
 

 
 
 
 
 
 
Inclusion of a polylactide-co-glycolide co-polymer mesh enhances osteogenesis 

in mineralized collagen scaffolds 
 
 
Marley J. Dewey1, Andrey V. Nosatov1, Kiran Subedi2,3, Ramille Shah4, Adam Jakus4, Brendan 

A.C. Harley1,2,5,6 

 
 

1 Dept. of Materials Science and Engineering 
2 School of Chemical Sciences  

5 Dept. of Chemical and Biomolecular Engineering 
6 Carl R. Woese Institute for Genomic Biology 

University of Illinois at Urbana-Champaign 
Urbana, IL 61801 

 
3 College of Agriculture and Environmental Sciences 

North Caroline Agriculture and Technical State University 
Greensboro, NC 27411 

 
4 Dimension Inx 

Chicago, IL 60616 
 

 
 
 
 
 
 
 
 
 
 
Corresponding Author: 
B.A.C. Harley 
Dept. of Chemical and Biomolecular Engineering 
Carl R. Woese Institute for Genomic Biology 
University of Illinois at Urbana-Champaign 
110 Roger Adams Laboratory 
600 S. Mathews Ave. 
Urbana, IL 61801 
Phone: (217) 244-7112 
Fax: (217) 333-5052 
e-mail: bharley@illinois.edu 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 27, 2020. ; https://doi.org/10.1101/2020.06.26.171835doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.26.171835
http://creativecommons.org/licenses/by-nc-nd/4.0/


11 

ABSTRACT 
Regenerating craniomaxillofacial bone defects is a challenging endeavor due to the large 
quantity of missing bone tissue and irregular shape of the defect. Mineralized collagen scaffolds 
have been shown to promote bone formation in vivo and mineral formation in vitro. Here we 
describe inclusion of a 3D-printed polymer or ceramic-based mesh into a mineralized collagen 
scaffold to improve mechanical and biological activity. We examine flexible mineralized collagen 
reinforced with 3D-printed Fluffy-PLG (ultraporous polylactide-co-glycolide co-polymer) or 
Hyperelastic Bone (90wt% calcium phosphate in PLG). We show degradation byproducts and 
acidic release from the resulting printed structures have limited negative impact on the viability 
of mesenchymal stem cells. Inclusion of Hyperelastic Bone mesh to form a reinforced collagen 
composite significantly improves mechanical performance (elastic modulus, push-out strength). 
Composites formed from the mineralized collagen scaffold and either Hyperelastic Bone or 
Fluffy-PLG reinforcement both supported human bone-marrow derived mesenchymal stem cell 
osteogenesis and new bone formation. While collagen composites reinforced with Fluffy-PLG 
showed the greatest new mineral formation, Hyperelastic Bone reinforced composites elicited 
significantly increased secretion of soluble osteoprotegerin, a soluble glycoprotein and 
endogenous inhibitor of osteoclast activity. Future work will focus on further adapting the 
polymer mesh architecture to confer improved shape-fitting capacity as well as to investigate the 
role of polymer reinforcement on MSC-osteoclast interactions as a means to increase 
regenerative potential.  
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1. Introduction 

There is a clinical need to improve surgical repair of craniomaxillofacial bone defects. Osseous 
defects of the skull occur secondary to trauma, congenital abnormalities, or after resection to 
treat stroke, cerebral aneurysms, or cancer [1-6]. CMF defects can occur in all age ranges; cleft 
palate birth defects, trauma from battlefield injuries, and multiple missing teeth or oral cancer 
which can cause loss of jaw bone [7]. Battlefield injuries are a special class of CMF injuries, with 
greater than 25% of all survivable battlefield injuries in recent military conflicts in southwest Asia 
(Operation Iraqi Freedom, Operation Enduring Freedom) classified as maxillofacial or neck 
trauma, with greater than 50% attributed to explosives [8, 9]. These types of injuries result in 
poor healing outcomes due to infection, inadequate healing of the defect, and fixation failures 
[10]. Current standard of care for these defects is cranioplasty, or calvarial reconstruction, which 
prioritize cerebral protection over regeneration [11, 12]. Cranioplasties are common (>35,000/yr 
in the US; incl. >10,000 cleft palate repairs) [13, 14], but current clinical materials have 
significant shortcomings. Autologous or allogenic bone remains a gold standard [15, 16], but are 
limited by access to autologous bone [17, 18], donor site morbidity, surgical complications after 
cancellous autografts or cadaveric allografts (10-40%) [19, 20], and difficulty fitting irregular 
defects [15, 21], as well as inconsistent repair [21, 22]. Alloplastic materials are plagued by 
complications such as extrusion, high cost, and high infection rates (5-12x more complications 
than autologous transplant) [2, 3, 23-25]. These drawbacks motivate tissue engineering 
solutions to potentiate calvarial bone regeneration, notably metal, ceramic, and polymer-based 
scaffolds. Significant challenges remain, notably optimization of biomaterial strength, osteogenic 
activity, and ability to fit complex defect geometries. Mechanical stability and the ability to limit 
micromotion at the host-implant interface is crucial to the healing outcome and can directly 
affect osseointegration and bone regeneration [26].  
 
Mineralized collagen scaffolds have been developed as a biomaterial implant to promote in vivo 
bone formation and in vitro mineral formation [27-31]. Recent work by our own laboratory has 
identified a mineralized collagen scaffold variant that does not need additional osteogenic 
supplements such as osteogenic media or Bone Morphogenic Protein-2 (BMP-2) in order to 
differentiate mesenchymal stem cells (MSCs) towards the osteoblastic lineage [32, 33]. These 
osteoprogenitors and their progeny produce a secretome to accelerate osteogenic specification, 
promote vascular remodeling, and suppress inflammatory damage [34], making them highly 
translational. We recently showed that MSC-osteoprogenitors seeded in this mineralized 
collagen scaffold secrete osteoprotegerin (OPG) a soluble glycoprotein and endogenous 
inhibitor of osteoclastogenesis and osteoclast activity; further, osteoclasts show reduced activity 
in response to the osteoprogenitor seeded scaffold [35]. These results suggest this mineralized 
scaffold may both increase MSC-osteogenesis and inhibit osteoclast activity [36]. However, 
despite these biological advantages the high-porosity of these scaffolds renders them 
mechanically weak. Successful clinical use requires the biomaterial also be surgically practical. 
Specifically that they be readily customized to fit complex three-dimensional defects and strong 
enough to withstand physiological loading [15, 37].  
 
