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A B S T R A C T   

Structural bone allografts are used to treat critically sized segmental bone defects (CSBDs) as such defects are too 
large to heal naturally. Development of biomaterials with competent mechanical properties that can also facil
itate new bone formation is a major challenge for CSBD repair. 3D printed synthetic bone grafts are a possible 
alternative to structural allografts if engineered to provide appropriate structure with sufficient mechanical 
properties. In this work, we fabricated a set of novel nanocomposite biomaterials consisting of acrylated epox
idized soybean oil (AESO), polyethylene glycol diacrylate (PEGDA) and nanohydroxyapatite (nHA) by using 
masked stereolithography (mSLA)-based 3D printing. 

The nanocomposite inks possess suitable rheological properties and good printability to print complex, 
anatomically-precise, ‘by design’ grafts. The addition of nHA to the AESO/PEGDA resin improved the tensile 
strength and fracture toughness of the mSLA printed nanocomposites, presumably due to small-scale rein
forcement. By adding 10 vol% nHA, tensile strength, modulus and fracture toughness (KIc) were increased to 
30.8 ± 1.2 MPa (58% increase), 1984.4 ± 126.7 MPa (144% increase) and 0.6 ± 0.1 MPa⋅m1/2 (42% increase), 
respectively (relative to the pure resin). The nanocomposites did not demonstrate significant hydrolytic, enzy
matic or oxidative degradation when incubated for 28 days, assuring chemical and mechanical stability at early 
stages of implantation. Apatite nucleated and covered the nanocomposite surfaces within 7 days of incubation in 
simulated body fluid. Good viability and proliferation of differentiated MC3T3-E1 osteoblasts were also observed 
on the nanocomposites. Taken all together, our nanocomposites demonstrate excellent bone-bioactivity and 
potential for bone defect repair.   

1. Introduction 

Precision technologies for fabrication of three-dimensional (3D) 
nanocomposite bone grafts are emerging rapidly with advancement in 
additive manufacturing techniques and synthesis of bone-bioactive 
polymeric biomaterials [1–5]. Compared to traditional fabrication 
methods including casting, injection molding, etc., 3D printing provides 
advantageous freedom in design and fabrication of complex, hierarchi
cal and patient-specific geometries [6]. Materials with appropriate 
functionality, mechanical properties, degradation behavior and bioac
tivity can be processed into complex shapes with the help of computer- 
aided design (CAD) and an appropriate 3D printer [7–10]. 

Masked stereolithography (mSLA), a distinct format of vat 

photopolymerization 3D printing, is a high-resolution light-assisted 
printing process where a light/UV sensitive liquid resin is solidified 
(cured) via light/UV exposure in a layer-by-layer process. Compared to 
other 3D printing techniques, such as fused deposition modeling (FDM) 
or stereolithography (SLA), mSLA printing methods are cost effective, 
defect-free and relatively fast, due to the printing of each layer all at 
once rather than point-by-point [2]. 

Over the last decade, selection and development of materials as inks 
for mSLA-based 3D printing have progressed significantly [6]. Among 
the vast library of photocurable polymers, the choice of polymers for 
bone repair and replacement is limited due to the desire for controlled 
degradation via cell-mediated remodeling, superior mechanical strength 
and excellent bioactivity. Natural polymers can be better choices than 
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synthetic polymers as they generally have good biocompatibility and 
non-cytotoxic biodegradation products. 

AESO is a plant-derived triglyceride, functionalized with acrylate 
groups and is an excellent candidate for photopolymerization-based 3D 
printing for biomedical applications [11–13]. AESO-based polymeric 
composites afford eco-friendly and renewable ways to fabricate bio
materials. The triglycerides in AESO consist of natural fatty acids with 
negligible cytotoxicity. Nano-scale hydroxyapatite (nHA) particles are 
similar to natural bone mineral in their chemical nature. They demon
strate bioactivity and osteoconductivity when studied in vitro and in vivo 
[14–16]. 

In our previous studies, we have 3D printed AESO/nHA/PEGDA 
nanocomposites using Direct Ink Writing (DIW) [19–21]. These nano
composites had excellent mechanical properties and cell-material in
teractions. While DIW is a tedious process, it is very convenient for 
printing porous 3D scaffolds using AESO/nHA/PEGDA nanocomposite 
inks with high nHA volume fraction. However, 3D printing of flawless, 
non-porous complex nanocomposite grafts using DIW is a major chal
lenge due to the rheological properties of the inks. 

In mSLA-based 3D printing, it is crucial to have an ink viscosity low 
enough so that the build platform can move freely through the ink and 
the ink can refill the small gap between the printed object and bottom of 
the ink tray. The recommended viscosity for ceramic-based nano
composite inks is ~5 Pa⋅s or lower [2,6,17,18]. AESO is a viscous 
monomer with a molecular mass of approximately 1200 Da and a vis
cosity of 25 Pa⋅s at room temperature [13]. To efficiently print an AESO/ 
nHA-based nanocomposite ink using mSLA, a thinning reagent is 
required to reduce the overall ink viscosity and improve the mechanical 
properties of the 3D printed nanocomposites. PEGDA has two acrylate 
groups and very low viscosity (~0.025 Pa⋅s) that help to reduce the 
overall viscosity of AESO/nHA ink and improves the mechanical prop
erties by increasing the crosslinking density. 

In this work, we studied the effect of nanohydroxyapatite content (5 
and 10 vol%) on viscosity and printability of AESO/nHA/PEGDA 
nanocomposites for mSLA-based 3D printing. To the best of our 
knowledge, there are no studies in the available literature on mSLA- 
based 3D printing of AESO-nHA-nanocomposites for bone reconstruc
tion or tissue engineering applications. We hypothesized that the addi
tion of nHA to the AESO/PEGDA resin would improve the strength, 
fracture toughness, cytocompatibility, and bioactivity of the mSLA- 
printed nanocomposites. We evaluated the tensile and fracture me
chanical properties of 3D printed nanocomposite specimens. We 
measured water absorption, hydrolytic, enzymatic and oxidative 
biodegradation in vitro of these 3D printed nanocomposites. Bone- 
bioactivity and cytocompatibility of the nanocomposites were evalu
ated by apatite deposition in simulated body fluid (SBF) and by studying 
the adhesion and proliferation of differentiated MC3T3-E1 osteoblasts 
on the nanocomposite surfaces, respectively. 

