
Figure 1: A preliminary study showed noticeably large 

differences in PLGA degradation when the scaffold was 

exposed to dynamic axial compression and perfusion, as 

compared to static control groups (dry, hydrated and 

perfused). 
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Biocompatible polymers such as poly(lactic-co-glycolic acid), or PLGA, are used in many medical applications, 
like surgical implants, medical devices and tissue engineered constructs. Depending on the application, these 
polymers serve a specific, unique purpose. For example, they may be used to provide structural support, to 
deliver a drug, to encase another material or to electrically insulate tissues [1]. Because the outcome varies with 
each application, medical professionals may desire a polymer that degrades quickly or a polymer that doesn’t 
degrade, but instead maintains its structural integrity. For these reasons, the polymer degradation rate is 
commonly assessed in a laboratory setting. The physiological environment that these polymers are eventually 
subjected to presents several variables that must be considered when determining degradation in vitro. Time-
dependent degradation is commonly investigated in response to temperature changes, in the presence of 
chemicals and under different loading conditions. The degradation rate of PLGA has been studied under 
physical loading conditions, at changing temperatures and in the presence of common solvents. However, few 
studies have investigated the effect of dynamic mechanical loading on degradation rate, a relationship that 
needs to be investigated as such polymers are subjected to dynamic mechanical forces in vivo. Further, a 
standardized protocol that addresses the effects of dynamic loading would benefit this growing area of use and 
research. Our group has conducted some initial studies to assess the impact of cyclic compression on PLGA 
degradation as compared to static test protocols that have been used in other studies. 
 
Disks of PLGA were stimulated with cyclic strain 
and perfused with saline for 8 days. The 
dynamically loaded PLGA scaffold (Dynamic) was 
subjected to sinusoidal compression from 5 to 30 
grams at a frequency of 1 Hz. Additional scaffolds 
were tested for 8 days with perfusion only (+ 
Perfusion), in stagnant saline without perfusion (-- 
Perfusion) and completely dry (Control). After the 
test period, a mechanical analysis was performed 
to compare the end point degradation of these 
four sample groups. The Green strain and 1

st
 

Piola-Kirchhoff stress plots (Figure 1) indicated 
that dynamic loading with axial compression and 
liquid perfusion (Dynamic) resulted in increased 
compliance and degradation, as compared to the 
three unloaded sample groups. Liquid perfusion 
alone (+ Perfusion) was also shown to increase 
compliance and degradation as compared to 
hydration alone (-- Perfusion). Ultimately, these 
results indicate that studying the effects of static 
loading on scaffold degradation may be insufficient to fully capture the degradation characteristics of the 
polymer. Other variables, such as temperature and chemicals, would add further complexity to the degradation 
rate analysis. Therefore, these factors should be identified and investigated as well before the impact of 
dynamic loading on degradation rate can be fully understood. It would be beneficial to standardize the 
importance of specific test parameters that are commonly used to assess degradation rate. Finally, an emphasis 
should be made to characterize the response of polymer degradation to dynamic mechanical loading that 
parallels the physiological environment.  
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 Hydrogel strength, as evaluated by storage modulus (Young’s modulus), is an important parameter in 

the development and quality control of hydrogels used in medical products.  There are a number of polymers 

that form hydrogels, alginate is one of them.  Alginate, a straight chain polysaccharide extracted from brown 

algae, forms a hydrogel by ionic cross-linking with divalent cations such as calcium.  The gelation reaction is 

instantaneous and has been used to encapsulate living cells inside alginate droplets or beads
 [1]

.  However, for 

filling irregular spaces and for forming molded shapes, controlled gelation is a necessity.  A new technology 

allowing controlled gelation of alginate has been developed and a formulation is currently being evaluated where 

an alginate solution is injected and subsequently gels in situ.  A self-gelling alginate formulation is currently 

being evaluated in human clinical trials in cardiac tissue reconstruction following cardiac infarct
 [2]

.  In situ 

gelation of alginate forms the basis of a 3 dimensional cell culture system called NovaMatrix-3D 

(www.novamatrix-3D.com).  The gelling reaction takes place as sodium alginate interacts with a calcium-

containing alginate foam.  Controlled gelation may also be used in drug delivery, cell therapy, tissue engineering 

and other medical device formulations.  Common to both the self-gelling injectable alginate formulation and the 

alginate foam cell culture device is the need to have quality control methods to ensure batch-to-batch uniformity.  

In situ gelation and functionality testing can be performed using oscillatory rheometry.  

We have examined how changes in the alginate formulation affect the kinetics of gelation and the final 

gel strength.  We have correlated this with in vivo implantation of the alginate-based hydrogel in animals.  Gel 

characterization for different formulations was measured using an oscillatory rheometer.  Data for determining 

the final gel strength (storage modulus, G’) were fitted to a dual kinetic equation:  G’ = A(1 - fe-k
1
t – (1 – f)e

-k
2
t)  

where A, f, k1 and k2 are constants and t is the time after mixing.  The kinetics of gelation and the final gel 

strength were obtained from the fitted data.  With respect to alginate-based hydrogels, rheological assessment 

of gelling kinetics and final gel strength can be used to predict in vitro biodegradation.  Correlating this with in 

vivo implantation of alginate-based hydrogels in animals forms the basis of in vitro-in vivo correlation (IVIVC).  

 

 
Fig. 1. Gelation kinetics and gel strength   Fig. 2. Gelation kinetics and gel strength 

with different guluronate content.     with different alginate molar mass. 
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Reference Material and Measurement of Cell Proliferation and Cytotoxicity for Scaffolds 
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The promise of TEMPs in addressing biomedical challenges has lead to many promising 

materials. With the wide variety of materials coming from different processes, it is necessary to 
address the issue of testing a material to ensure compatibility with proposed biological function.  
As the primary objective of a TEMP is to function in a cellular environment, it is necessary to 
test the material for cellular proliferation - growth, and cytotoxicity, among others.   

The biological response stems from the environment and material of construction (or 
other chemicals).  A first set of tests on nanofiber-based scaffold should be related to testing the 
material for toxic elements (residual solvent, polymer cytotoxicity, scaffold cytotoxicity).  The test 
should be performed with the specific target cells that will be exposed to the reference material 
and scaffold material.  On the other hand cellular proliferation and growth on each of the 
materials needs to be calibrated against a standard material to determine the impact of the 
material within biological systems. 

