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ABSTRACT 

We are investigating the functionality and hydrolytic 

degradation of biologically-inspired implants, manufactured 

using novel three-dimensional printing techniques and 

synthetic bio-nanomaterials for treatment of mandibular 

reconstruction. Degradable polymer-based prosthetics for 

the treatment of osseous tissue defects, maxillo-/cranio-

facial trauma encounter two common clinical obstacles 

impeding efficient tissue engraftment. They are, (i) 

controlled material release and (ii) neovascularization. We 

therefore, studied the feasibility of the extracellular matrix 

deposition on 3D-printed thermoplastic scaffolds. While 

thermoplastic polyurethane-based (TPU) implants are 

showing encouraging signs of vascular formation there is a 

need for investigating the diffusive mechanisms of material 

release via predictable and tunable degradation 

characteristics, to restore damaged bone. Accordingly, our 

exploratory experiments were geared to  understand the 

driving forces of diffusivity and hydrolytic degradation of 

polyvinyl alcohol-based (PVA) 3D-printed scaffolds. It turns 

out that a simple mathematical model based on Fick’s law of 

diffusion provides the fundamental description of solute 

transport from the PVA-scaffold matrices.  PVA-scaffolds of 

different porosity were investigated for monitoring 

hydrolytic degradation under steady and pulsatile flow 

conditions using MEMS-based pressure catheters and an 

ultrasonic flow rate sensor. Our ultimate goal is to ascertain 

the time-scales of degradation in certain polymers, critical to 

treatment efficacy and strategy while facilitating osseous 

tissue growth and vascular formation. 
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1 INTRODUCTION 

One of the greatest challenges in field of maxillofacial and 

craniofacial reconstruction is to quickly and adequately 

induce a vascular network within any large sections of 

repaired bone tissue [1-2]. In this study we are addressing 

that challenge through an experimental framework that 

encompasses three aspects of polymeric scaffold design and 

fate for mandibular repair and reconstruction.  

To that end, this study utilized a series of different micro-

geometric porous structures which can be 3D printed. The 

structures have been designed to promote bone and vascular 

in-growth in appropriate and specified locations, and to have 

favorable mechanical and blood flow properties. This allows 

the synthetic printed implant to both support mechanical 

loading similar to native bone, and to promote fast and 

efficient fluid perfusion of the blood, throughout the implant. 

This is especially important for initial induction of progenitor 

cells and early vascular formation deep within the implant 

microarchitecture. Current work in 3D printing artificial 

vascularized bone has begun to set a foundation for clinical 

treatment, but has largely only been effective for generating 

new vasculature alone [3, 4]. The use of one multi-functional 

material in a bi or tri-phasic 3D printed design may also be a 

highly desirable approach, as bone layers of biomaterial 

 
Figure 1. SEM images of extracellular matrix deposition 

on 3D printed thermoplastic bone scaffolds after two 

weeks. All nucleated samples showed noticeable 

extracellular matrix deposition (red arrow) when 

compared non-nucleated control after two weeks. A1-A4 

scale bar = 500 um, B1-B4 scale bar = 100 um, C1-C4 

scale bar = 10 um. 
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implants composed of dissimilar materials often disassociate 

in situ [5].  

In this study, we first 3D-printed scaffolds using Fused 

Deposition Modeling (FDM). Conventional mandibular 

repair involves using living graft bone taken from the fibula, 

along with skin and bone, to create new complex tissue in 

and around the jaw [6]. However, this technique presents a 

host of complications (i.e. infection, donor site morbidity, 

cosmetic issues, inadequate vascularization) [7-8]. A 3D 

printing approach allows for the construction of intricate, 

porous and micro-vascularized scaffolds that support bone 

and vascular growth [9-10]. 

Second, the functionality of polymeric scaffolds with 

nanostructured porosity and conjugated with osteogenic 

facilitators was investigated for nanoscale texturization 

(using SEM) and osteoinduction potential (using confocal 

microscopy). Castro et al., in a recently published study 

showed that a novel biomaterial and a calcium-based 

nanomaterial could effectively and rapidly facilitate the 

growth of new bone, using mesenchymal stem cells (Figure 

1) [10]. Follow up studies (by Nanochon LLC, in partnership 

with Children’s National Medical Center, Washington DC) 

demonstrated that this approach could yield vascularized 

bone in vitro and in vivo (Figure 2). Successes such as these 

are promising for the field, but lack predictability, reliability 

and scalability. 

Thus, in the third phase the diffusivity and fate of ultra-

fast degrading (polyvinyl alcohol-based) scaffolds were 

studied in a specialized experiment used for arterial 

hemodynamic investigations [11].  The motivation using 

PVA-scaffolds is for ascertaining the time-scales of scaffold 

degradation to ensure hierarchical and time dependent tissue 

growth [12-13].   