2. Materials and methods 

2.1. Materials 

AESO, PEGDA (MW 250) and Phenylbis(2,4,6-trimethylbenzoyl) 
phosphine oxide (Irgacure 819) were purchased from Sigma-Aldrich 
Co. H1-NMR shows 3–4 acrylate groups per AESO molecule and the 
absence of residual epoxide functional groups [21]. Nanohydroxyapatite 
powder (nHA, calcium-deficient, rod-shaped, aspect ratio 3–4 with 
approximately 120 nm length) was purchased from MKNano (M K Impex 
Corp., Mississauga, Canada) [22]. This nHA has a calcium-to- 
phosphorous ratio of ~1.52, with specific gravity of 2.92 and an 
approximate crystallinity index of 0.52–0.54 [22]. All chemicals were 
used as received. 

2.2. Preparation of nanocomposite inks 

AESO and PEGDA were blended using an ultrasonic homogenizer 
(Branson Sonifier 450, Emerson Inc., USA) for 5 min. Then, Irgacure 819 
photoinitiator was dissolved in this resin mixture at 1% of total ink 
volume using an ultrasonic homogenizer. nHA powder was then added 
to the mixture and dispersed using the ultrasonic homogenizer for 30 
min. The ratio of AESO: PEGDA was kept constant for all inks at 1:1. This 
ratio was chosen based on the classic rule of mixtures in order to 
maintain the viscosity of the AESO/PEGDA ink in the optimum range for 
mSLA-based 3D printing. Four inks were prepared and their composi
tions are summarized in Table 1. 

2.3. Characterization of the nanocomposite inks 

2.3.1. Cure depth measurements 
The required UV exposure time and intensity to fully cure each print 

layer were determined first by conducting standard cure-depth experi
ments using an adapted protocol [23]. The nanocomposite inks were 
loaded in cylindrical opaque PTFE molds and exposed to known doses of 
UV light (BlueWave® QX4® LED Spot-Curing System, Dymax Corp., 
USA) at one end of the cylindrical hole. The thickness of the cured 
material was measured by using calipers after rinsing away the uncured 
residue with ethanol (n = 6). The standard cure-depth equation [24], 

Cd = Dpln
(

Emax

Ec

)

where Cd is the cure depth, Emax is the energy dosage per area, Ec rep
resents the critical energy dosage, and Dp is the depth of penetration, 
was fit to the experimental data. Emax is constant for an mSLA printer 
with constant settings so the Cd or, in this context, maximum layer 
height of each nanocomposite ink, was calculated from the corre
sponding standard cure-depth curve. To achieve successful curing dur
ing mSLA-based 3D printing, the layer height was set to less than the 
calculated cure depth value. 

2.3.2. Rheology of the nanocomposite inks 
The rheological properties of the nanocomposite inks were measured 

using a Bohlin CS Rheometer with a cone and plate geometry (CP 4/40, 
with 150 μm gap). The inks for this experiment were prepared without 
photo-initiator and all measurements were performed at room temper
ature under shear strain rates from 0.01 s− 1 and 100 s− 1 (n = 3). At each 
shear strain rate, the viscosity and shear stress were recorded at 10 s 
intervals. 

2.4. mSLA-based 3D printing of nanocomposite inks 

mSLA-based 3D printing was conducted using an Anycubic Photon 
(Anycubic Inc., China). 3D stereolithographic files were sliced using the 
Anycubic Photon slicer software. All specimens were printed by setting 
the layer height to 50 μm. This layer height value is less than the lowest 
calculated cure depth value among the nanocomposite inks. Each layer 
was exposed to UV for 50 s except for the first six layers which were 
cured for 60 s to ensure good build plate adhesion. After completion of 
3D printing, the specimens were removed from the print bed using a 
metal spatula and wiped thoroughly. To avoid uncured ink residue on 
the surface, specimens were exposed to additional UV in a post-print 

Table 1 
Compositions of AESO/PEGDA/nHA nanocomposite inks.  

Inks AESO (vol%) PEGDA (vol%) nHA (vol%) 

SP0  50  50  0 
SP5  47.5  47.5  5 
SP10  45  45  10 
SP15  42.5  42.5  15  
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curing chamber for an hour on each side, and then rinsed with ethanol. 

2.5. Characterization of 3D printed nanocomposite 

The efficiency of curing and conversion was measured by Fourier 
Transform Infra-Red spectroscopy (FTIR) analysis of 3D printed cylin
drical discs (10 mm in diameter and 1 mm in thickness; n = 3). FTIR 
spectra were obtained using a Nicolet 6700 FT-IR Spectrometer (Thermo 
Scientific, USA) at a resolution of 4 cm− 1 with a sample scan of 32. All 
spectra were analyzed using OMNIC series software. 

The organic-inorganic ratios and thermal decomposition behavior of 
the 3D printed nanocomposites were measured using thermogravimetric 
analysis (TGA). Approximately 10 mg of each 3D printed nanocomposite 
specimen (n = 3) were heated and burnt in a TA Q500 (TA Instruments 
Inc., New Castle, DE) from 25 to 800 ◦C under air atmosphere at 10 ◦C/ 
min heating rate. The remaining mass after burnout was considered as 
the inorganic content and used to calculate the organic-inorganic ratio 
of each nanocomposite specimen. Differential scanning calorimetry 
(DSC) was conducted to measure the glass transition temperature (Tg). 
All experiments were carried out under nitrogen flow (50 mL/min) using 
a TA Q2000 (TA instruments Inc., New Castle, DE). 3D printed nano
composite specimens (~8 mg, n = 3) were sealed in aluminum pans and 
heated from − 40 ◦C to 400 ◦C at 5 ◦C/min. 