In addition when the TEMPs are impregnated with drug molecules, the drug elution from 
the scaffold and any toxicity stemming from higher localized drug concentrations should also be 
tested.  In conclusion, the toxic effect on living cells and tissue within the host body is the 
property that should be given the highest priority when testing any new TEMP candidates. 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 



CAVOSS3D-Computation and Visualization of Scaffold Structure  

Joy Dunkers1, Thomas LaFarge2, Beatrice Pateiro-Lopez3, Antonio Possolo2 
1National Institute of Standards & Technology, Biosystems & Biomaterials Division, Gaithersburg, MD, USA 

2National Institute of Standards & Technology, Statistical Engineering Division, Gaithersburg, MD, USA 
3Department of Statistics and Operations Research, University of Santiago de Compostela, Spain 

 

 Establishing quantitative relationships between scaffold structure and cell response will aid  in the prediction of 

cell  fate and will  facilitate a  rational approach  to scaffold design.   As a  first step  toward  this goal, we have developed 

CAVOSS3D, a three dimensional  (3D) computational package that takes as  input a three dimensional scaffold  image set 

and  computes  the  critical  scaffold metrics  that  influence  cell  response. These metrics are: pore  volume and pore  size 

distribution, fiber/strut surface area, fiber/strut diameter distribution, pore and fiber/strut tortuosity, pore and fiber/strut 

connectivity.  

Two key technical developments drive CAVOSS3D. The first key technical tool  is a generalization of the convex 

hull that applies to non‐convex objects: the so‐called 2D alpha  () hull and  its companion, the 3D ‐shape. For the   ‐
shape, a parameter  (whose dimension is length) characterizes the scale at which the surface is locally planar (in 3D), or 

linear  (in  2D).  This  geometrical  construct  is  used  to  quantify  pore  volume,  fiber/strut  surface  area,  connectivity  and 

tortuosity. The second technical tool involves computation of diameter distributions using a local thickness approach. The 

pore and fiber/strut diameter distributions were performed by tracing the centroid of each feature from a skeletonization 

of the pixel distance map.  Then, the distance to the closest boundary from the centroid pixel is recorded.  We present the 

computational infrastructure developed for CAVOSS3D and metrics for a scaffold with simple geometry.   

 



Introduction to Scaffold Related ASTM Standards 
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Abstract  

Tissue Engineering encompasses the broad concept of combining both engineering and life 
science principles in a manner that leverages natural biology in the restoration, maintenance, or 
improvement of tissue function.  This evolving field includes a wide range of potential applications 
and, as a result, employs a multitude of biological strategies, physical embodiments, and cell 
compatible materials.  This diversity brings both opportunity and challenge in the development of 
relevant standards for assisting the Tissue Engineering field in moving more efficiently toward 
achievement of its therapeutic goals.   

For well over a decade, Division IV of ASTM Committee F04 has been actively developing 
standards for the characterization of Tissue Engineered Medical Products (TEMPs).  Developed 
standards and current work items cover:  

 Scaffold Aspects – include guidance for characterization of compositional, physical, and 
mechanical properties, including scaffold porosity. 

 Cell Aspects – include guides for monitoring cell line characteristics and their interactions 
with biomaterials, including cell signaling and spreading. 

 Construct (i.e. cell-scaffold composite) Aspects – ranging from guidance covering 
cell/tissue processing and cell immobilization approaches to methods covering quantitative 
assessment of three dimensional TE scaffolds for their level of cell attachment, activity, 
colonization, differentiation, and viability.   

 Assessment Aspects – provide considerations for the in vivo evaluation of constructs 
intended for spinal fusion, vascular grafts and heart valves, reinforcement of tendons and 
ligaments, or the repair of rotator cuffs, articular cartilage, or critical sized bone defects. 

 Safety Aspects – guide means to minimize risks associated with microorganisms and 
other adventitious agents 

 Terminology Aspects – unify the language used within TEMPs standards 
 
The typical function of a scaffold is to facilitate a three dimensional proliferation of cells and the 

ensuing development of tissue structure, be it occurring in vivo or in vitro.  Related ASTM standards 
provide guidance for raw (starting) materials as well as for characterization of the scaffold itself.  While 
most of the provided raw material guidance is conveyed through reference to relevant pre-existing 
standards (see F2027), a series of material specific standards have been generated for collagen, 
alginate, chitosan, and hyaluronan.  While general scaffold characterization guidance is available in 
F2150, guidance toward more in-depth pore and topographic assessment can be found in F2450, 
F2603 and F2791.  Additionally, supplemental guidance to assess ceramic/mineral-based (F2883) 
and hydrogel-based (F2900) scaffolds are also available.  While these current standards provide a 
beginning, future new and refined standards should be perceived as a means to consolidate and 
further reinforce our continuously expanding understanding of this complex - but wondrous - aspect of 
the human body, and biology as a whole. 
 



Cell Delivery Device Cytocompatibility Test Battery 
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 As the science of stem cells progresses, the methods by which cells are properly delivered to 
patients remain poorly defined. Shear stresses, a myriad of possible contaminants, surface 
interactions, or simply dwell time in an otherwise sterile medical device can alter cell functions and 
behavior. Yet, it is unrealistic and impractical to expect every developer of cell therapies to test their 
specific medicaments with every potential delivery device. Instead, it makes good sense to 
contemplate a reasonable standard that delineates meaningful cell types, repeatable assays for 
determining representative cell behaviors, and bracketed exposure parameters such that a true 
measure of cytocompatibility can be obtained for any given device. Catheters, needles, balloons, and 
any other potential cell delivery device could be certified cytocompatible by specified validation tests 
ahead of clinician use with dramatically reduced concern that the device would be less than 
transparent with respect to the therapeutic. The goal, therefore, is to create a standard that is broadly 
applicable to both potential cells to be delivered and possible devices for delivering. 



Fig. 1: Canonical near-net shape HA scaffolds. Design 
1 incorporates an inner sphere that has a different 
material composition from the outer shell; as evidenced 
by the micro-CT data in Column 3.  Large interior voids 
can also be fabricated (Design 2). 