We are motivated by the innovative use of new implant 

materials and 3D structures, that when used on a patient 

would provide a quick and complete return to mobility, while 

simultaneously repairing the defect long term. 

 

 

2 MATERIAL AND METHODS 

Experiments conducted in the project were designed to 

build upon previous work by Castro et al, exploring the 

bioactivity of 3D-printed TPU-scaffolds for bone tissue 

engieering [10]. Methods for the processing, design and 

printing were used, and the work presented here sought to 

translate initial in vitro study into a more clinically-relevant 

in vitro and in vivo model, to evaluate complex tissue repair. 

Complementary and exploratory experiments pertaining to 

the degradation of  PVA-based 3D-printed scaffolds of 

varying porosity were performed using catheterized-pressure 

and flow rate measurements under blood-like flow 

conditions.   

2.1 Scaffold Fabrication 

For in vitro experimentation, TPU-scaffolds were 

designed in Rhinoscerous (Rhino) as 5 mm diameter disks 

with a 0.5 mm thickness. In vivo samples were also designed 

in Rhino as 2 mm diameter, 3 mm high cylinders. For all 

samples, TPU-scaffolds had a 250 µm feature size and layer 

thickness, with a 150 µm pore width and/or channel 

diameter. PVA-scaffolds (12.5 mm diameter and 6.35 mm 

thickness) for monitoring hydrodynamic degradation were 

fabricated with various porosities (20%, 40%, and 60% 

infill) inspired by the clinical-relevance and tissue 

engineering requirements. All models were exported as STL 

files and processed into GCODE files using Sli3er. Both 

PVA- and TPU-scaffolds were printed on a tabletop 

Solidoodle™ fused deposition modeling (FDM) machine. 

2.2 In vitro and in vivo testing testing 

In vitro studies were performed to evaluate the potential 

of our 3D printed TPU-scaffolds to generate dense and well-

vascularized bone tissue. Mesenchymal stem cells (MSCs) 

expanded and cryopreserved at University of Maryland and 

human umbilical vein endothelial cells (HUVECs) 

purchased from Thermo Fisher Scientific were used in both  

in vitro and in vivo tests with co-cultured TPU samples for 

10 days. TPU samples were sterilized by exposure to UV 

light for 30 minutes and then washed with 70% ethanol. 

Samples were pre-wetted for 24 hours in a mixture of 1 to 1 

complete cell media (CCM) and Medium 200 containing 

10% low serum growth supplement (LSGS). TPU samples 

were then seeded with 50,000 MSCs and 50,000 HUVECs, 

and cultured in the same mix of CCM and LSGS. Samples 

were taken at the end point, fixed in 10% formalin, and 

treated in 1% Triton-X to increase permeability. Samples 

were stained with primary and secondary antibodies to label 

osteopontin and von Willebrand factor  markers for bone and 

vascular development, as described in Ref. [12]. Samples 

were finally imaged on an Olympus confocal microscope. 

Osteopontin was labeled with Texas-Red and von 

Willebrand factor with Alexafluor 488.  

For in vivo testing, samples harvested from rats were 

processed in Fromacal to remove calcium from the tissue. 

Samples were embedded in parafin, sectioned on a 

microtome sectioning machine, and stained for hematoxylin 

   
Figure 2. (Left) confocal image of HUVECs and MSCs 

forming vascularized bone on 3D printed thermoplastic 

polyurethane (TPU) scaffolds after 10 days. Osteopontin is 

stained in red, Von Willebrand stained in green. (Right) 

Bone growth around a 3D printed osteochondral scaffold 

after 1 month in vivo 
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and eosin. Samples were then viewed on a light microscope 

and photographed using a Nikon digital dual feed camera 

mounted on the microscope. 

While thermoplastic polyurethane-based (TPU) implants 

are showing signs of encouraging vascular formation there is 

a need to know about polymeric structure degradation in 

scaffolds under flow conditions. The quantification of bulk-

polymeric interaction is essential to tuning the degradation 

of such scaffolds within the body, to release tissue forming 

agents and providing hierarchical and time dependent 

support for osteogenesis. Exploratory experiments to 

characterize the diffusivity and hydrodynamic degradation 

were therefore performed. As  a pilot-initiative, fast 

degrading PVA-based scaffolds were investigated for 

diffusivity and degradation under hydrodynamic conditions. 