Printability of the nanocomposite inks was evaluated by image 
analysis of mSLA printed lattice cubes. The area of each pore was 
measured and compared with theoretical values. 3D printed blocks were 
imaged using a digital camera (Canon EOS REBEL T7i) mounted on a 
macroscope (LM Macroscope 9×, Micro Tech Lab, Austria). The pore 
area was calculated using ImageJ (ImageJ 1.52a, NIH). The theoretical 
(designed) value of the pore area was 1 mm2. The printability was 
calculated as: 

Printability,Pr =
Single pore area in 3D printed block
Single pore area in designed block 

If the object printed perfectly, the area of the pores would be same as 
designed and Pr would be equal to 1. 

2.6. Printing and tensile testing of the nanocomposites 

Dogbone-shaped test specimens (30 mm length, 10 mm gauge 
length, 2.5 mm width and 2 mm thickness; based on the ASTM standard 
D3039 [25]) were printed using the mSLA 3D Printer. AnyCubic Photon 
Slicer software was used to set the orientation and to add necessary 
supports. Support material, consisting of six support fixtures per spec
imen, was added in the grip areas, and not along the gauge length, in 
order to avoid defects and damage to the specimens during removal 
from the print bed. 

Tensile testing was performed using a Psylotech μTS mechanical 
testing frame (Psylotech Inc., Evanston, IL, USA) with a 1-kN windowing 
load cell. Strain measurement was conducted using microscope-enabled 
digital image correlation (DIC; Vic 2D 6, Correlated Solutions Inc., USA). 
A microscope (BXFM, Olympus Corp., Center Valley, PA, USA) with a 
digital camera (Point Grey, 5 MP, 2/3′′ detector) was mounted over the 
test system to take magnified images of the gauge length during the test. 
A 2.5× magnification objective lens (Olympus Corp., Center Valley, PA, 
USA) was used. The resulting spatial resolution was 1450 pixels mm− 1. 

Test specimens (n = 7 per group) were sprayed with high-resolution 
toner powder (Xerox Phaser 6000) by using an atomizer jar to create 
speckle patterns that enabled DIC analysis. The speckling particles were 
4–5 μm in diameter. In displacement control mode, specimens were first 
preconditioned at 1 Hz for 100 cycles. Then extension was applied at the 
rate of 16 μm/s (average strain rate of 0.0016 s− 1). All testing was 
carried out at room temperature. Data were acquired at 5 Hz. The 
average engineering strains were measured from the DIC using a line 
extensometer tool. The engineering stress was calculated by dividing 
force by initial cross-sectional area. Elastic modulus was determined 

from the slope of the initial linear elastic portion (0–0.3% strain) of the 
stress–strain curve, respectively. Yield strength was calculated using the 
conventional 0.2% offset from the linear portion of the curve. Toughness 
values were obtained as the area under the stress-strain curves up to the 
point of fracture. 

2.7. Single edge notch 3-point bending (SENB) testing 

Single-point fracture toughness (K1c) of the mSLA-printed nano
composites was measured using the same testing frame equipped with a 
3-point bending fixture and performed according to ASTM D5045-14 
[26]. The SENB test specimens with length of 50 mm (gauge length 
40 mm), thickness (B) of 5 mm and a width (W) of 10 mm were 3D 
printed similarly to the specimens for tensile testing (Section 2.6). A 4.5- 
mm notch was cut into the width by using an IsoMettm low-speed 
metallurgical saw (Buehler Ltd., IL, USA) and then a micro-crack was 
created by tapping the specimens gently with a sharp razor blade placed 
in the notch. The initial crack length (a0) fell within the 0.45 < a/W <
0.55 specification. All testing (n = 6) was conducted at room tempera
ture and in displacement control mode with crosshead speed 3.3 μm/s. 
Data were acquired at 5 Hz. 

2.8. Scanning electron microscopy (SEM) and fractography 

SEM imaging was conducted using a Quanta FEG 250 (ThermoFisher 
Scientific, USA) in low vacuum mode. Images of the fracture surfaces 
after tensile and fracture tests were acquired by mounting the fractured 
specimens on SEM stubs vertically and without further treatment. 

2.9. Swelling and hydrolytic degradation of nanocomposites 

Water absorption and hydrolytic degradation of the 3D printed 
nanocomposites were evaluated by soaking in deionized (DI) water at 
37 ◦C. Disc specimens (12 mm in diameter and 5 mm in thickness) were 
3D printed using the same printing conditions as for tensile mechanical 
testing specimens (as described in Section 2.6). Incubation was per
formed for 1, 3, 7, 14 and 28 days. Each disc was weighed prior to in
cubation and this was recorded as the initial mass (mi). After each time 
point, discs (n = 5) were removed from DI water and weighed imme
diately after gently wiping the surfaces. This wet mass is referred to as 
the swelled mass (ms). Next, the discs were dried under reduced pressure 
for a week followed by drying in an oven at 60 ◦C for 24 h to more 
completely remove the absorbed water. Then the mass of the disc was 
recorded as final mass (mf) and used to calculate the swelling and 
degradation of the nanocomposites by following the equations: 

Swelling (gain of mass,%) =
ms − mf

mf
× 100  

Degradation (loss of mass,%) =
mi − mf

mi
× 100  

2.10. In vitro bioactivity of the 3D printed nanocomposites 

The in vitro bioactivity was evaluated by studying the deposition of 
bone-mimetic apatite on the surfaces of the nanocomposite disc speci
mens (12 mm in diameter and 5 mm in thickness) by incubation in SBF. 
The specimens were 3D printed using methods similar to those described 
in Section 2.6. The SBF solution mimics the composition and concen
tration of the inorganic part of human blood plasma and was prepared as 
described elsewhere [27]. Each specimen was incubated at 37 ◦C with 
20 mL of SBF in a polypropylene vial, tightly covered with a lid. The 
solution was replenished with fresh SBF solution every 48 h. After each 
time point, the discs were removed from the SBF solution, rinsed with DI 
water and dried under reduced pressure at room temperature for 24 h 
prior to SEM imaging. The imaging was conducted using a Quanta FEG 
250 (ThermoFisher Scientific, USA) in low vacuum mode (similar to the 

D. Mondal et al.                                                                                                                                                                                                                                 



Materials Science & Engineering C 130 (2021) 112456

4

method given in Section 2.8). The gain of mass due to the apatite 
deposition was calculated by the following equation: 