Multi-Material Near-Net Shape Calcium Phosphate Bone Scaffolds 

David J. Hoelzle1, Andrew G. Alleyne2, Amy J. Wagoner Johnson2 
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The explosion of additive manufacturing (AM) technologies – also commonly referred to as 3D printing and rapid 
prototyping – has made it possible to print polymeric and metal scaffolds in virtually any form [1].  Scaffolds 
fabricated by AM have yet to be fully vetted as a viable source of artificial tissue for clinical application; however, 
it is clear that AM processes have considerable 
potential in regenerative medicine.  Despite the 
wide applicability of bio-ceramics in bone 
regenerative medicine, AM processes for 
ceramic scaffolds have developed more slowly; 
unlike polymers and metals, extreme 
temperatures are required to sinter ceramic 
scaffolds, precluding AM processes that 
consolidate material by inducing a local material 
phase change.   

This work demonstrates the near-net shape 
fabrication of hydroxyapatite (HA) scaffolds.  In 
particular, it demonstrates the ability to deposit 
different regions with different microstructural 
properties in a single scaffold (Fig. 1).  The 
scaffolds are manufactured by a room-
temperature AM process termed micro-Robotic 
Deposition (μRD).  The main contribution of this 
work is the advancement of μRD from a 
technology that was only capable of making 
monolithic structures [2,3] to an advanced AM 
process in which multi-material compositions 
can be facilely interlaid within a single scaffold 
and also have near-net shape contours.  Future 
work will investigate more bio-mimetic scaffold 
architectures. 
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 Nanofiber Solutions, LLC is a medical device manufacturer developing a new class of implants 

for soft tissue/organ repair/regeneration and of three-dimensional (3-D) scaffold products that 

advance product development for cellular therapeutics and drug discovery.  Using our unique 

approach with a platform technology we combine the benefits of synthetics and biologics while 

eliminating the risks and supply chain issues inherent in biologics.  However, with the development of 

a new class of implants with unique nanostructure-macroproperty-in vivo correlations brings new 

challenges in quality control and Design Verification and Validation (V&V) testing.  New methods are 

required that are scalable to high volume manufacturing settings, support quality control needs and 

enable development of test data that helps evaluate implant properties against product requirements 

and validate clinical outcomes for V&V.  For example, what are the important scaffold-based metrics 

at different length scales (nano/micro/macro) that influence clinical outcomes?  How can we 

accurately characterize fiber diameter, pore size, porosity, and mechanical properties in a 

standardized, non-destructive, and cost-effective manner?  On traditional textiles and porous implants 

this is relatively straightforward due to the availability of standardized test methods, but new 

challenges are introduced when dealing with nanometer sized fibers, gradient porosities and multi-

layered scaffolds.  Techniques such as microCT and quantitative histological analysis can help 

provide this information, but are very time consuming and expensive, and therefore are unrealistic to 

be a viable option in a manufacturing setting.  The development of standardized, cost-effective, and 

ideally non-destructive testing methods will greatly speed regulatory approval of these next-generation 

nanofiber-based medical devices. 

 

   

 
Figure 1. Montage showing as-manufactured nanofiber tracheal scaffolds (left) and an autologous 

bone marrow seeded nanofiber tracheal scaffold immediately before implantation in the world’s first 

synthetic nanofiber tracheal transplant at the Karolinska Institutet. 

 



 

Use of Consensus Standards in the Regulatory Approval of  

Tissue Engineered Medical Products 
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 Since its inception, the development and use of standards have been critical to achieving the 
FDA mission to protect and promote the public health.  Federal government agencies, including FDA, 
are encouraged to use domestic or international voluntary consensus standards when practical when 
performing regulatory activities, in lieu of government-unique standards which are developed by the 
government for its own users.  There are specific regulations that describe FDA participation in 
outside standard-setting activities.  FDA (CDRH and CBER) works actively with standards developing 
organizations such as the American Society for Testing and Materials International (ASTM 
International) and the International Standards Organization (ISO) in the development of standards that 
can be applied to product evaluation to support regulatory approval of Tissue Engineered Medical 
Products (TEMPs).   Distinctions will be drawn between FDA/CDRH “recognized consensus 
standards” and “consensus standards,” such as how a medical device manufacturer may choose to 
show conformance with such standards.  Examples of standards which have been developed and 
used in the pre-market review of TEMPs will be discussed.   
 Participation in the standards development activities benefits the regenerative medicine 
community in that these activities can facilitate the development and maintenance of guidance for 
industry, facilitate product design, lead to agreement on best practices within the industry, and lead to 
international harmonization.  Additionally, the use of consensus standards can provide assurance for 
reliable and reproducible data collection to facilitate the regulatory review process.  Standard 
development of consensus standards can benefit the regenerative medicine community which also 
helps, in turn, the public.  Thus, FDA plays a critical role in providing support for standards 
development activities. 
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 The investigational applications of hydrogels in the field of tissue engineering and regenerative 
medicine range from controlled drug delivery to cell encapsulation. As interest in leveraging hydrogels 
in the development of tissue engineered medical products increases, so too does the collective need 
for the establishment of standard methods for characterization of hydrogels for tissue engineering 
applications. Despite the expansive variety of hydrogel compositions and the myriad potential 
applications of hydrogels in tissue engineering, several key hydrogel features, as outlined in F2900-
11, have been identified as being important for the efficacy of the hydrogel systems in tissue 
engineering applications and include degradation and/or dimensional stability, mechanical integrity, 
biocompatibility, and support of mass transport. Although numerous test methods exist for 
characterizing the various key hydrogel attributes identified in F2900-11 and the identification of 
standards with relevant content has been accomplished for some hydrogel features, the development 
of standard methods specifically for hydrogels remains a priority. For example, the development of 
standards for the characterization of the viability of encapsulated cells, the extraction of leachables, 
and the physical and chemical responses to environmental stimuli specifically for hydrogel systems 
may facilitate the progression of the field toward the development of hydrogel-based tissue 
engineered medical products. 



