔP Pressure drop

d Fiber diameter

ds Syringe diameter

F Printing speed

L Scaffold length

Ls Syringe length

Mn Number average molecular weight

mscaffold Scaffold mass

P Pressure

Papp Applied pressure

Patm Atmospheric pressure
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Q Flow rate

H Scaffold thickness

T Temperature

W Scaffold width

z Layer thickness

ρmaterial Material density

ρscaffold Scaffold density
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Figure 1. 
Schematic of printed scaffolds. (a) PPF-HA (10 wt%) scaffold with or without SDS. (b) 

PPF-HA bilayer scaffold containing PPF and PPF-HA (10 wt%). (c) PPF-HA gradient 

scaffold containing layers of 1.25, 2.5, 5, and 10 wt% HA. Respective SEM cross-sections 

of (d) a PPF-HA scaffold with or without SDS, (e) a PPF-HA bilayer scaffold, and (f) a PPF-

HA gradient scaffold. Pore interconnectivity is lost with the addition of multiple materials. 

Scale bars in (d)–(f) represent 0.5 mm. Rotated views of (d)–(f) are presented in their 

respective supplemental figures, Figures S1–3.
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Figure 2. 
Fiber diameter measurements (a) and apparent viscosity (b) of PPF-HA (10 wt%) solutions 

with or without surfactant (SDS) printed at constant pressure, constant temperature, and 

varied speed. Printing solutions extruded with a 0.840 mm (inner diameter) syringe tip. 

Measurements reported as mean ± standard deviation (n = 3).
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Figure 3. 
Layer-by-layer analysis of 3D printed PPF-HA (10 wt%) scaffolds with or without 

surfactant (SDS). (a) Pore size, (b) fiber diameter, and (c) fiber spacing measurements are 

reported as mean + standard deviation. Each datum represents 8 scaffolds with 5 

measurements per layer (n = 40 measurements per datum).
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Figure 4. 
Summary of mean pore and fiber measurements, porosity, and compressive mechanical 

properties of PPF-HA (10 wt%) scaffolds with and without surfactant (SDS). (a) Pore size, 

fiber diameter, and fiber spacing of scaffolds. Each datum represents the mean of layer-by-

layer data points from Figure 3. (b) Porosity determined via gravimetric analysis and (c) 

compressive modulus. Data reported as mean + standard deviation (n = 4). *Asterisk 

indicates statistical significance between groups with SDS and without SDS, p < 0.05.
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Figure 5. 
Fiber diameter measurements (a) and apparent viscosity (b) of PPF and PPF-HA (10 wt%) 

solutions printed at varied temperature, pressure, and speed to print fibers with similar 

diameters. Printing solutions extruded with a 0.840 mm (inner diameter) syringe tip. 

Measurements reported as mean ± standard deviation (n = 3).
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Figure 6. 
Fiber diameter measurements (a) and apparent viscosity (b) of PPF-HA solutions 

(containing 1.25, 2.5, 5 and 10 wt% HA) printed at varied temperature, pressure (0.4 bar for 

1.25 wt%, 0.5 bar for 2.5, 5, and 10 wt%), and speed to print fibers with similar diameters. 

Printing solutions extruded with a 0.840 mm (inner diameter) syringe tip. Measurements 

reported as mean ± standard deviation (n = 3).
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Figure 7. 
Porosity of bilayer and gradient scaffolds compared to uniform PPF-HA scaffolds. Porosity 

data for PPF-HA scaffolds (with SDS, without SDS) taken from b. Data reported as mean + 

standard deviation (n = 4). Gradient descend scaffolds were printed with 10 wt% HA 

solution on bottom (descending order). Gradient ascend scaffolds were printed with 1.25 wt

% HA solution on bottom (ascending order). Values with the same letter (A–C) are not 

statistically different (p ≥ 0.05).
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Figure 8. 
(a) Pore size, (b) fiber diameter, and (c) fiber spacing measurements organized by scaffold 

type (bilayer or gradient descending), layer number (1–6 or 1–8), and HA concentration (0–

10 wt%). (n = 4 scaffolds per group, 5 measurements per layer for a total of 20 

measurements per datum). Data reported as mean + standard deviation (n = 4).
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Figure 9. 
Cross-sectional images of (a) a PPF-HA scaffold without SDS (containing a uniform 

concentration of HA) and (b) a PPF-HA gradient scaffold. Images generated from a 3D 

reconstruction via µCT. Scale bars in both images = 2 mm. Arrows point to noticeable 

aggregates of HA, which are apparent as white, opaque clusters within dark gray PPF 

matrix.
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Figure 10. 
Thermogravimetric analysis (TGA) of HA gradient in PPF-HA composites for 0, 1.25, 2.5, 

5, and 10 wt% HA. (a) Data are normalized to the initial weight after the evaporation of 

water at 100 °C. Peak at ~450 °C for all samples indicates a combustion peak for PPF, a 

drastic change that causes a sudden decrease and subsequent increase in temperature within 

the TGA furnace. See Figure S4 for TGA profile of PPF and PPF-HA as a function of time. 

(b) Data plotted as predicted value (wt% HA) vs formulation. *Formulations marked with 

the same letter (A–D) are not statistically different (p ≥ 0.05).
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