Gain of mass (%) =
mf − mi

mi
× 100  

2.11. Biodegradation in enzymatic and oxidative media 

The degradation behavior of the 3D printed nanocomposites was 
evaluated by incubating discs (12 mm in diameter and 5 mm in thick
ness) in oxidative and enzyme degradation solutions at 37 ◦C for up to 
28 days. The initial dry mass (mi) was recorded prior to sterilization and 
incubation. The discs were sterilized in 70% ethanol (20 min), rinsed 
twice in PBS and blotted dry. Each disc was placed in 3 mL of either 
oxidative solution (20% H2O2 in water with 0.1 M CoCl2), lipase solution 
(100 units of lipase from Thermomyces lanuginosus/mL of PBS), 
esterase solution (300 units of esterase from porcine liver/mL of PBS) or 
control solution (PBS) [28,29]. All solutions were prepared fresh from 
reagents obtained from Sigma-Aldrich and contained 0.02 wt% NaN3, as 
a bactericide. All solutions were changed every 2 days. After 14 and 28 
days, discs (n = 3 for each SP0, SP5 and SP10) were removed from so
lutions and weighed immediately after gently blotting of the surfaces. 
This is referred to wet mass (mw). At the 28-day time-point, the discs 
were dried under reduced pressure for a week followed by drying in an 
oven at 60 ◦C for 24 h to completely remove water. Then the mass of the 
disc was recorded as final mass (mf) and used to calculate the final 
degradation of the nanocomposites by following the equations: 

Mass change,wet conditions (%) =
mw − mi

mi
× 100  

Final degradation,mass loss at day 28 (%) =
mi − mf

mi
× 100  

2.12. Cell viability and proliferation assessment 

2.12.1. Osteoblast cell culture 
Mouse pre-osteoblast MC3T3-E1 (ATCC, Manassas, Virginia, USA) 

cells were differentiated to osteoblasts using an osteogenesis assay kit 
(MilliporeSigma, Oakville, Ontario, Canada). Differentiated MC3T3-E1 
osteoblast-like cells were cultured in a growth medium composed of 
Minimum Essential Medium alpha (α-MEM) (Life technologies, Bur
lington, Ontario, Canada) supplemented with 10% fetal bovine serum 
(FBS), 1% penicillin/streptomycin (P/S), 0.2 mM ascorbic acid-2- 
phosphate and 10 mM β-glycerophosphate. Cells from passages 2 to 6 
were used for the experiments. 

2.12.2. Osteoblast attachment and proliferation on nanocomposite discs 
3D printed nanocomposite discs (8 mm in diameter and 1 mm in 

thickness) were washed with 70% ethanol and phosphate buffered saline 
twice (5 min per wash) and further sterilized under UV light for 20 min. 
To improve cell adhesion, discs were incubated overnight at 37 ◦C (5% 
CO2) in α-MEM supplemented with 50% FBS and 1% P/S. Commercially 
available sterile hydroxyapatite (HA) discs (8 mm in diameter and 2 mm 
in thickness, 3D Biotek, USA) were used as controls. To keep cells on the 
discs during seeding and incubation times, each disc was placed in a 
silicone ring (Dow Corning Silastic, HelixMark, USA) and then added to 
a well of a 24-well plate. Osteoblasts were seeded at a density of 10,000 
cells per disc (20,000 cells/cm2). Samples were incubated for 2 h to 
allow for cell attachment and 0.25 mL of growth medium (α-MEM 
supplemented with 10% FBS, 1% P/S, 0.2 mM ascorbic acid-2- 
phosphate and 10 mM β-glycerophosphate) was then added. Samples 
were cultured for 1, 3 and 7 days and medium was changed every day. 

Cell proliferation after 1, 3- and 7-days of culture was characterized 
using XTT (sodium 3′-[1-(phenylaminocarbonyl)-3,4-tetrazolium]-bis 
(4-methoxy6-nitro) benzene sulfonic acid hydrate; TACS XTT cell pro
liferation kit, R&D Systems, Minneapolis, USA). XTT solution was added 

to each well and the samples were incubated for 2.5 h. The supernatant 
was then transferred to a 96-well plate and absorbance was measured at 
490 nm with a reference wavelength of 630 nm on a SpectraMax Plus 
384 Microplate Reader. Results are expressed as corrected absorbance 
values (i.e. subtracting working solution absorbance from sample 
absorbance). 

Following XTT, live/dead staining (Life Technologies Inc., CA) was 
performed. The discs were incubated with a growth medium containing 
2 μM Calcein AM (stains live cells green) and 4 μM EthD-1 (stains dead 
cells red) for 30 min at 37 ◦C, directly followed by imaging with a Nikon 
Eclipse TS100 fluorescence microscope (Tokyo, Japan). 

2.13. Statistical analysis 

Data are represented as mean ± standard deviation (SD). All data 
were analyzed using SigmaStat (Version 4.0, Systat Software Inc., CA, 
USA). Means were compared using one-way or two-way analysis of 
variance (ANOVA) followed by a Tukey's multiple comparison test. 
Differences between means were considered statistically significant at p 
< 0.05. 

3. Results 

3.1. Characterization of AESO/nHA/PEGDA nanocomposite inks 

The UV doses required for successfully curing various layer thick
nesses were determined by generating standard cure depth curves. Plots 
of the cured depths in response to different UV doses for the SP0, SP5, 
and SP10 nanocomposite inks are shown in Fig. S1A. Incorporation of 
nHA decreased the cure depth over the same dose range presumably due 
to the blocking and scattering of UV by the nHA particles. FTIR spectra 
(Fig. S1B) of all of the cured nanocomposites showed no peak at 1630 
cm− 1 (associated with stretching vibration for C––C) and a small peak at 
806 cm− 1 (for asymmetric vibration of out-of-plane vinyl groups) 
[5,13]. This indicates the minimal presence of unreacted monomers on 
the cured nanocomposites (4–9%, based on calculating the ratio of area 
under the C––C peaks after normalizing with C––O peak from FTIR 
spectra of cured and uncured specimens). Thermogravimetric analysis 
(TGA) was performed to confirm the ratio of nHA to AESO/PEGDA resin 
in the 3D printed nanocomposites (Fig. S2A). All nanocomposites 
burned in the 300 to 500 ◦C range. The remaining mass presumably 
corresponds to the inorganic nHA particles. The nHA volume fractions 
after burnout of SP0, SP5 and SP10 were calculated as 0%, 4.71 ± 0.12% 
and 8.97 ± 0.40%, respectively (n = 3). The DSC curves (Fig. S2B) for all 
the nanocomposites showed similar trends, and notably an absence of 
any detectable change in heat capacity, due to a glass transition or 
melting, within the examined temperature range. 