MR Standards for Tissue Engineered Cartilage Characterization  

Mrignayani Kotecha 
Department of Bioengineering, University of Illinois at Chicago, 835 S. Wolcott Street, W 110C, Chicago 60612.  

email: mkotecha@uic.edu 
 

Cartilage tissue engineering is expected to lead the way for cartilage disease and injury treatment in the coming 
years. Tissue engineers use variety of strategies involving scaffolds, cell culture conditions and cell sources to 
make an engineered cartilage that mimics the properties of native tissue. The prototype tissue is measured to 
establish the production of proteoglycans and collagen as biomarkers, the two main extracellular matrix (ECM) 
components of the cartilage. Unfortunately, most current characterization methods, including 
immunohistochemistry and biochemical analysis do not have the potential to map the development of tissue 
functionality and growth non-invasively. In order to validate them clinically, the promising tissue engineering 
approaches must be monitored non-invasively and periodically from weeks to months. Over the last few years, 
much progress has been made in non-invasive magnetic resonance spectroscopy (MRS) and imaging (MRI) 
characterization of tissue engineered cartilage [1, 2]. The advantage of MRS/MRI techniques is in their 
straightforward extension to the clinic where they allow physicians to follow the growth and development of 
cartilage treatments.  
 
Typical MR characterization tools for engineered cartilage tissues are changes in line broadening, chemical 
shift, relaxation rates, tissue stiffness, magnetization transfer ratio and diffusion coefficients observed using 
protons (1H) and Carbon (13C) or Sodium (23Na) NMR/MRI [1]. Often the contributions to these signals from the 
scaffolds are overlooked and attempts are made to correlate observed changes in MR parameters as a function of 
change in extracellular matrix components. However, we have found that the influence and contribution of 
scaffolds to the measured MR parameters is much greater than thought previously [3]. For, example, we have 
found that the scaffolds are not silent in an MR experiment and that the changes in MR parameters are often 
strongly depend on the scaffold properties, cell density and of course, on ECM development [3]. We have 
learned that the scaffolds play a significant role in modulating the MR properties. In fact, the sodium relaxation 
times, which describe inherent dynamics of sodium ions depend on the scaffold environment. We have also 
noticed that the order (or orientation preference) of the collagen fibers – as gauged by sodium and proton 
spectroscopy – depends upon the composition of the scaffolds [3]. This gives us a method to understand 
proteoglycan and collagen composition within the tissue since it defines the sodium ions environment. Such 
information is not available from other methods and we believe that our new MR techniques can play a larger 
role in characterization of implanted engineered tissues.  In order to standardize, validate and quantify MR 
results, the contributions of scaffolds, extra cellular matrix components and cell density in MR parameters must 
be separated out.  
  
The future need in the field of non-invasive MR characterization of engineered cartilage tissue is three fold:  
1) To develop new quantitative MR techniques (or MR standards) which can be used to (a) quantify the ECM 
development, specifically the amount of proteoglycans and collagen at each stage of development in tissue-
engineered cartilage and (b) quantify the tissue functionality via molecular motion and tissue anisotropy.  
2) To develop analytical tools to separate out the contribution made by scaffolds, cells and ECM in standard 
clinical MRI techniques, such as relaxation and diffusion measurements and in new developing techniques. 
3) To develop scaffold standards, which can be used as MR standards for each quantification parameter. New 
development in the field of cartilage tissue engineering should be quantified using these standards.   
 
References 
1. Kotecha M, Klatt D, Magin RL (2013) Monitoring Cartilage Tissue Engineering Using Magnetic 
Resonance Spectroscopy, Imaging and Elastography. Tissue Eng Part B (Rev), in press.  
2. Kotecha M, Yin Z, Magin RL (2013) Monitoring Tissue Engineering and Regeneration by Magnetic 
Resonance Imaging and Spectroscopy. Journal of Tissue Science and Engineering S11:007:1-7.  
3. Kotecha M, Ravindran S, Schmid TM, Vaidyanathan A, George A, Magin RL (2013) Application of 
sodium triple-quantum coherence NMR spectroscopy for the study of growth dynamics in cartilage tissue 
engineering. NMR in Biomedicine, in press. 



A Standard 3D Tissue Culture Platform for the Future? 

Wing Lau, Qing Liu 

3D Biotek, LLC, North Brunswick, NJ 08902, USA 

 

 3D scaffolds have been frequently used not only in creating normal healthy tissue for tissue 

repair but also in creating in vitro disease models for drug screening.    Recently, the importance of 

doing cell culture in 3D has been recognized. It has been indicated that cells cultured in 3D scaffolds 

show different growth profile and protein expression characteristics than those in 2D1,2.  

There are two major types of scaffolds, i.e. scaffolds with a range of irregular pore sizes and 

scaffolds with well controlled regular pore size such as the scaffolds produced from 3D fabrication 

technology (Figure1). Although culturing cells on 3D scaffolds have been a routine practice for tissue 

engineering applications, it is still not a common practice for daily cell culture. This is simply because 

the current 2D cell culture is very easy to perform and there are still no standard 3D cell culture 

scaffolds available. To facilitate the cell culture transition from 2D to 3D is therefore of utmost 

importance, as 3D cell culture will provide more realistic results and save time and money. A standard 

3D cell culture platform is necessary so that the results can be compared across different research 

groups.  

It has been well established that the pore size and porosity affect the cell growth within the 

porous structure of the scaffolds. Therefore, the importance of having standard reference 3D scaffolds 

with known pore size and porosity is evident.  NIST has provided 3D tissue reference scaffolds since 

2010.  In this presentation, we will discuss the need for a standard 3D cell culture platform.   
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Guides to characterization methods for scaffolds  
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In the past years more than 20’000 papers have been published on scaffolds and devices used for 
tissue engineering. When reading the current literature, it is evident that author’s conclusions were 
generally speaking always positive with regard to their materials, i.e. that their scaffold materials were 
superior. Unfortunately, often the question comes up: superior to what? Since neither comparison nor 
normalization to standard reference materials is done, it is difficult to compare the results to other 
studies. Although many authors do indicate the materials or devices used in their work, they omit 
carful characterization of raw materials and finished scaffold due to manifold reasons.  
The scaffolds incur, however, a key role in tissue engineering approach. On the one hand, it is the 
scaffold’s chemistry that interacts with the cells affecting and triggering cellular responses. On the 
other hand, it is the scaffold’s mechanical properties, which translate acting stresses and strains 
inducing mechanobiological responses in embedded cells. In addition, the scaffolds three dimensional 
design affects nutrient and waste diffusion and matrix deposition. Based on such considerations, 
scaffolds may be classified according to e.g. the physical properties, mechanical properties, or 
engineering designs. Yet, classification according to their chemical composition is most often used in 
tissue engineering. The presentation focuses on what is needed for obtaining a comprehensive 
picture of a scaffold used in a study as exemplified with the help of scaffolds used in musculoskeletal 
applications. 
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 ASTM Scaffolds Workshop: Characterization Needs for Textile Scaffolds 