Beyond general mechanical strength, poor conformal contact between the biomaterial and 
wound margin significantly inhibits cell recruitment, angiogenesis, regenerative healing and 
greatly increases the risk of graft resorption [19, 38]. Implants with improved conformal contact 
to the host bone can limit micromotion and may improve osseointegration and regenerative 
healing [26]. This can be accomplished by developing shape-fitting implants that can 
conformally fit to the host defect site. Approaches to aid shape-fitting include the use of 
temperature sensitive polymers that can be shaped intraoperatively to fit complex defect sites 
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[39-41]. Recently, our laboratory has looked to adapt three-dimensional printing approaches to 
create biomaterial composites with improved mechanical strength and shape-fitting capacity. 
Notably, we embed a mechanically-robust polymer mesh with millimeter-scale porosity into the 
mineralized collagen scaffold with micron-scale porosity [42]. We generated a first generation 
polycaprolactone (PCL) structure to form a PCL-collagen composite; this composite accelerated 
sub-critical defect repair in a porcine mandible defect [43, 44]. However, these PCL cages were 
mechanically rigid, and had no design elements to improve conformal fitting. We recently 
reported a 3D-printed poly(lactic-acid) based fiber with reduced percent polymer content and 
modifications to the fiber architecture to improve conformal fitting [45]. However, both 
approaches considered the polymer reinforcement phase of the composite as a passive 
reinforcement design rather than an active component of the biological response. 
 
Here, we describe the development and in vitro characterization of a new class of composite 
scaffolds. We define our composite as a mineralized collagen scaffold reinforced with 
biomaterials 3D-printed from Hyperelastic Bone or Fluffy-PLG 3D-Paints (Dimension Inx, LLC) 
3D-printed Fluffy-PLG. Which is an ultra-high porosity, micro and nanostructured  polylactide-
co-glycolide co-polymer (PLG), has been shown to support cell adhesion and proliferation in 
vitro, as well as rapid tissue integration and vascularization in vivo [46, 47]. Hyperelastic Bone 
contains the same polylactide-co-glycolide co-polymer with the addition of 90wt% 
hydroxyapatite calcium phosphate mineral; on its own it has been shown to promote in vivo 
ossification and new bone growth [47, 48]. Both biomaterials can be readily 3D-printed in a 
variety of simple and complex architectures. We investigate the inclusion of two 3D-printed 
designs with mineralized collagen to create either Fluffy-PLG or Hyperelastic Bone reinforced 
composites to significantly improve mechanical performance (stiffness, push-out strength). We 
hypothesize composites formed using either of two 3D-painted biomaterials will sustain mineral 
formation, largely due to the innate biological activity of the mineralized collagen scaffold. 
Hence, we subsequently assess whether 3D-printed Fluffy-PLG or Hyperelastic Bone 
degradation by-products influence human mesenchymal stem cell (hMSC) activity as an active 
component of an osteogenic response. Lastly, we evaluate whether inclusion of Fluffy-PLG or 
Hyperelastic Bone as a reinforcement aids conformal-fitting capacity of the mineralized 
collagen. 
 
 

2. Materials and Methods 
2.1. Experimental Design 
Composites were fabricated from mineralized collagen scaffolds combined with reinforcing 
support architectures 3D-printed from Hyperelastic Bone or Fluffy-PLG 3D-paints (Dimension 
Inx LLC, Illinois, USA) (Fig. 1A). Throughout this study we compared the three material groups: 
mineralized collagen scaffolds (MC) on their own, mineralized collagen composites reinforced 
with 3D-printed Hyperelastic Bone, and mineralized collagen composites reinforced with 3D-
printed Fluffy-PLG (MC-Fluffy). Although nano- and microstructurally distinct, 3D-printed Fluffy-
PLG and Hyperelastic Bone are based on the same polylactide-co-glycolide (PLG), with the only 
compositional difference being addition of 90wt% calcium phosphate mineral in the Hyperelastic 
Bone. Studies of the effect of degradation products (released lactic and glycolic acid; changes in 
pH; calcium and phosphorous release) or degradation induced changes in mechanical 
performance (elastic modulus) was evaluated for 3D-printed Hyperelastic Bone. In vitro testing 
of hMSC osteogenesis and mineral formation was performed using mineralized collagen 
scaffolds as a function of the inclusion of 3D-printed, reinforcing Hyperelastic Bone or Fluffy-
PLG the form of a cross-design (Fig. 1B). Overall mechanical performance (elastic modulus; 
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shape-fitting ability) was performed on reinforced composites with a 3D-printed mesh design, 
and was evaluated via compression and push-out tests to determine if inclusion of the 
reinforcing structures improve mechanical properties of the mineralized collagen scaffolds (Fig. 
1B). 
 

 
Fig. 1. Experimental outline. Mineralized collagen scaffolds promote bone repair, however, these have 
poor mechanical properties including lack of shape-fitting behavior. (A) We examined incorporating 
reinforcing structures 3D-printed from either Hyperelastic Bone or Fluffy-PLG, to the mineralized collagen 
scaffolds. We investigated (1) if addition of the reinforcing structures could increase the osteogenic 
response, and if the 3D-printed structure containing calcium phosphate would promote bone formation 
over the one without and (2) the influence of the 3D-printed structures on scaffold mechanical properties 
(i.e. compressive properties and shape-fitting). (B) Steps of the experiment to answer the study 
questions. 
 
 
2.2. 3D-printing Hyperelastic Bone and Fluffy-PLG fiber arrays 
Hyperelastic Bone and Fluffy-PLG 3D-Paints were purchased from Dimension Inx LLC and 3D-
printed using a Manufacturing Series 3D-BioPlotter (EnvisionTEC, Michigan, USA). Constructs 
used for degradation studies and in vitro culture were printed as cross designs, symmetrical 
crosses 6 mm in diameter and 3 mm in height with a 0.7 mm feature thickness (Fig. 2) using a 
27 Ga nozzle at a speed of 2-5 mm/s dependent on solution viscosity, a room temperature 
stage and deposition, and low print speeds to accommodate the fine structure of the print [46-
48]. These structures display low polymer volume fractions within the resulting composite (13.61 
v/v%). Hyperelastic Bone 3D-prints were stored in the dark at 4°C until use while Fluffy-PLG 3D-
prints were stored at -80°C until use, per manufacturer instructions. A 3D-printed mesh design 
was used to reinforcement mineralized collagen scaffolds for mechanical testing. These were 
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prepared and printed by Dimension Inx LLC as square sheets at 70 mm/s (60 mm on a side; 6 
mm thick), with a standardized 120º angle [47]. 3D-printed reinforcing meshes were printed with 
Fluffy-PLG and prepared with two distinct feature sizes (2 mm or 3 mm line spacing). However, 
Hyperelastic Bone 3D-printed meshes were only tested for 2 mm line spacing (3 mm line 
spacing composites were not stable with regard to handling and manipulation due to the large 
structural pore size relative to the small, comprising fiber diameters).  
 