3.2. Rheology and printability of nanocomposite inks 

The viscosity increased upon addition of nHA powder to the AESO/ 
PEGDA resin (Fig. 1A). Addition of 10 vol% of nHA (SP10) increased the 
viscosity from 0.2 to 0.49 Pa⋅s. All inks displayed Newtonian behavior 
with near-zero shear yield strength (Fig. 1B). The SP15 nanocomposite 
ink demonstrated a small shear yield strength (0.11 ± 0.04 Pa), and 
therefore, this SP15 ink was not carried forward for further analyses 
because shear yield strength can cause defects during mSLA. Indeed, the 
printability decreased as the nHA content was increased, presumably 
due to the blocking and scattering of UV by nanoparticles (Table 2) and 
due to changes in rheology. The printability number for SP10 was 0.45, 
decreased from 0.64 for SP0. These printability results are consistent 
with the cure-depth characteristics of nanocomposite inks. 

A model of a human femoral diaphysis was printed using mSLA and 
SP5 nanocomposite ink (Fig. 2). This demonstrates the utility of the ink 
towards the additive manufacturing of meaningful scaffolds and syn
thetic grafts. 
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3.3. Mechanical properties of the printed nanocomposites 

The mechanical properties of AESO/PEGDA/nHA nanocomposites 
were measured by tensile and fracture toughness testing. All specimens 
were printed using mSLA and tested according to ASTM standards 
(Fig. S3). The representative engineering stress vs engineering strain 
curves show that with increasing volume fraction (vol%) of nHA from 5 
to 10%, the strength increased (Fig. 3A). The mean fracture strengths, 
Young's moduli, yield strengths, strains-at-fracture, toughnesses, and 
fracture toughnesses are summarized in Table 3. Both tensile fracture 
strength and modulus values were dramatically improved upon inclu
sion of 10 vol% nHA. SP10 demonstrated 30.8 ± 1.2 MPa for tensile 
strength (a 58% increase over SP0) and 1984.37 ± 126.72 MPa for 

modulus (144% increase over SP0). The yield strengths followed a 
similar trend. The AESO/PEGDA resin fractured at close to 12% strain in 
tension, whereas the SP10 nanocomposite fractured at ~7%, an ex
pected reduction in ductility due to nanoparticle inclusion. 

The representative load-displacement curves from SENB fracture 
testing indicate relatively brittle fracture of both the nanocomposites 
and the resin (Fig. 3B). Both SP5 and SP10 had significantly higher 
fracture toughness values (0.55 ± 0.02 and 0.58 ± 0.05 MPa⋅m1/2, 
respectively) than the pure resin SP0 (0.41 ± 0.04 MPa⋅m1/2). Inter
estingly, SP10 demonstrated some extent of stable tearing which shows 
that inclusion of higher amount of nHA enhanced its resistance to crack 
extension. 

Fig. 4 presents SEM images of the fracture surfaces of 3D printed SP0, 
SP5 and SP10 nanocomposites after tensile testing. The flat fracture 
surfaces of SP0 indicate brittle fracture. SP5 nanocomposites showed 
wedges and rough surface after tensile fracture. The roughness of the 
fracture surfaces visually increased upon incorporation of higher 
amounts of nHA. Micro-scale agglomerates of nHA can be observed on 
the higher magnification images of SP5 and SP10 (Fig. 4E–F). 

The SEM images of fracture surfaces after SENB fracture testing 
(Fig. 5) are consistent with those from the tensile testing. The fracture 
surface of SP0 was flat and smooth. On the other hand, the fracture 
surfaces of the 3D printed nanocomposites, SP5 and SP10, had rough 

Fig. 1. Rheology and printability of the nanocomposite inks (n = 3). Representative plots of A) viscosity vs shear strain rate and B) shear stress vs shear rate. All 
nanocomposite inks were Newtonian and viscosity increased with increased nHA content. C) Representative digital images of 3D printed lattice cubes used to 
calculate printability of the inks. 

Table 2 
Viscosity, shear yield strength and printability results of as-prepared nano
composite inks (n = 3; data are presented as mean ± SD).  

Nanocomposites Viscosity (Pa⋅s) Shear yield strength (Pa) Printability (Pr) 

SP0 0.20 ± 0.00 0 0.64 ± 0.03 
SP5 0.31 ± 0.01 0 0.53 ± 0.02 
SP10 0.49 ± 0.01 0 0.45 ± 0.01 
SP15 0.89 ± 0.01 0.11 ± 0.04 –  

Fig. 2. mSLA printed human femoral diaphysis model using SP5 nanocomposite ink.  
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wedge morphology in the fracture direction, indicative of tearing (black 
arrows). These rough morphologies of SP5 and SP10 may result from 
nHA incorporation and the interaction of nanoparticles with the poly
mer matrix. 

3.4. Swelling and degradation 

Excessive swelling in physiologic conditions may result in unex
pected damage and instability of the biomaterial. We tested swelling 
behavior and hydrolytic degradation of our 3D printed nanocomposites 
to evaluate their initial stability in vivo. The nanocomposites and resin 
absorbed similar amounts of water (Fig. 6A). Approximately 3 wt% 
water absorption indicates neither hydrophobicity nor excessive 
swelling. The nanocomposites reached equilibrium with water within 
10 days of immersion. The incorporation of nHA did not affect the 
swelling detectably. 