Stephanie Norris1, Sarah Beyer2,  
1Atex Technologies Inc, Pinebluff, NC, USA 
2 Atex Technologies Inc, Pinebluff, NC, USA 

 
 Textile constructions are well suited to serve as components of scaffolds for tissue engineering. The 
variety of manufacturing methods, weaving, knitting, braiding, non-woven and multiple embroidery or stitching 
methods produce substrates with a broad range of unique characteristics. CAD systems can provide insight to 
morphology, coverage, pore size, and mass.  Methods for controlled manufacturing and characterization of 
these textile constructions are well established however, given the broad and often contradictory requirements 
of the ECM [1,2] additional methods of quantifiable characterization will be needed. Pore size, type and 
distribution have been cited as critical to the success of the scaffold.[1]  The scaffold should mimic the biological 
environment for the targeted tissue type, providing sites for cell attachment and access to nutrients and the 
diffusion of cell waste. Tissue engineered scaffolds can fail when the 3-dimensional characteristics are poorly 
defined. 
 

Different types of microscopy have been useful in gathering data in regards to pore size distribution and 
size within a structure. Some of these are documented in ASTM F2450-10.  Can these tools be useful for the 
three dimensional characteristics of a textile? Two dimensional measurement techniques are understood and 
characterized.  How can cross-sections be made meaningful in certain structures? Existing methodology 
provides little guidance or standardization in gathering this type of information which is critical to the success of 
the scaffold.  How can microscopy results be compared from system to system? Is it possible to standardize 
testing procedures for the variety of proposed scaffold materials using microscopy?  How can we quantify these 
measurements? We believe a test method is needed to standardize for specific scaffold materials/constructions 
and their end-use requirements.  
 
 Mathematical models of scaffolds for tissue engineering are being explored.[4] Simulation of the textile 
structure may be a useful predictor of pore size, pore distribution and mass. Is it possible to model the interior 
characteristics of a knitted or woven structure to extract open volume? These questions are important to ask so 
that a long term methodology can be established to ensure scaffold materials consistently meet expectations.  
How do we differentiate between rigid and compliant material measurement methodology?  Since textiles are 
soft and compliant materials, it is important we define which methods are suitable for “soft” materials. 
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Scaffolds for Reinforcement and Tissue Formation in Tendon and Ligament Surgical Repair 
Anthony Ratcliffe 

Synthasome, Inc, San Diego, CA 
   

Surgical repair of tendons and ligaments have a variety of clinical outcomes ranging from 
success and restoration of normal and active function, may include reduced but adequate 
functionality, to failure and no restoration of functionality. Failure at early times after surgery indicate a 
failure of the fixation in the surgical repair (suture pullout, tendon separating from bone, etc) and is the 
most common mode of failure.  Failure at longer time points suggests failure of the biologic repair, 
where the surgical repair has been maintained over a time period long enough for the biologic 
processes to be completed, however failure of the repair ultimately occurs. These two modes of 
failure require different approaches to enhance the final outcome.  

 
Enhancement of surgical fixation of the tendons and ligaments to the appropriate anatomic 

sites requires mechanical reinforcement of the surgical repair, and this requires design of a scaffold 
that can act in concert with the surgical repair. The optimal design is one where the scaffold replicates 
the mechanical properties (stiffness and strength) of a native tendon or ligament, so that it can share 
load and at the same time allowing some load over the repair to provide an optimal environment for 
biologic repair. A reinforcement device less stiff than tendon will provide little or no reinforcement, 
whereas a device that is extremely stiff will provide excess protection of the repair site, recognized to 
be sub-optimal for biologic repair. A polymeric scaffold can be designed to have appropriate 
mechanical properties; an allograft or xenograft of the same tissue would also be expected to have 
similar properties, although the variability in native tissues is substantial and appropriate mechanical 
properties cannot be guaranteed. The scaffold may be non-degradable or degradable where the 
mechanical properties are retained until the biologic repair is complete. High suture retention of the 
scaffold is an additional required characteristic to allow for implantation and functionality in vivo. 

 
A scaffold that will support biologic tissue growth may be polymeric or may be an extracellular 

matrix. It should allow for rapid cell attachment and proliferation, matrix deposition and formation of a 
3-dimensional tissue with dimensions similar to native tissue and with mechanical properties that 
rapidly become similar to native tissue and thereby restore functionality. The scaffold should have a 
degradation or remodeling timescale that permits such tissue formation, has a suture retention 
strength that allows implantation and its functionality in vivo, and supports integration with the 
surrounding tissues. All should occur within a timescale that is clinically acceptable. 

 
An idealized option would be for a scaffold to have both the characteristics of a reinforcement 

scaffold and a tissue growth scaffold, thereby stabilizing the surgical repair and optimizing the 
opportunity for anatomic biologic repair, and would support 3-dimensional tissue growth and 
restoration of the native tissue. Such a scaffold would have mechanical properties similar to native 
tissue, with a degradation rate that allows biologic repair, and high suture retention strength to allow 
functionality in vivo. It would also support cell attachment, proliferation and formation of a 3-
dimensional tissue matrix with functional properties and is integrated with the surrounding tissues.  

 
 



Translating Benchtop Characterization of Scaffolds to In Vivo Performance 
Roeder, RK1 

1Department of Aerospace and Mechanical Engineering, Bioengineering Graduate Program, 
University of Notre Dame, Notre Dame, IN  USA 

Standards and guidance documents for scaffold biomaterials must not only consider best 
practices for conducting benchtop characterization but also whether or not selected benchtop tests 
provide meaningful information indicative of in vivo performance.  Several examples will be 
considered. 