2.3 Diffusivity measurements of dilute 

polymeric (PVA) solvents  

The diffusivity of dilute PVA in DI water was found 

using Polson cell apparatus as shown in Fig. 3a [14, 15]. A 

calibration (Beer’s law) curve of PVA peak absorbance at 

275 nm with varying concentrations of dilute PVA was 

created using a spectrophotometer (Thermo Fisher 

Scientific, Multiskan Go). Dilute PVA with initial 

concentrations, (C0) 50, 25, and 12.5 mg/mL, were 

introduced into the bottom sections of the acrylic cylinder 

and DI water was loaded into the top sections and aligned for 

concentration gradients to develop for certain intervals of 

time (t = 5-, 10-, 15-, 30-, 45-, 60- and 135-minutes). Then 

the fluid from the top section was tested for peak absorbance 

at 275 nm to determine concentration of PVA (at ~ 24ºC) 

after diffusion.  The concentration (C) of the diffused PVA 

solution at each time-instance was calculated using the 

Beer’s law calibration curve. The diffusivity (D =  0.6096e-

05 cm2/s (± 4.3e-06)) of dilute-PVA solution was calculated 

using the slope shown in Figure 3b and the relation, C/C0 = 

t1/2(D/(h2π))1/2, where h is the hieght of the chamber. 

2.4 Hydrodynamic degradation monitoring  
PVA-scaffolds with 20%, 40%, and 60% infill (or 

porosity) were placed in the flow loop designed for arterial 

hemodynamic studies to study their degradation in DI water 

(Figure 4a) [15]. The scaffolds were tested with three steady 

flows at 0.5, 1.0, and 1.5 mL/s and a carotid artery-based, 

pulsatile flow rate waveform.  The flow loop included a 

programmable pump (Ismatec BVP-Z), a National 

Instruments data acquisition card (USB 6002) and 

customized MATLAB-based virtual instrument control 

program to produce the steady and pulsatile flow rates, an 

Ultrasonic flowrate sensor (Transonic ME 12PXL) and 

MEMS-based pressure catheters (Transonic Scisense), to 

monitor the degradation during the flow. The catheterrized 

pressure drop measurements across the degrading PVA-

scaffold is shown in Figure 4b [11, 15].  

3 RESULTS AND DISCUSSION 

Previous work demonstrated very strongly that 3D printed 

TPU scaffolds in particular would yield dense 3D calcified 

ECM [10]. However, vascularized bone tissue formation is 

critical for the successful grafting and integration of an 

orthopedic implant. In vitro study performed to evaluate 

vascularized bone formation (Figure 5) showed that, 

especialy in a co-cultured envirnoment, our 3D printed TPU 

scaffolds were capable of generating dense and well 

vascularized bone tissue. Co-culturing has already been 

investigated as a means of developing biologically analogous 

tissues, as cells in complex tissue environments rely on cell 

to cell cross talk [12, 16]. Therefore, these results show that 

in a more biomimetic co-cultured environment, the ideal 

scaffolds form new bone and generate neovascular tissue, 

thus this behavior can be expected in situ.   

Concentration gradients of various concentrations of 

dilute PVA in DI water were determined from the Polson 

Cell experiment (Figure 3a and b). In the flow loop 

experiments, the scaffolds were pre-wetted with DI water so 

that the polymeric swelling was homogenous.   

 
Figure 3. (a) The Polson Cell device for diffusivity 

measurements (Left). (b) Relative concentration as a 

function square root of time for 50 mg/mL of dilute PVA 

in DI water; dashed-line indicates the slope (Right). 

 

 
 

Figure 4. (a) Degrading scaffold under steady flow 

conditions (Top). (b) Dimensionless steady flow rate 

and pressure drop across the degrading scaffold 

(Bottom). 
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Steady flow conditions in flow loop experiments were 

causing a rapid scaffold degradation than under hydrostatic 

conditions (Figure 4a and b).  These experiments were 

extended to pulsatile, blood flow-like scenarios and  the data 

analysis is expected to provide preliminary insights into the 

transport of the degraded PVA-scaffold fragments in pipe 

flow. 

The synergistic use of performance enhancing 3D 

structures and biologically active and analogous materials is 

extremely significant because a thoughtful combination 

thereof can form a transitional structure which looks like 

osteochondral tissue. This in turn facilitates new 

vascularized subchondral bone to form in the implant, 

anchoring it permanently in place and repairing the articular 

surface. The ultimate goal of our research is to create 

prefabricated and synthetic graft implants, designed for 

patient-specific requirements, with predictable and tunable 

degradation characteristics, to restore damaged bone.  
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Figure 5. Confocal images of 3D printed TPU-scaffolds cultured with mesenchymal stem cells (A and C) or MSCs 

and human umbilical vein endothelial cells (B and D), stained for Osteopontin (red) and Von Willebrand (Green) 

factor. Scaffolds showed good bone growth on all groups, accelerated vascular activity on co-cultured groups after 5 

days (B), and the formation of bone and integrated vascular networks after 10 days (D).  

 

500 um500 um500 um500 um

(A) (B) (C) (D)

19Biotech, Biomaterials and Biomedical: TechConnect Briefs 2017