Hydrolytic degradation of the nanocomposites was negligible 
(~0.3%) (Fig. 6B). However, SP5 and SP10 lost more mass than SP0 (not 
statistically significant) when incubated in DI water for 1 day to 4 weeks. 
This loss occurred within the first day of incubation and may have been 
the result of an initial loss of nHA from the surface. 

3.5. In vitro surface mineralization 

When incubated in SBF, the 3D printed resin and nanocomposites 
underwent extensive apatite deposition within 7 days (Fig. 7B). The 
nanocomposites lost mass up to 2 weeks of incubation presumably due 

to the degradation discussed in Section 3.4. The mass gain plotted in 
Fig. 7A represents the balance of mass loss due to the degradation and 
mass gain due to the deposition of apatite. The formation of crystalline 
biomimetic apatite on the surface of SP0, SP5 and SP10 suggests 
excellent bone-bioactivity potential. 

3.6. Biodegradation in enzymatic and oxidative media 

In agreement with observations from the swelling and hydrolytic 
degradation study in Section 3.4, there was a small non-statistically 
significant swelling (2 to 3%) of the SP0, SP5 and SP10 discs in the 
lipase and esterase degradation solutions (Table 4) while slightly higher 
swelling occurred under oxidative conditions. A 1 to 2% mass loss was 
observed for samples incubated in the oxidative solution containing 
CoCl2 (acting as a Fenton's reagent to provide a stronger oxidizing me
dium [30]). Overall, no significant biodegradation was observed at day 
28 (around 1% loss in mass), suggesting limited bulk enzymatic and 
oxidative degradation of the nHA nanocomposites. 

3.7. Differentiated MC3T3-E1 osteoblasts proliferation and viability on 
nanocomposite discs 

Cell proliferation and viability on the three nanocomposites were 
assessed after 1, 3, and 7 days of culture. As shown in Fig. 8A, differ
entiated MC3T3-E1 osteoblasts showed excellent viability on SP0, SP5, 
and SP10 surfaces at all time-points. A few dead cells were observed. 
Cells seeded on SP5 and SP10 demonstrated excellent morphology at 
day 1. While a higher cell density could be observed on SP0 compared to 
SP5, SP10 and HA discs after day 1, a significant increase in proliferation 
(p < 0.05) was only observed on SP5, SP10 and HA discs at day 3 and day 
7 (Fig. 8B). The two-way ANOVA revealed a statistically significant 
interaction between nanocomposite groups (p = 0.018) and between 
nanocomposite groups and days (p = 0.004). Furthermore, the XTT re
sults combined with the live/dead staining suggest increased osteoblast 
viability and proliferation with increased nHA content in the 
nanocomposites. 

4. Discussion 

mSLA 3D printing has the ability to improve the fabrication of 
complex structural grafts for bone regeneration and reconstruction. 
However, this requires suitable biomaterial inks that once printed have 
competent mechanical properties and biocompatibility to enhance bone 
regeneration. In this work, we studied the effect of nHA content on the 
viscosity and printability of AESO/nHA/PEGDA nanocomposites, and 
successfully printed test specimens and objects by using mSLA tech
nique. nHA is a bone-bioactive component and widely studied in vitro 
and in vivo for its bioactivity and osteoconductivity [14,15]. Our results 
support the hypothesis that the addition of nHA to the AESO/PEGDA 
resin would improve the mechanical properties, cytocompatibility, and 
bioactivity of the 3D printed nanocomposites. We measured the tensile 
and fracture mechanical properties, water absorption, and hydrolytic, 
enzymatic and oxidative biodegradation in vitro of these 3D printed 
nanocomposites. Bone-bioactivity and cytocompatibility of the nano
composites were evaluated by apatite deposition in SBF and studying the 
adhesion and proliferation of osteoblasts on the nanocomposite surfaces. 

For successful 3D printing of bone tissue engineering grafts, most of 

Fig. 3. Tensile and fracture mechanical testing of mSLA-based 3D printed 
nanocomposite dogbones and SENB beams, respectively. A) Representative 
stress – strain curves from tensile testing and B) representative load- 
displacement curves from SENB fracture testing. 

Table 3 
Tensile and fracture test data for the 3D printed AESO/nHA/PEGDA nanocomposites. Data are presented as mean ± SD (n = 7 specimens for tensile tests and n = 6 for 
fracture tests of each composition). Different lower-case letters (a, b, c) indicate statistically significant differences at p < 0.05.   

Tensile fracture strength (MPa) Modulus (MPa) Yield strength (MPa) Strain at fracture (%) Toughness (MPa) Fracture toughness (MPa⋅m1/2) 

SP0 19.5 ± 1.4a 815 ± 94a 11.3 ± 1.0a 11.8 ± 2.5a 1.86 ± 0.50a 0.43 ± 0.04a 

SP5 21.5 ± 2.0a 1043 ± 203b 12.7 ± 1.4a 10.1 ± 0.9ab 1.75 ± 0.36a 0.55 ± 0.02b 

SP10 30.8 ± 1.2b 1984 ± 127c 21.4 ± 0.4b 7.3 ± 1.3b 1.87 ± 0.40a 0.58 ± 0.05b  
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the nanocomposite biomaterial inks developed and reported in the 
literature thus far are focused on fabricating porous scaffolds via fused 
deposition modeling (or liquid deposition modeling) and extrusion- 
based 3D printing (or direct ink writing) [31,32]. These methods of 
3D printing can print viscous nanocomposite inks but the part-infidelity 
or inconsistency generated during fabrication process due to the nozzle 
clogging and/or inhomogeneous dispersion of nanoparticles may lead to 
reduced strength and rapid degradation [33–35]. Moreover, these 
techniques are time-consuming and arduous. mSLA, on the other hand, 

is fast and can print parts with high resolution that are nearly defect- 
free. The rheological properties of our nanocomposite inks are favor
able for successful and efficient mSLA printing of complex microstruc
tures. To our knowledge, there are no studies in the available literature 
on mSLA-based 3D printing of nanocomposite grafts for reconstruction 
of load-bearing bone defects. 