First, it is now generally accepted that not all porosity is equal.  Scaffolds with equal porosity, 
and even equal pore size, can possess dramatic differences in pore interconnectivity and architecture 
which influence cellular infiltration, vascularization, the transport of nutrients and waste, and tissue 
formation.  Pore interconnectivity can be characterized, but only using complex algorithms for micro-
computed tomography or destructive Hg porosimetry.  Recent work is suggesting that hydraulic 
permeability is possibly a more-relevant material property for in vivo performance.  Moreover, 
permeability is governed by pore interconnectivity but more readily measured using forced fluid flow 
through the scaffold.   

Second, the importance of mechanical properties for in vivo performance is often overlooked 
or improperly contextualized.  Scaffolds with useful biological properties may collapse upon cellular 
and/or fluid surface tension resulting in the loss of pore interconnectivity and poor performance in 
vivo.  Furthermore, mechanically incompetent scaffolds may leave the surgeon little means to fix the 
implant or tissue engineered construct in place and may not properly transmit mechanical signals to 
cells in the scaffold.  Therefore, the most appropriate methods of mechanical characterization and 
measured properties are dependent on application-specific factors not shared with engineering 
materials and related standards. 

Third, a number of biological properties, which are crucial and commonly cited, lack 
standardized definitions and tests.  Biocompatibility is ubiquitous while cytocompatibility for a specific 
cell type is important for initial in vitro screening.  Bioactivity is commonly characterized by different in 
vitro and in vivo tests which are not equivalent.  Osteoconductivity, osteoinductivity, and osteogenicity 
require animal models and may benefit from the use of standardized small animals prior to more 
costly large animals models. 

The above examples will draw from recent experience investigating porous and bioactive 
polyetheretherketone scaffolds with near-term translational potential as a bone ingrowth scaffold for 
interbody spinal fusion, and hydroxyapatite reinforced collagen scaffolds with near-term translational 
potential as a synthetic bone graft substitute and longer term potential as an osteogenic tissue 
engineering scaffold. 



Standards Needs for Measuring Cell-Material Interactions in 3D Scaffolds 

Carl G. Simon, Jr. 

Biosystems & Biomaterials Division, National Institute of Standards & Technology 
100 Bureau Drive, Gaithersburg, MD 20899-8543 

carl.simon@nist.gov, 301-975-8574 

Standards, measurement rigor, and reference materials become more important as a field 
moves from a discovery-driven research activity into an application-driven clinical enterprise.  Large 
volumes of research data that transcend individual labs are required to identify a path to a safe and 
effective therapy.  Many experimental parameters must be tested and controlled over many years, 
often decades, in order for these large projects to succeed.  Standards, measurement rigor, and 
reference materials are critical in establishing reproducibility between labs and over time, in order to 
enable multiple groups to build upon one another’s accomplishments towards achieving a larger 
goal.   
 Tissue engineered medical products (TEMPs) typically have a cell component and a material 
component, where the material component is a 3D scaffold which serves as a template within which 
the cells regenerate tissue.  Recent work has shown that subtle changes in scaffold properties, such 
as chemistry, mechanics and structure, can profoundly influence cell response.  Since human cells 
are 10 m to 100 m in size, it is critical to characterize scaffold properties at scales relevant to cells, 
down to 1 m.  Further, this characterization must be in three dimensions (3D).  The polarized 
environment that cells experience in two-dimensional (2D) culture is considerably different than that 
in in vivo, where cells are surrounded by extracellular matrix proteins.  Cells exist in vivo in three 
dimensions (3D) and scaffolds must be designed to present an optimal 3D microenvironment. Cell 
shape is a primary mechanism whereby the microenvironment influences cell function: changes in 
scaffold properties typically manifest with changes in 3D cell shape.  For these reasons, methods for 
assessing cell and scaffold properties in 3D at 1 m size-scale are required.  Achieving these goals 
will enable systematic investigation of the effects of scaffold physical properties on 3D cell 
morphology and function so that materials that maximize efficacy can be identified. 

A second area where improved standards and measurement assurance is required is in 
defining cell states.  In a TEMPs, the focus is on assessing cell response to material properties since 
the materials are designed to influence cell function (not the other way around).  However, a wide 
array of approaches are used for determining cell state: fluorescence activated cell sorting, 
immunostaining, enzyme-linked immunosorbent assays, polymerase chain reaction, histology, 
microarrays, proteomics and others.  Each lab may employ its own cell preparations, run their 
assays at different timepoints or use different model systems (in vivo animal studies vs in vitro cell), 
making it difficult for one group to build upon the advances of others.  A good example is primary 
human bone marrow stromal cells (hBMSCs), which are probably the most established and well-
studied stem cells for human therapies.  There is large variability in how the hBMSC differentiation 
state is measured.  Standards for which measurements are the best to use, and how the 
measurements should be conducted are required for demonstrating the safety and efficacy of 
hBMSC-based TEMPS.  

In conclusion, standards, measurement rigor and reference materials for assessing 1) cell 
and scaffold properties in 3D at 1 m size-scale and 2) for characterizing cell state are required to 
facilitate the translation of basic research discoveries in regenerative medicine into reproducible and 
robust TEMPs. 



Scaffold Design Criteria vs. Testing Methods: Can We Close the Gap? 

Kurt Sly1, Steve Lin1 

1Exactech, Inc., Biologics Division, Gainesville, FL, USA 
 

 We have developed a scaffold-based osteochondral implant which is produced using particle 
solvent merging and salt leaching techniques. The scaffold incorporates structural features 
intentionally designed to achieve specific biological and mechanical performance objectives in vivo. 
These features include compressive strength to maintain structural integrity, high porosity to promote 
rapid remodeling, pore size designed to optimize cellular activity, and pore interconnectedness to 
permit capillary uptake of body fluids and rapid cellular infiltration. Appropriate ranges for each of 
these parameters have been proposed for the purpose of establishing design specifications intended 
to facilitate design and development activities, development of manufacturing processes, and testing 
activities required to demonstrate the quality of the final product. However, establishing analytical 
methods (e.g., per ASTM 2450-10) to demonstrate that these specifications are met in the final 
product has been problematic, especially with respect to demonstrating that the parameters conform 
in every region of the plug, and not as an average value of the plug as a whole. We have explored 
methods involving SEM image analysis (Fig. 1), mercury porosimetry, and micro-CT with ferrocene 
doping (Fig. 2). Examples will be presented to illustrate the difficulty involved in establishing the 
appropriate analytical methods to confirm the stated design specifications for this scaffold product. 
 