 
Fig. 2. Fabrication of composites used in vitro and for mechanical testing. (A) Hyperelastic Bone 
and Fluffy-PLG were 3D printed in “cross designs” for in vitro testing or as a mesh for mechanical testing. 
Cross prints were printed individually and added to a continuous mineralized collagen suspension in an 
aluminum mold. After the addition of multiple prints, the entire mold was freeze-dried and a 6 mm biopsy 
punch was used to remove scaffold and 3D-print together. Mesh reinforced composites were fabricated 
by adding the entire mesh to the aluminum mold with mineralized collagen suspension and biopsy 
punching 10 mm diameter composites after lyophilization. Mesh 3D-prints were printed with either 2 mm 
or 3 mm line spacing. (B) Images of cross design and mesh 3D-prints, scale bar represents 3 mm. (C) 
SEM images of mineralized collagen scaffold and cross design reinforced composites and acronyms 
used to represent the groups in the study. Scale bar represents 150 µm and white arrows indicate 
interface between the mineralized collagen and 3D-printed reinforcing structures. 
 
2.3. Analysis of degradation byproducts and changes in mechanical properties of 
Hyperelastic Bone 3D-prints 
Degradation byproducts of 3D-printed Hyperelastic Bone were analyzed using a standardized 
‘cross design’ print (Fig. 2). Prints were washed twice in 70% ethanol for 30 min and then twice 
in cell grade water for 30 min per the manufacturer’s instructions before submerging individual 
mesh structures in 5 mL of Phosphate Buffered Saline (PBS) in individual glass vials. Sample 
were then either maintained at 37°C in an incubator (standard degradation; to simulate 
degradation during in vitro cell culture or in vivo), or in a 90°C oven (Isotemp Vacuum Oven 
Model 282A, Fisher Scientific, Massachusetts, USA) to facilitate accelerated degradation [49]. 
 
pH. The pH of 3D-print conditioned PBS samples from the 90°C degradation study was 
measured using a FiveEasy Standard pH meter (Mettler Toledo, Ohio, USA) for n = 8 samples 
(PBS as a control). 
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Lactic and glycolic acid release. Over the course of a 28-day accelerated release experiment 
(‘cross design’ prints in 5 mL PBS at 90°C), the PBS incubation solution was centrifuged at 
regular intervals to isolate the liquid supernatant for analysis of lactic and glycolic acid 
concentrations. 5 mL of PBS, along with any particles separated during centrifugation, were 
added to each sample vial until the next isolation point. Colorimetric determination of lactic acid 
concentration followed procedures in literature [50]. Briefly, a standard curve was created using 
a solution of 1% L-(+)-Lactic Acid (Sigma Aldrich, Missouri, USA) and half-dilutions. PBS and 
iron (III) chloride (Sigma Aldrich) were used as controls. 50 µl of sample was mixed with 2 mL of 
0.2% iron (III) chloride, and absorbance was measured at a wavelength of 390 nm on 
spectrophotometer (Tecan, Switzerland). Colorimetric determination of glycolic acid release 
followed procedures in literature [51]. A 1 mg/mL solution of glycolic acid (Sigma Aldrich) was 
used to create half-dilutions to generate a standard curve. 500 µL of sample was evaporated to 
dryness at 125°C in a vacuum oven at atmospheric pressure. β-Naphthol (Sigma Aldrich) in 
92% sulfuric acid was added to vials containing evaporated sample and boiled for 20 min. After 
boiling, 80% sulfuric acid was added to samples for 10 min before measuring absorbance at a 
wavelength of 480 nm on a spectrophotometer (Tecan). A sample size of n = 8 was used for 
both lactic acid and glycolic acid release measurements. 
 
Calcium and phosphate release. Calcium and Phosphate release from 3D-printed 
Hyperelastic Bone and mineralized collagen scaffolds were quantified through a 28 days 
standard release experiment (culture in 5 mL of PBS at 37°C). 1 mL PBS aliquots were 
removed from suspension, then combined with 2 mL of Trace Metal Grade concentrated HNO3 
(Thermo Fisher Scientific 67-70%) for a 30-minute pre-digestion step. The tubes were then 
capped and placed into a rotating carousel inside MARS 6 (CEM Microwave Technology Ltd., 
North Carolina, USA) microwave digester (40 minutes). The final digested solution was diluted 
to a volume of 50 mL in DI water, then analyzed via inductively coupled plasma-mass 
spectrometer (ICP-OES, Optima 8300, PerkinElmer, USA; elemental analysis in axial mode; 
Supp. Tables 1 and 2). Eight samples of each group were used per timepoint. 
 
Mechanical analysis. Mechanical testing was performed on Hyperelastic Bone 3D-prints after 
0, 7, and 28 days in PBS at 37°C (PBS was changed every 3 days). Prints were aerated in the 
incubator overnight and then dried at room temperature overnight before testing. Compression 
testing was performed with an Instron 5943 mechanical tester (Instron, Massachusetts, USA) 
using a 100 N load cell at a rate of 1 mm/min. Seven samples at each timepoint were tested and 
stress-strain curves were analyzed using a custom Matlab program to determine Young’s 
modulus, ultimate stress, and ultimate strain. 
 
2.4. Fabrication of mineralized collagen scaffolds and reinforced composites 
Mineralized collagen scaffolds were fabricated via lyophilization from a liquid suspension as 
previously described [27, 28, 32, 52, 53]; while composites were fabricated via lyophilization as 
previously described [43-45]. Briefly, type I collagen from bovine Achilles tendon (Sigma 
Aldrich), phosphoric acid (Fisher Scientific), calcium hydroxide (Sigma Aldrich), calcium nitrate 
tetrahydrate (Sigma Aldrich), and chondroitin-6-sulfate sodium salt from shark cartilage (Sigma 
Aldrich) were blended together with a rotor-stator in a jacketed cooling vessel until smooth. 
Mineralized collagen scaffolds for in vitro and mechanical testing were fabricated by pipetting 
the suspension into aluminum pans and lyophilizing using a Genesis freeze-dryer (VirTis, New 
York, USA). Scaffolds were added to the freeze-dryer shelf at 20°C and the temperature was 
dropped at a rate of 1°C/min to -10°C in order to form ice crystals. Samples were held at -10°C 
for 2 hours and then ice crystals were sublimated by decreasing the pressure and temperature 
to create a porous scaffold. After sublimation, solid scaffolds were brought back to room 
temperature and atmospheric pressure before storing in a desiccator prior to use. Composites 
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(MC-HB or MC-Fluffy) were formed by adding the 3D-printed reinforcement, either Hyperelastic 
Bone or Fluffy-PLG, into the collagen suspension prior to lyophilization (Fig. 2). Prior to 
incorporation into the mineralized collagen suspension, 3D-prints were washed per supplier 
instructions: Hyperelastic Bone 3D-prints in 70% ethanol then cell grade water; Fluffy-PLG 
prints in cell grade water to remove salts, then 70% ethanol, then in cell grade water again [46, 
48]. Lyophilization conditions to create composites used the same temperature and pressure 
profiles as scaffolds. Scaffolds and composites for in vitro testing were biopsy-punched out of 
the resulting sheet with a 6 mm diameter biopsy punch, while scaffolds and composites for 
mechanical testing used a 10 mm diameter biopsy punch.  
 