Most SLA printed biomaterials are limited to one or a blend of 
multiple bioactive polymers-based resins, due to the viscosity threshold 
for mSLA printing. Few studies to date have shown incorporation of 

Fig. 4. Representative SEM images of fracture surfaces from tensile mechanical testing. Panels A–C are low magnification images and panels D–F are higher 
magnification images. A, D) SP0, B, E) SP5 and C, F) SP10. White specks on the surfaces are residual carbon particles from the DIC strain measurement during the 
tensile testing. 

Fig. 5. Representative SEM images of fracture surfaces from SENB fracture testing. Panels A–C are low magnification images and panels D–F are higher magnification 
images. A, D) SP0, B, E) SP5 and C, F) SP10. Black arrows in panels E and F indicate the rough wedge morphology oriented in the crack propagation direction. 
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hydroxyapatite with polymer blends and their successful 3D printing 
using either SLA or DLP [36–40]. The focus of these previous studies was 
to fabricate porous scaffolds for bone tissue engineering. In some of 
these studies, the polymers were used as binder for the accompanied 
ceramics and burnt out in a final stage to fabricate porous ceramic-only 
scaffolds. Burn-out and sintering caused micron-scale crack formation in 
the scaffolds and weakened their mechanical properties [37,39,40]. 
Although the reported mechanical properties of these 3D printed scaf
folds were compatible with human trabecular bone, none of these ma
terials would be eligible for load bearing skeletal reconstructions. 
Moreover, porous microstructure with higher surface area-to-volume 
ratio assists faster degradation or dissolution in vivo, which results in 
rapid loss of the scaffold materials and poses a major challenge in 
matching the rate of natural bone formation or remodeling through cell- 
mediated resorption. For successful bone regeneration through natural 
bone remodeling processes, it is important to mimic the organic- 
inorganic microstructure of natural bone (such as allograft) which is 
osteogenic, slow to degrade, mechanically competent and stable 
[44–46]. 

Addition of 10 vol% of nHA (SP10 nanocomposite) sharply increased 
the tensile strength (58%), yield strength (90%), Young's modulus 
(144%) and plane-strain fracture toughness (41%) compared to the pure 
AESO/PEGDA resin. The increase in mechanical strength is directly 
attributed to the nanoscale load transfer between phases partially due to 
interactions facilitated by the high surface area-to-volume ratio. This 
reinforcement behavior greatly depends on the volume fraction, distri
bution and dispersion of nHA in the polymer matrices. However, the 
SEM imaging of the fracture surfaces of the nanocomposite specimens 
after tensile and fracture testing revealed micron-sized agglomerates. 
This suggests that the dispersion of nHA must be further improved to 
further increase the strength of AESO/nHA/PEGDA nanocomposites. In 
addition, the mechanical properties of SP10 are not comparable to those 

of human cortical bone. For example, the tensile strength and modulus 
of human cortical bone are 135 ± 15 MPa and 19.8 ± 1.8 GPa, 
respectively [47,48], while the tensile fracture stress and modulus of 
SP10 is 31 ± 1 MPa and 2.0 ± 0.1 GPa, respectively. It has been reported 
that the human tibia [49] or femur [50] may experience principal strain 
(tensile) during walking or running in the range of 500–1000 με. By 
considering the elastic modulus of cortical bone (~20 GPa), this strain 

Fig. 6. Swelling (water absorption) and hydrolytic degradation of the nano
composites after immersion and incubation in deionized water. A) Gain of mass 
due to swelling in deionized water, and B) mass loss due to hydrolytic degra
dation. Results are reported as mean ± SD (n = 5). None of the means were 
statistically different. 

Fig. 7. Biomineralization on 3D printed nanocomposite discs. A) Change of 
mass after incubation in SBF at various time points. Data are presented as mean 
± SD (n = 5). Different lower case letters indicate that the means are statisti
cally significant at p < 0.05. B) Representative SEM images of apatite deposited 
onto disc surfaces after 28 days of incubation. Low magnification images in the 
upper row and high magnification images in the bottom row. 

Table 4 
Change in mass of nanocomposites over 28 days of incubation in various 
degradation media. Data are presented as mean ± SD (n = 3). None of the 
nanocomposites showed statistically significant mass loss (p > 0.05) when 
incubated in PBS, lipase, esterase and oxidative media.  

Degradation 
medium 

Nanocomposites Day 14 
Wet mass 
change (%) 

Day 28 
Wet mass 
change (%) 

Day 28 
Dry mass 
change (%) 

PBS SP0 2.1 ± 0.1 2.2 ± 0.1 − 0.4 ± 0.1 
SP5 2.0 ± 0.1 2.1 ± 0.1 − 0.3 ± 0.1 
SP10 2.2 ± 0.1 2.3 ± 0.1 − 0.1 ± 0.1 

Lipase 
(100 U/mL) 

SP0 2.2 ± 0.1 2.4 ± 0.1 − 0.2 ± 0.1 
SP5 2.1 ± 0.1 2.3 ± 0.1 − 0.1 ± 0.1 
SP10 2.3 ± 0.1 2.5 ± 0.1 0.0 ± 0.1 

Esterase 
(300 U/mL) 

SP0 2.4 ± 0.1 2.7 ± 0.1 − 0.1 ± 0.1 
SP5 2.3 ± 0.1 2.5 ± 0.1 0.0 ± 0.1 
SP10 2.5 ± 0.1 2.8 ± 0.1 0.2 ± 0.1 

H2O2 (20%) 
with CoCl2 

SP0 2.1 ± 0.1 1.6 ± 0.1 − 1.3 ± 0.1 
SP5 1.3 ± 0.1 0.01 ± 0.01 − 2.1 ± 0.1 
SP10 1.8 ± 0.1 1.3 ± 0.1 − 1.0 ± 0.1  
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may result from 10 to 20 MPa of stress, which is lower than the ultimate 
tensile stress of SP10 nanocomposite. Moreover, commercially available 
poly-methylmethacrylate (PMMA)-based bone cements, which have 
been widely used in clinics over the last 60 years but are bio-inert and 
cause severe necrosis to host tissue during implementation, have tensile 
strengths and moduli of 30–50 MPa and 2.4–3.2 GPa, respectively 
[51–53]. The tensile mechanical properties of our SP10 nanocomposite 
are thus comparable with these commercially available bone cements. 
The SP10 demonstrated stable tearing during the fracture tests, which 
indicates sub-micron-scale crack deflection and toughening effects of 
nHA particles dispersed and embedded in the AESO/PEGDA matrix. 
Although the fracture toughness of SP10 (0.58 ± 0.05 MPa⋅m1/2) is not 
comparable with human cortical bone (2–8 MPa⋅m1/2) [54], it is close to 
the fracture toughness of poly(methylmethacrylate)-based bone 

cements (0.88–1.6 MPa⋅m1/2) [55,56]. Importantly, our prints have 
much fewer and smaller defects than typical PMMA bone cements, and 
therefore the lower fracture toughness is not considered critical. 
Improvement of the mechanical properties may be achieved in the 
future by addition of greater amounts of nHA following optimization of 
the rheological properties of the resin. 