 

 
 
 

 
 

 
 
 
 
  
 

Fig. 1. SEM image of the scaffold  Fig. 2. Micro-CT image of the scaffold 
with ferrocene doping 



Scaffold Issues with Potential for New TEMPS Work Items 

John A. Tesk1 
1Biomedical Materials & Devices Consulting, 6759 Cortina Drive, Highland, MD, USA                                  

 
 The printing of scaffolds along with cells is a developing technology.  There is a need to 
assess and delineate issues that may exist as particularly pertinent to characterization and 
measurements associated with this technology.  These would need to be addressed to help assure 
viable and reliable tissue engineering constructs fabricated by this method.  A new ASTM Work Item 
is suggested for forming a Task Force, addressing Characterization of Printed Scaffolds, to put this on 
a track that could lead to relevant standard guides and test methods.  This task force should aim to 
bring together relevant disciplines in metrology, physics, chemistry, biology, and engineering, 
  
 Another need is that of advancing measurements for characterizing tissue engineering 
constructs that involve hydrogels.  Hydrogel constructs have optical transparencies that can reveal 
non-transparent and/or tagged components, such as fibers for reinforcement and cells for biological 
function.  Collinear Optical Coherence (COC) and Confocal Fluorescence Microscopies (CFM) [1] are 
capable of producing 3-dimensional (3-D) characterization, and could be a facile, rapid method useful 
for this purpose.  A new ASTM Work Item, addressing standard test methods utilizing COC and CFM, 
is suggested.   
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Scaffold architecture and ultrasound stimulation impact cellularity and distribution 

Sanjukta Guha Thakurta, Mikail Kraft, Hendrik J. Viljoen, Joe Turner, Anuradha Subramanian* 

University of Nebraska-Lincoln, Bioseparation and Biomaterials Group, Lincoln, NE, USA 

 
Creation of a homogenous tissue, without aggregation or pockets of necrosis as a result of nutrient depletion or 
uneven cellular colonization is indeed the goal of a successful engineering strategy. A combination of cell 
seeding strategy, scaffolds and mechanical conditioning is used to generate homogenous tissue engineered 
constructs.  However non-homogeneity can arise from (a) non-uniform distribution of cells in the hydrogel or 
scaffold and (b) diffusional limitations of nutrients/factors. Our laboratory is focused on the usage of ultrasound 
assisted bioreactors

1
  for the generation of tissue engineered cartilage. In this paper, we first culture 

chondrocyte seeded scaffold under low intensity continuous ultrasound (US) stimulation in an ultrasound-
assisted bioreactor, which supplies the cells with acoustic energy around resonance frequencies that can help to 
yield and maintain a uniform cell distribution throughout the porous scaffold. We predicted our rationale on the 
basis that the acoustic field persists over most of the radial surface even along the length of the scaffold and the 
attenuation of the US stimulation in the scaffold depends on the pore size and pore architecture.  To better 
explain and understand the distribution of the US field in the scaffolds, an acoustic model was developed where 
the propagation of ultrasound field was assumed to be one-dimensional, parallel to the scaffold-axis and the 
scaffold parameters like porosity and tortuosity were accounted for.   
 We used scaffolds prepared from two different materials: Biomerix

TM
 (BM), a reticulated polyurethane 

based scaffold that is commercially available and chitosan-based scaffolds (CS) prepared via freeze-drying and 
lyophilization. Scaffolds chosen had similar porosities but different interconnecting pore architectures and pore 
diameters. Scaffolds were seeded with expanded bovine chondrocytes and were cultured in the automated 
ultrasonic bioreactor for a period of 21days. The following US regimen was employed: 5MHz, 2.5Vpp (~14kPa) 
or 10Vpp (~60kPa), 5 mins/application and 6 application/day at regular intervals. Non-stimulated scaffolds 
served as controls. Resulting constructs were assessed for viability, and scaffold depth dependent cellular 
colonization. 

By design, cell seeding density was kept constant throughout and cells were seeded on the top face of 
the scaffold. For each type of scaffold studied, culturing in the US assisted bioreactor resulted in remarkable 
improvements in cell spatial uniformity over non-stimulated controls (figure 1). For example, in BM, a matrix with 

>95% voids and with an interconnected and intercommunicating network of fully accessible pores; the <av-

spatial> was similar for the top, middle and bottom panels in both control and US stimulated scaffolds. Clearly, at 

any given depth US treated scaffolds had higher <av-spatial> when compared to non-stimulated controls. Our 

acoustic model predicts in a macroporous matrix like BM (pore size ~140 m) the attenuation of the US signal is 
less and the acoustic field persists over most of the radial surface even near the outlet. Thus cells were able to 

respond to a uniform US field. Whereas in CS scaffolds with a pore size of 40 m and 2-times higher tortuosity, 

the US field on the pores was attenuated and the following <av-spatial> trend was noted BM>CS.   The observed 
effects were likely to have been mediated by the inherent ability of the scaffolds to modulate the US field in the 
scaffold and in the fluid. 

 
  
References 
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Fig 1. Cell seeded scaffolds were 
stained with sytox (nucleic acid 
stain), cut in the middle and imaged 
under confocal microscope at 4X 
magnification. Inside of each 
scaffold type were shown here at 
the end of 14 and 21 days of culture. 
US treated samples visibly have 
high cell density compared non-US 
treated scaffolds. 



Measuring Porosity (Millimetre to Nanometre Scale) 

Paul Tomlins1 
1Englefield Green, Surrey, UK 

(tomlinspaul@gmail.com) 

 
 The majority of papers that utilize tissue scaffolds report a measured value of porosity as a key 
metric for characterizing tissue scaffolds. Values for porosity can be obtained from a variety of 
methods that include measures of density, interpretation of images obtained from light or electron 
microscopy, x-ray computer tomography, gas flow porometry and mercury porosimetry. These data 
may well reflect the overall porosity of the scaffold, but few investigators report the percentage of free 
volume that is in closed pores as opposed that contained in open pores, especially when interpreting 
images obtained from light, electron microscopy or x-ray computer tomography, and it is the latter that 
is accessible by ingrowing cells. So, in many ways quoting an overall porosity for a scaffold that is 
based on such measurements may seen as having limited value if the structure has a high 
percentage of closed or even blind-end pores: there are examples in the literature where closed pores 
contribute to ∼70% of the total porosity(1). Porosity values determined from x-ray computer 
tomography may also be quite different to that which actually exists in the scaffold as, in general, 
relatively large voxels are used e.g. at least 9 µm x 9 µm x 9 µm, especially in samples containing 
large pores (> 100 µm) which effectively discards pores smaller than these dimensions. This omission 
may lead to misinterpretation of data, as there is evidence to suggest that, at least for some 
structures, that most of the scaffold porosity is contained in the sub-micrometer pores(2). 
 