2.5. Scanning electron microscopy of collagen scaffolds and reinforced composites 
Scanning electron microscopy (SEM) was used to visualize collagen infiltration into the 3D-
printed structures. Dry collagen scaffolds and reinforced composites (MC-HB, MC-Fluffy) were 
cut to expose the interior before sputter coating with Au/Pd (Denton Desk II TSC, New Jersey, 
USA). After sputter-coating, samples were imaged using an FEI Quanta FEG 450 ESEM (FEI, 
Hillsboro, OR). Both composites reinforced with cross design and mesh design 3D-prints were 
imaged for collagen infiltration into 3D-prints (Fig. 2, Supp. Fig. 2). 
 
2.6. Compression and shape-fitting testing of collagen scaffolds and reinforced 
composites  
Mechanical performance of collagen reinforced with a standardized 120º mesh morphology 3D-
print was evaluated [47]. Scaffolds and reinforced composites formed from either Hyperelastic 
Bone or Fluffy-PLG were tested under mechanical compression to determine elastic modulus as 
well as using a standardized push-out test. Reinforced composites and scaffolds measured 
approximately 10 mm in diameter by 6 mm in height, and both mechanical tests used an Instron 
5943 mechanical tester (Instron) with a 100 N load cell. Mechanical compression was 
performed at a rate of 1 mm/min and the linear portion of stress-strain curves was analyzed 
using a custom Matlab program to determine Young’s Modulus [43, 45]. Push out testing was 
performed at a rate of 2 mm/min following previously described methods [45, 54]. Briefly, 
samples were compressed and fit into an 8.5 mm diameter hole in a Teflon plate and samples 
were pushed through the mold to measure maximum load achieved to move the samples. Eight 
samples were used for each test in order to determine stiffness and shape-fitting ability. 
 
2.7. Cell culture and biomaterial preparation 
Bone marrow derived human mesenchymal stem cells (BM-hMSCs) (24yr old B female, Lonza, 
Switzerland) were used at passage 4 – 6 and cultured with complete hMSC media containing 
low glucose Dulbecco’s Modified Eagle Medium and glutamine (School of Chemical Sciences 
Cell Media Facility, University of Illinois), Fetal Bovine Serum (Gemini Bio Products, California, 
USA), and antibiotic-antimycotic solution (Thermo Fisher Scientific, Massachusetts, USA). Cell 
contamination was tested with a MycoAlertTM Mycoplasma Detection Kit (Lonza) and cells 
tested negative for mycoplasma. 
 
Scaffolds and reinforced composites were sterilized via ethylene oxide treatment with an AN74i 
Anprolene gas sterilizer (Andersen Sterilizers Inc., North Carolina, USA) for in vitro testing. Prior 
to adding cells to scaffolds and reinforced composites, these followed a standard hydration 
procedure for mineralized collagen scaffolds previously reported [45, 55-57]. Briefly, samples 
were hydrated in 70% ethanol, washed in PBS, crosslinked with 1-Ethyl-3- (3-
dimethylaminopropyl) carbodiimide and N-Hydroxysuccinimide, followed by washing in PBS, 
and finally soaking in hMSC complete media for 2 days. 
 
2.8. Influence of Hyperelastic Bone degradation byproducts on cell activity 
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Cytotoxic effects of Hyperelastic Bone degradation byproducts were determined via a previously 
defined elution assay [58]. Briefly, Hyperelastic Bone structures were printed into standard 
‘cross-designs’ (Fig. 2) then placed in PBS either in a 37°C incubator or in a 90°C vacuum oven 
(accelerated degradation) for 28 days to create degradation byproduct conditioned media. Cell 
cytotoxicity was determined using for 10,000 MSCs in individual wells of a 96-well plate. Briefly, 
hMSCs were first cultured in complete hMSC media for 24 hrs. After 24 hrs, media was 
removed and replaced for 24 hours with PBS containing eluted degradation factors at full 
strength (100%) or conditioned PBS diluted with hMSC media (50% sample, 25% sample, and 
12.5% sample). Non-conditioned PBS was used as a control. After 24 hours, metabolic health of 
hMSCs was examined via an alamarBlueTM (Thermo Fisher Scientific) assay, measuring the 
fluorescence of resorufin (540 nm excitation, 580 nm emission) using a F200 spectrophotometer 
(Tecan). Metabolic activity was compared to a standard curve of known cell numbers. There 
were 8 samples of each group tested with PBS used as a control. 
 
2.9. Cell activity within scaffolds and reinforced composites 
Scaffolds and reinforced composites were added to 24-well plates and seeded via a standard 
static seeding assay (5,000 cells/µL per side; 100,000 cells/scaffold) using previously defined 
procedures [45, 55]. After allowing cell attachment, hMSC complete media was added to wells 
and plates containing cell-seeded scaffolds and then were added to a 37°C incubator. The 
metabolic activity of cell-seeded biomaterials was examined via an alamarBlueTM (Thermo 
Fisher Scientific) assay at days 1, 4, 7, 14, and 28. Briefly, scaffolds and composites were 
washed in PBS, followed by a 1.5 hr soak in alamarBlueTM and complete hMSC cell media on a 
shaker in a 37°C incubator [45, 55]. A standard curve of known cell number was used to 
calculate fold change of metabolic activity over the initial cell seeding density (a fold change of 1 
represented the metabolic activity of 100,000 cells). Six samples were used to determine 
metabolic activity, and these were used for the entirety of the study (non-destructive assay). 
 
Expression levels of cell secreted Osteoprotegerin and Vascular Endothelial Growth Factor 
(VEGF) was examined via ELISA (R&D Systems, Minnesota, USA). Briefly, media was 
collected and replaced from cell-seeded samples every 3 days until day 28 to determine 
cumulative protein expression. ELISAs were performed to using 25 µL of sample and 75 µL 
reagent diluent and compared against a known standard curve to quantify expression level. Six 
samples were used throughout the study (non-destructive). 
 