In previous work by others, nHA-poly(ester urethane)-based nano
composites with high nHA content (~30 vol%) were developed [46,57]. 
The compressive strength (70–90 MPa), bone bioactivity and degrada
tion of these nanocomposites were compatible with natural bone. 
However, these nanocomposites were putty-like, settable bone cements, 
and as such, they are not suitable for 3D printing. It is not possible to 
fabricate these previously published nanocomposites into complex 
microstructure to match patient-specific and defect-specific geometries. 

Hydroxyapatite undergoes solution-mediated dissolution but its low 
solubility leads to very slow degradation; this can promote cell-mediated 
resorption [58,59]. The dissolution of nHA from nanocomposites largely 
depends on the degradation behavior of embedding matrices. Slow and 
controllable degradation is crucial to maintaining initial stability of the 
grafts and to ensure the recruiting and homing of osteoprogenitor cells 
[60]. An ideal bone graft should degrade slowly and controllably, and 
even more appropriately through osteoclast-mediated resorption to 
assist the natural bone remodeling process. The in vivo degradation 
behavior of implantable biomaterials can be assessed by several path
ways, such as hydrolytic, oxidative, and enzymatic degradation in vitro 
[61–63]. Polymers degrade by hydrolytic pathways as water molecules 
react with the polymer backbone and scission sites lead to smaller chains 
until they become small molecules and are excreted from the body 
[61,62]. Several enzymes present in serum or produced by macrophages 
and osteoclasts, such as proteases or esterases, can react with polymer 
chains or functional groups and the degradation process results in small 
oligomers [28,63–65]. Oxidative degradation is a well-studied degra
dation process, especially for biomaterials for bone and dental implants, 
in which reactive oxygen species, such as hydrogen peroxide (H2O2), 
nitric oxide (NO), hydroxyl radical (•OH) and the superoxide anion 
(•O2

− ) that are secreted by macrophages, neutrophils and giant cells, can 
react with the polymer chains [28,61,62]. PEGDA and copolymer of 
AESO/PEGDA have previously been tested for their biodegradation in 
lipase solution and demonstrated no mass loss after incubation for 24 
days [66]. However, to our knowledge, there is no study on biodegra
dation of AESO/nHA/PEGDA nanocomposites in presence of esterase or 
under hydrolytic and oxidative conditions. Esters present in tri
glycerides and acrylate may be degraded by hydrolytic, esterase or 
oxidative pathways [29,62,67]. However, the 3D printed AESO/nHA/ 
PEGDA nanocomposites in this study did not demonstrate excessive 
swelling and hydrolytic, enzymatic or oxidative degradation. These re
sults suggest chemical and mechanical stability of 3D printed AESO/ 
nHA/PEGDA nanocomposite grafts in vivo during early stages of healing. 

Predicting a biomaterial's in vivo bone bioactivity is often evaluated 
by studying apatite deposition on the biomaterials surfaces after incu
bating in SBF in vitro [27]. The amount of deposited apatite indirectly 
predicts the bone-bonding ability of the biomaterials with native bone. 
Our nanocomposites have shown excellent apatite deposition after 28 
days of incubation, and the amount of deposited apatite is directly 
proportional to the nHA content in the nanocomposites. Similar results 
were obtained with viability and proliferation of differentiated MC3T3- 
E1 osteoblasts whereby, as nHA content increased, increased viability 
and proliferation were observed. This is in agreement with previous 
work by Cai et al. who observed that nHA promoted MC3T3-E1 cell 
attachment, proliferation, and differentiation on nanocomposites of 
photo-crosslinked poly(ε-caprolactone) diacrylate with nHA [68]. No 
statistically significant difference was observed between SP10, our 
nanocomposite with the highest nHA content, and the HA control (100% 
HA), further highlighting the strong biocompatibility potential of the 
nanocomposite. 

Fig. 8. Differentiated MC3T3-E1 osteoblast cell viability, adhesion and prolif
eration on 3D printed nanocomposite discs. A) Representative images of live/ 
dead staining of cells on SP0, SP5, SP10, and HA discs at day 1, 3 and 7 days 
after seeding. Calcein AM stains live cells green, and EthD-1 stains dead cells 
red. Scale bar represents 100 μm. B) Proliferation of osteoblast cells as 
measured by XTT assay. Data are means ± SD (n = 7 for nanocomposite discs 
and n = 4 for HA discs, from 3 experiments). (For interpretation of the refer
ences to color in this figure legend, the reader is referred to the web version of 
this article.) 
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5. Conclusion 

This study demonstrates that bioactive hydroxyapatite nanoparticles 
can be composited with novel AESO/PEGDA-based polymer matrices at 
moderate volume fractions (5 and 10%) and 3D printed using the mSLA 
technique. Confirming our hypothesis, the addition of nHA to the AESO/ 
PEGDA resin improved the strength, fracture toughness, elastic 
modulus, osteoblast cytocompatibility, and bioactivity of the mSLA- 
printed nanocomposites. Furthermore, swelling and degradation were 
minimal in hydrolytic, enzymatic and oxidative degradation media. 
These findings emphasize the potential of mSLA-printed AESO/PEGDA/ 
nHA nanocomposites as durable and cytocompatible graft materials for 
repair and reconstructions of load-bearing bone defects. 
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