Analysis of gene expression profiles was performed at days 1, 4, 7, 14, and 28 of culture. 
Specimens were washed in PBS, frozen at -80°C, pulverized on dry ice with disposable pestles 
(Thermo Fisher Scientific), then treated with an RNeasy Plant Mini Kit (Qiagen, California, USA) 
[59]. Concentrations of isolated RNA were measured using a Nanodrop Lite (Thermo Fisher 
Scientific). Reverse transcription of RNA to cDNA was performed following directions and 
supplies from a QuantiNova Reverse Transcription kit (Qiagen) and a S100 thermal cycler (Bio-
Rad, Hercules, California). After reverse transcription, PCR was performed on cDNA to quantify 
gene expression. 10 ng of cDNA was used in each well and Taqman primers were purchased 
from Thermo Fisher Scientific (RUNX2, COL1A2, Osterix, FGFR2, IGF2) with GAPDH serving 
as a housekeeping control (Supp. Table 3). Plate preparation was performed using a Gilson 
Pipetmax liquid handling machine (Gilson, Wisconsin, USA) and plates were read using a 
QuantstudioTM 7 Flex Real-Time PCR System (Thermo Fisher Scientific). Data was analyzed 
using the delta-delta CT method to generate box plots for a fold change of gene expression 
(with a fold change of 1 representing the gene expression of 100,000 hMSCs before seeding on 
scaffolds and composites). Five samples were used at each timepoint. 
 
2.10. Analysis of mineral formation in scaffolds and reinforced composites 
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Inductively Coupled Plasma (ICP) Optical Emission spectrometry was performed to assess 
mineral formation at the end of in vitro culture (day 28). MC, MC-HB, and MC-Fluffy samples 
were washed in PBS, fixed with formalin (Formal-Fix, Thermo Fisher Scientific) for 24 hrs at 
4°C, washed again in PBS, then dried on a Kimwipe before storing at -80°C until use. Before 
performing ICP, samples were lyophilized at the same conditions used to fabricate the original 
scaffolds. Samples were weighed then dissolved using concentrated nitric acid, Trace Metal 
Grade concentrated HNO3 (Thermo Fischer Scientific 67-70%), followed by automated 
sequential microwave digestion in a CEM Mars 6 microwave digester. The acidic solution was 
diluted to a volume of 50 mL using DI water, so as to make the final concentration of the acid 
<5%. The ICP-OES was calibrated with a series of matrix matched standards before introducing 
the unknown samples. Digestion and ICP-OES analysis parameters are listed in Supp. Tables 
4 and 5. Nine samples were used for each group and these were normalized to the calcium and 
phosphorous content of respective dry scaffolds and composites without cells in order to get a 
fold change and new calcium and phosphorous deposition. 
 
2.11. Statistics  
Statistics followed procedures outlined by Ott and Longnecker [60]. Quantity of samples used 
was based off previous experiments using similar sample groups and a 95% confidence interval 
for all tests [45, 55]. For all data, normality was evaluated and if data was not normal a Grubb’s 
outlier test was performed and normality was re-assessed. Analysis of more than two groups 
used an ANOVA, and depending on whether assumptions of normality (Shapiro-Wilk) and equal 
variance (Levene’s Test) of residuals was met, a specific ANOVA was used as outlined in 
Supp. Table 6. For data involving two groups, either a paired T-test or a two-sample T-test was 
used. Normality (Shapiro-Wilk) and two sample T-test for variance were completed using 
OriginPro software (OriginLab, Massachusetts, USA) before analysis. For non-normal data a 
paired sample Wilcoxon Signed Rank test was used or a two-sample Kolmogorov-Smirnov test 
was used. For samples with normal data and unequal variance, a two sample T-test with a 
Welch correction was used as outline in Supp. Table 7. For powers lower than 0.8, data was 
deemed inconclusive. Data is expressed as average ± standard deviation unless otherwise 
noted. 
 

 

3. Results 
3.1. Degradation byproducts of Hyperelastic Bone does not negatively affect cell viability 
Hyperelastic Bone 3D-printed as a ‘cross design’ completely degraded over the course of a 28 
day-accelerated degradation study (PBS; 90°C). Aliquots taken from the Hyperelastic Bone 
degradation experiments were first analyzed to define changes in pH as well as glycolic acid 
and lactic acid elution; changes in pH were also compared to a PBS standard (pH 7.4) as well 
as mineralized collagen scaffolds exposed to accelerated degradation conditions (PBS; 90°C). 
Overall, both mineralized collagen scaffolds and Hyperelastic Bone 3D-prints drove a drop in 
solution pH during early stages of degradation; scaffolds showed a sharper decrease in pH 
while the Hyperelastic Bone showed a temporally extended drop in pH. However, acidic 
byproducts were only detectable during the first week of degradation (Supp. Fig. 1A). Analysis 
of lactic and glycolic acid content in the media suggested the majority released lactic and 
glycolic acid occurred rapidly as well, with a total of 12.7 mg lactic acid and 307.5 µg of glycolic 
acid released (Supp. Fig. 1B, C). Finally, we investigated whether the degradation byproducts 
from the Hyperelastic Bone structures drove a measurable change in metabolic activity of 
hMSCs. The total eluted byproducts from Hyperelastic bone structures in PBS were collected 
from both standard (37°C) and accelerated (90°C) degradation protocols over 28 days and 
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compared to PBS. hMSCs were cultured in a mixture of conventional cell culture media and 
PBS (PBS; 37°C degradation byproducts; 90°C degradation byproducts) at discrete ratios: 
12.5% PBS, 25% PBS, 50% PBS, 100% PBS. While hMSC metabolic activity reduced with 
increasing amounts of PBS (vs. cell culture media), there was no significant trend suggesting a 
decrease in hMSC activity as a function of Hyperelastic Bone degradation byproducts (Supp. 
Fig. 1D).  
 
3.2. 3D-printed Hyperelastic Bone 3D-prints lose stiffness over time and release less 
calcium than mineralized collagen scaffolds 
We subsequently quantified degradation-induced changes in compressive properties and 
release of calcium and phosphorous ions from Hyperelastic Bone 3D-printed as a cross design 
over the course of a 28-day standard degradation experiment (37°C, PBS). While there were 
non-significant decreases in Young’s modulus over the initial 7 days, significant degradation of 
the constructs over the full 28-day experiment were marked by significant decreases in Young’s 
modulus as well as average ultimate stress and strain (Table 1).  
 

  
Average Young's 
Modulus (MPa) 

Average Ultimate 
Stress (MPa) 

Average Ultimate Strain 
(mm/mm) 

Day 0 4.8 ± 1.3  0.76 ± 0.27 0.27 ± 0.03 
Day 7 3.1 ± 1.4  0.32 ± 0.16 0.18 ± 0.04 
Day 28 1.3 ± 1.0 * 0.09 ± 0.03 0.13 ± 0.04 

 
Table 1. Youngs Modulus, ultimate stress, and ultimate strain of Hyperelastic Bone 3D-printed cross 
designs in PBS at 37°C for 7 and 28 days compared to prints not soaked. * denotes that day 28 prints 
had irregular stress-strain curves and multiple prints snapped before compression testing. Day 0 Young’s 
Moduli and was significantly (p < 0.05) different from Day 28 Young’s Moduli. Day 0 Ultimate Stress and 
Ultimate Strain were significantly (p < 0.05) greater than the day 7 and day 28 groups. Data expressed as 
mean ± standard deviation (n=7). 
 
Further, the structures were difficult to handle after 28 days of exposure, with multiple breaking 
prior to mechanical testing. Significant elution of both calcium and phosphorous was observed 
for Hyperelastic Bone structures. Interestingly, while significant calcium (p < 0.05) and 
phosphorous was released from the Hyperelastic Bone structures, overall release was less, 
significantly in the case of calcium, than that released from the native mineralized collagen 
scaffold in the same conditions (Table 2). However, this release suggests the embedded 
Hyperelastic Bone component may supplement the mineral ions released from the mineralized 
collagen scaffold phase to aid osteogenesis. 
 

Sample Calcium Released (ppm) Phosphorous Released (ppm) 

Mineralized Collagen 32.8 ± 8.5 * 42.6 ± 11.2 

Hyperelastic Bone 2.6 ± 0.7 25.1 ± 15.7 
 
Table 2. Calcium and Phosphorous release from mineralized collagen scaffolds and Hyperelastic Bone 
3D-prints at 37°C in PBS after 28 days. * indicates the calcium release in mineralized collagen scaffolds 
is significantly (p < 0.05) greater than the calcium release in Hyperelastic Bone 3D-prints. Data expressed 
as mean ± standard deviation (n=8). 
 
3.3. Integration of 3D-printed structures and lyophilized scaffold to form a composite 
Reinforced collagen composites were formed using 3D-printed structures generated in either a 
conventional ‘Cross Design’ for in vitro trials or using a standardized 120o ‘Mesh Print’ 
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(Dimension Inx) for mechanical analysis. SEM analysis of both cross design and mesh design 
3D-print composites (MC-HB, MC-Fluffy) showed close integration of the mineralized collagen 
microstructure with the Hyperelastic Bone or Fluffy-PLG printed structure (Fig. 2C, Supp. Fig. 
2).  
 
3.4. Hyperelastic Bone composites show improved mechanical performance  
Mechanical compression and push-out tests were performed on scaffolds and composites 
formed from a symmetrical 120o mesh morphology. MC-HB composites displayed significantly 
(p < 0.05) greater stiffness than MC-Fluffy composites or the native mineralized collagen 
scaffolds (Fig. 3A), while inclusion of a Fluffy-PLG 3D-print afforded no increase in modulus 
relative to the mineralized collagen scaffold on its own. MC-HB composites also displayed 
increased push-out force than MC-Fluffy composite or the scaffold (Fig. 3B). Altering the mesh 
spacing of MC-Fluffy composites had no effect on stiffness or shape-fitting ability of the 
reinforced composite (Supp. Table 8). 

  
Fig. 3. Mechanical behavior of 3D-printed mesh reinforced composites. Compression testing to 
determine Young’s Modulus and shape-fitting testing to determine maximum load during specimen push-
out was performed on mineralized collagen (MC), Hyperelastic Bone reinforced composites (MC-HB), and 
Fluffy-PLG reinforced composites (MC-Fluffy). (A) Young’s Modulus averages and representative stress-
strain curves from compression testing. Asterix represents all groups are significantly (p < 0.05) different 
from one another. (B) Average maximum load and representative load-extension curves from push-out 
testing. * represents the MC-HB group is significantly (p < 0.05) greater than both the MC and MC-Fluffy 
groups. Error bars represent average ± standard deviation (n=8). 
 
3.5. Reinforced composites support hMSC metabolic activity and promote increased 
osteogenic activity 
Both the native mineralized collagen scaffold as well as composites formed from either Fluffy-
PLG or Hyperelastic Bone 3D-prints supported significant increases in the metabolic activity of 
seeded hMSCs over 28 days in vitro experiment (Fig. 4A). Interestingly, MC-HB and MC-Fluffy 
composites showed significantly (p < 0.05) greater metabolic activity relative to the mineralized 
collagen scaffold alone for days 4 – 14. However, by day 28 all groups (MC, MC-HB, MC-Fluffy) 
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showed approximately 3-fold increases in metabolic activity versus the start of the experiment, 
with no significant differences between groups. 
 

 
Fig. 4. Metabolic activity, mineral formation, and protein expression of hMSCs seeded on 
mineralized collagen scaffolds (MC), Fluffy-PLG reinforced composites (MC-Fluffy), and 
Hyperelastic Bone reinforced composites (MC-HB). (A) The metabolic activity of 100,000 hMSCs is 
denoted by an activity of 1, with the y-axis representing a fold change in activity over this cell seeding 
density. * indicates one group is significantly (p < 0.05) greater than another group. ^ indicates one group 
is significantly (p < 0.05) greater than the same group compared to day 1. Data expressed as average ± 
standard deviation (n=6). (B) Percent found of Calcium (Ca) and Phosphorous (P) was determined by ICP 
analysis of groups seeded with cells after 28 days and normalized to the respective day 0 unseeded 
groups. Asterix indicate significance and all groups have  significantly (p < 0.05) different calcium content. 
The MC-Fluffy group has significantly (p < 0.05) more phosphorous than the MC-HB group. Data 
expressed as average ± standard deviation (n=9). (C) Protein expression in scaffolds and composites 
was analyzed with an ELISA for OPG and VEGF released from pooled media over 28 days. ** indicates 
the MC-HB group was significantly (p < 0.05) greater than the other two groups at day 3 and 9. * indicates 
the MC-HB group was significantly (p< 0.05) greater than the MC group at day 15. There were no 
significant (p < 0.05) differences in VEGF released between all tested groups. Data expressed as 
average ± standard deviation (n=6). 
 
We quantified release profiles for VEGF and OPG from the MSC-seeded scaffold or composites 
(Fig. 4C). While steady increase in VEGF released into the media was observed for all 
constructs, there was no significant difference between release profiles for all groups. However, 
we observed significantly (p < 0.05) increased OPG released from hMSC-seeded MC-HB 
composites versus both hMSC-seeded MC scaffolds (days 3, 9, 15) or hMSC-seeded MC-Fluffy 
composites (days 3 and 9). However, by day 28 the effect of the Hyperelastic Bone composite 
on OPG production was no longer significant. 
 
3.6. Scaffolds and composites promote osteogenic gene expression 
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We examined temporal expression profiles for a series of genes associated with hMSC 
osteogenic specification: RUNX2, Osterix, FGFR2, COL1A2, and IGF2 (Fig. 5). Expression 
profiles between groups were largely similar. However, MC-HB composites promoted 
significantly (p < 0.05) greater expression fold changes for RUNX2 (day 1), Osterix and FGFR2 
(days 1, 14), and reduced expression of COL1A2 (days 4, 14) compared to mineralized collagen 
scaffolds. MC-Fluffy composites promoted significantly (p < 0.05) greater expression fold 
changes for RUNX2 (day 7) and reduced expression of COL1A2 (day 14) compared to 
mineralized collagen scaffolds. MC-HB composites also promoted significantly (p < 0.05) 
greater expression of IGF2 than MC-Fluffy composites and MC scaffolds at day 1. 
 

 
Fig. 5. Osteogenic gene expression of mineralized collagen scaffolds (MC), Fluffy-PLG reinforced 
composites (MC-Fluffy), and Hyperelastic Bone reinforced composites (MC-HB) composites. Gene 
expression was determined by running RT-PCR on reverse transcribed RNA isolated from scaffolds and 
composites seeded with 100,000 hMSCs at days 1-28. Fold change of gene expression was normalized 
to 100,000 cells before seeding on scaffolds and composites, with a value of 1 representing the 
expression of 100,000 hMSCs. Values underneath this grey bar indicate downregulated genes. * 
indicates group(s) significant (p < 0.05) to another group on same day. # indicates a group on one day is 
significantly (p < 0.05) less than the same group on day 1. ^ indicates a group on one day is significantly 
(p < 0.05) greater than the same group on day 1. Error bars represent average ± standard deviation 
(n=5). 
 
3.7. Fluffy-PLG reinforced composites formed the greatest amount of new calcium by the 
end of the study 
The mineral content (calcium and phosphorous) of all hMSC-seeded constructs was evaluated 
at day 28, with results normalized to the values for acellular scaffolds or composites (Fig. 4B). 
MC-Fluffy composites displayed significantly (p < 0.05) greater calcium content than both MC 
scaffolds and MC-HB composites. Additionally, MC-Fluffy composites also contained 
significantly (p < 0.05) more phosphorous content than MC-HB composites. Although new 
mineral found in MC and MC-Fluffy samples was higher than MC-HB samples, MC-HB samples 
had overall much greater amounts of calcium and phosphorous than the other groups (Supp. 
Table 9).  
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4. Discussion 

Advancing regenerative medicine technologies for CMF bone defects is challenging not only 
due to the large quantity of bone missing, but their irregular size and shape. There is an 
increasing need to identify biomaterial technologies to improve integration with the surrounding 
defect margins to aid cell recruitment and vascular ingrowth. Recent effort has begun to exploit 
shape-fitting technologies such as porous polymers that can reshape with changes in 
temperature [39-41]. Mineralized collagen scaffolds developed by our group as well as others 
have been shown to promote osteogenic processes and bone remodeling [29, 31, 32, 61-66]. 
However, the porous nature of these scaffolds that is important to aid cell activity results in poor 
bulk mechanical properties; further, these scaffolds lack inherent design features to promote 
conformal fitting with the defect margins [42]. Here, we examined inclusion of mechanical and 
biological reinforcement to a mineralized collagen scaffold via inclusion of 3D-printed structures 
formed using one of two variations of 3D-printed biomaterials, Fluffy-PLG and Hyperelastic 
Bone (90wt% CaP). We report compositional, mechanical, and biological performance of these 
scaffold composites, focusing on the direct role of the 3D-printed structures on mechanical 
properties but also the potential active role the reinforcing structure could have on an 
osteogenic response via the effect of degradation byproducts on cell activity.  
 
As both Hyperelastic Bone and Fluffy-PLG contain the same PLG chemistry, and roughly 
equivalent amounts of PLG polymer per unit volume [46-48], we first investigated the 
degradation byproducts of Hyperelastic Bone to determine if there would be any impact on the 
metabolic activity of our osteogenic mineralized collagen scaffolds. Over the course of an 
accelerated 28-day degradation experiment, we observed significant elution of lactic and 
glycolic acid, as well as short term decrease in pH, though not significantly different than the 
change in solution pH observed for mineralized collagen scaffolds in the same conditions. More 
importantly, we observed no negative effect of the elution byproducts, across a range of 
dilutions, on hMSC metabolic activity. These effects were consistent regardless of the use of an 
accelerate (90°C) or convention (37°C) degradation conditions. These findings are largely 
consistent with previous studies using printed structures formed from Hyperelastic Bone 3D-
prints that showed significant new bone formation in vivo [47, 48]. As a result, we did not expect 
Hyperelastic Bone or Fluffy-PLG 3D-prints to negatively impact osteogenesis and cell viability of 
mineralized collagen scaffolds. It is interesting to note that we also observed significant release 
of calcium and phosphorous content from the Hyperelastic Bone structures, though not as much 
as from the native mineralized collagen scaffold, which may be due to the more stable nature of 
the mineral component in Hyperelastic Bone versus that in the mineralized collagen scaffold. 
 
Successful clinical use of a craniofacial bone regeneration scaffold requires the biomaterial to 
be surgically practical, notably readily customized to fit complex 3D defects and strong enough 
to withstand physiological loading [15, 37]. To address this challenge, we have developed an 
innovative composite approach, embedding a mechanically-robust polymer (e.g., PCL, PLA) 
3D-printed reinforcement with millimeter-scale porosity into the mineralized collagen scaffold 
[42, 45]. The resultant collagen-3D-print composite displays the osteogenic activity of the 
scaffold, the strength of the 3D-print, and promotes regenerative healing in a porcine bone 
defect [28, 44, 45]. However, poor conformal contact significantly inhibits cell recruitment, 
angiogenesis, regenerative healing and greatly increases the risk of graft resorption [19, 38]. 
Common surgical interventions such as resorbable protective plates do not improve microscale 
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conformal contact [69]. We showed selectively removing fibers from a PLA 3D-print creates 
variants with compressive strength in the longitudinal axis, but serial compression-expansion 
capacity in the radial [45]. These 3D-prints can be radially compressed and inserted into 
cylindrical defects, springing back to achieve close conformal contact. As a result, here we 
examined the mechanical performance of a new class of composite formed from the mineralized 
collagen scaffold and Fluffy-PLG or Hyperelastic Bone 3D-prints. Hyperelastic Bone provided 
the greatest reinforcement to mineralized collagen scaffolds, most likely due to the 
reinforcements dominating the compressive mechanics similar to previous work with poly(lactic 
acid) composites [45]. MC-HB composites also displayed the highest loads achieved during a 
push-out test; however, the MC-HB composites demonstrated a more brittle nature, likely due to 
the form factor and not material. We expect that reducing the spacing between layers could 
reduce the brittleness and avoid many stress-concentrating regions created with wider spacing. 
While MC-Fluffy composites were significantly more flexible, they displayed no additional push-
out strength compared to the mineralized scaffold itself. We also found resulting mechanical 
properties to be largely insensitive to changes in the mesh spacing (2 mm vs. 3 mm) over the 
range tested. These findings are similar to our previous studies changing the thickness of 
poly(lactic acid) 3D-print struts in a reinforcing composite did not significantly affect mechanical 
performance [45]. While MC-HB composites show significantly improved mechanical 
performance, significant future efforts will be needed to identify the appropriate mesh structure 
to aid strength and conformal fitting capacity and if any changes to the polymer composition can 
be made to achieve desirable properties, such as altering polymer and mineral content. An 
exciting opportunity are meshes based on Voronoi foam (random pore) architectures which 
exhibit well defined mechanical performance characteristics [70, 71]. Under load, the fibers that 
define the pores of these materials bend elastically during the first ~10% of applied strain, then 
buckle plastically [70], suggesting implementing these designs with the 3D-Paints may be useful 
for conformal fitting capabilities. 
 
Next, we examined osteogenic consequences of MC-HB and MC-Fluffy composites, with 
hMSC-seeded constructs maintained in culture in the absence of conventional osteogenic 
supplements (exogenous BMP2, osteogenic media). Both composites promoted a higher 
metabolic activity compared to native mineralized collagen scaffolds in early timepoints of the 
study (days 1-14); while by day 28 there were no differences between groups, all groups 
demonstrated significantly (~3-fold) increased metabolic activity compared to the start of the 
experiment. We also quantified gene expression profiles for a series of osteogenic-linked genes 
as a function of biomaterial environment. RUNX2 is a major transcription factor for bone and 
guides the differentiation of hMSCs to osteoblasts [72, 73]; we saw some evidence of increases 
in RUNX2 expression at some early time points in reinforced composites. Downstream of 
RUNX2, Osterix regulates mature osteoblast differentiation and is thus connected to bone 
formation [74]. MC-HB composites upregulated Osterix at day 1 and 14, possibly indicating 
greater mature osteoblast differentiation in these scaffolds, however, all groups were 
upregulated at day 28. In addition to this, MC-HB composites upregulated Fibroblast Growth 
Factor Receptor-2 (FGFR2) at day 1 and 14, which is important due to FGF being a key 
regulator of bone development and FGF-2 coated scaffolds being shown to stimulate 
osteogenesis in vivo [75, 76]. COL1A2 is a gene expression marker for type I collagen, the 
major collagen of bone [77]. While greater in MC scaffolds at days 4 and 14, all groups were 
upregulated throughout the study. Overall, we observed signatures of biomaterial induced 
increases in osteogenic signaling, though a MC-HB composite may have the greatest promise 
to accelerate early osteogenic activity. These findings are largely consistent with previous 
studies from our group showing the base mineralized scaffold itself is sufficient to promote 
hMSC osteogenic activity in the absence of osteogenic stimuli [78-81]. At minimum, we show 
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inclusion of Fluffy-PLG or Hyperelastic Bone reinforcing structures into the scaffold does not 
reduce this response. 
 
We also examined endogenous production of two proteins (OPG, VEGF) by hMSCs within the 
scaffolds and composites. OPG is a soluble glycoprotein and endogenous inhibitor of 
osteoclastogenesis and osteoclast activity [35, 82]. We have previously shown that MSC-
osteoprogenitors in the mineralized collagen scaffold endogenously produce osteoprotegerin 
sufficient to inhibit osteoclast activity without negatively impacting MSC-osteogenesis [36]. 
Excitingly, we observed significant OPG production in all variants, though MC-HB composites 
promoted significantly increased OPG secretion over the first two weeks of culture. VEGF is a 
potential regulator of angiogenesis, and can also contribute to recruitment and activity of 
osteoblasts [83, 84]. Exogenous addition of VEGF can also improve bone formation [75]. While 
we observed significant increases in VEGF production over the 28-day experiment, the effect 
was insensitive to the inclusion of Fluffy-PLG or Hyperelastic Bone reinforcement structure. 
However, the timing of increased OPG production during significant Hyperelastic Bone 
degradation suggests that the Hyperelastic Bone reinforcement structure may play an active 
role in promoting an osteogenic response in addition to passive mechanical reinforcement. 
 
Analysis of mineral content of the scaffold and composites after in vitro culture suggest 
significant new mineral formation in all constructs, though the greatest new absolute mineral 
formation was observed in MC-Fluffy composites. MC-HB composites had the least amount of 
new mineral formed compared to MC scaffolds and MC-Fluffy composites. However, the MC-
HB composites had the greatest average amount of Calcium and Phosphorous present at day 
28 before normalizing to unseeded controls (approx. 30% Ca and 15% P, 11% Ca and 5% P, 
14% Ca and 7% P for MC-HB, MC-Fluffy, and MC, respectively), indicating that there is still a 
great amount of mineral present to induce osteogenesis. To further understand the low mineral 
formation at the end of the study in MC-HB composites, we plan to investigate the localization of 
calcium and phosphorous within the composite to determine if mineral is forming within the 
scaffold.   
 
Together, our results demonstrate hMSC viability, gene expression, and protein expression that 
support the use of Hyperelastic Bone and Fluffy-PLG reinforced mineralized collagen 
composites for craniofacial bone repair applications. Of particular note, was the observation that 
MC-HB composites demonstrated increased MSC-osteoprogenitor secreted OPG. Ongoing 
efforts will more fully compare hMSC osteogenesis in vitro as well as in vivo bone regeneration 
for these disparate composites. Future efforts will also examine changes in the topology of the 
3D-printed structure in order to add shape-fitting through structural means, similar to our 
recently published work with poly(lactic acid) composites [88]. Future work will also expand the 
use of the 3D-print as a bioactive stimulus to increase endogenous OPG production as a means 
to transiently inhibit osteoclast activity and accelerate craniofacial bone repair.  
 

5. Conclusions 

We examined inclusion of reinforcing 3D-prints generated from two distinct 3D-paints 
(Hyperelastic Bone; Fluffy-PLG) in a mineralized collagen scaffold for craniofacial bone repair 
applications. Composites formed from Hyperelastic Bone or Fluffy-PLG structures were shown 
to offer passive and potentially active advantages to aid osteogenic activity. Notably, inclusion of 
a Hyperelastic Bone 3D-printed mesh significantly increased composite modulus and push-out 
force, though the brittle nature of the structure limited the conformal fitting capacity. Degradation 
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byproducts of Hyperelastic Bone did not significantly reduce hMSC activity. Interesting, all 
composites and the native mineralized collagen scaffold supported significant osteogenic 
activity in the form of hMSC metabolic activity increases, shifts in osteogenic gene expression, 
and synthesis of new mineral. Further, while the scaffold and composites all promoted 
increased endogenous production and secretion of OPG and VEGF, Hyperelastic Bone 
reinforced composites showed significantly increased early secretion of OPG, suggesting these 
composites may increase hMSC osteogenesis and locally inhibit osteoclast activity to accelerate 
bone regeneration.  
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