Improving the accuracy of porosity measurements is not an easy task, nor is it potentially 
straightforward to identify the percentages of closed and open pores in structures, but it seems that 
this area is worthy of further investigation and standardization to ensure that interpretations of the 
behaviour of cells in porous scaffolds are as good as they can be. 
 
There is a need to: 

- Recommend one or more preferred methods that can be used to determine porosity, which 
can be applied to perhaps 95% of potential scaffold materials (problems such as lack of 
contrast (electron density, refractive index, etc) and weak mechanical resilience render some 
techniques useless). This would build on the general discussion given in F2450. 

- Recommend that the percentage of closed and open pore porosity is experimentally 
determined whereever possible and reported with some discussion of how reliable this 
information is. 

- Report pore size distributions 
- Evaluate the role that nanopores have on scaffold performance 
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Advancements in Characterization and Standardization of Polymerizable Collagen-Based Products 

Sherry L. Voytik-Harbin 

Weldon School of Biomedical Engineering, College of Engineering and Department of Basic Medical Science, 
College of Veterinary Medicine, Purdue University, West Lafayette, IN, USA 

 Advanced understanding of collagen self-assembly is contributing to a rapid expansion of collagen biomaterial 
compositions and formats for medical and research applications. Recent developments have focused on self-
assembling (polymerizable) collagen formulations with tunable microstructure, physical, and biochemical features 
for improved guidance of cell fate (reviewed in[1,2]).  These collagen polymers are being derived from a number of 
biological sources (e.g., tissues and cells) as well as synthesized chemically.  As such, they vary significantly in 
their molecular compositions, self-assembly properties, and cell signaling mechanisms. An expanded set of 
characterization and standardization strategies are needed to facilitate comparison, safety and efficacy testing, 
and translation of these next generation collagen biomaterials. 
 We have developed a polymerizable collagen approach that is inspired by in-vivo collagen fibril assembly and 
incorporates natural intermolecular cross-link chemistries as oligomer building blocks. Unlike conventional 
monomer preparations, which represent individual, triple-helical collagen molecules, oligomers comprise small 
aggregates of collagen molecules (e.g., trimers) which retain their covalent tissue-specific intermolecular cross-
links[3,4]. Our hierarchical design strategy targets predictable and reproducible control of a subset of relevant fibril- 
and matrix-level properties known to contribute to guiding fundamental cell behavior and tissue morphogenesis.  
More specifically, we have shown that collagen fibril density (controlled by collagen concentration) and interfibril 
branching (controlled by oligomer:monomer ratio) are two molecular-level design features that work integrally to 
specify matrix porosity, permeability and diffusivity, stiffness, and proteolytic degradation. In turn, we have 
documented that modulation of these matrix design features can be used to guide cell fate in vivo and in vitro 
including lineage specific differentiation of mesenchymal stem cells[4] and vessel morphogenesis by endothelial 
colony forming cells[3,5,6]. 
 Such polymerizable collagen formulations designed to recapitulate physical and biochemical signaling 
modalities inherent to the native cell microenvironment require characterization and standardization beyond 
conventional tests[7,8]. New analyses and standards are being developed for defining molecular composition, 
polymerization kinetics, and microstructure-physical property relationships of formed matrices. Furthermore, 
multidimensional imaging is being applied to identify critical spatiotemporal interactions between cells and collagen 
materials, especially as it contributes to the guidance of specific cell phenotypes and function.  
 In summary, new collagen biomaterial approaches coupled with the advancements in molecular, physical, and 
cell physiology characterization and standardization are contributing to the more rationale and innovative design of 
products that will fuel next generation research tools (e.g., 3D in-vitro culture systems) and regenerative medicine  
solutions (e.g., matrix-guided cellular therapies).  
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 Restoration of physiological properties to damaged tissues, including native mechanics, is an 
essential component of successful regenerative medicine. For cardiac regeneration, numerous 
attempts to improve or restore physiological properties of damaged hearts have been made by 
injecting human cardiac progenitor cells into the damaged area.  However, simple injection of cells 
into an ischemic or damaged region has  proven ineffective due to poor cell survival and cell 
retention1.  Functional integration of implanted cells is therefore a major limitation to cardiac 
regeneration.  Introduction of cells into the failing myocardium with appropriate scaffolds (i.e., 
engineered heart tissues, EHTs) can be an alternative strategy to retain exogenous cells in the target 
region which is marked by extensive fibrosis and hypoxia.  Biological and material properties of 
scaffolds, including collagen type and arrangement, play a critical role in fabrication, implantation, 
function and integration of EHTs. These factors are also affected by host immune responses, and the 
remodeling of EHTs that occurs after implantation.  Clinically successful EHTs for tissue engineered 
medical products (TEMPs) will require mechanical and biological properties that match natural cardiac 
myocardium physiology and are capable of restoring lost functionality.  To drive TEMP development, 
in vitro testing should be done to characterize and predict remodeling as well as function.  Part of this 
process requires establishing testing and material standards.   

The ability to utilize patient derived induced pluripotent stem cells (iPSC) and cardiac 
differentiation to produce patient specific cardiomyocytes (and other cells types) for TEMP 
development, as well as the opportunity for personalized drug discovery2 will be discussed.  
Associated technical aspects of this process, such as automated TEMP production and testing in high 
throughput will be covered as well.   
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Quantitative evaluations of pore structure can be used to identify optimal tissue engineering applications for 
porous polymer scaffolds.  Since the pore structure is known to influence cell and tissue development in 
scaffolds, improved data analysis software could potentially enable the accurate quantification of pore 
connectivity for cell ingrowth and scaffold integration with the host.  Software such as Image J can easily be 
used to threshold 2D scanning electron microscopy (SEM) images and thereby measure pore size (Fig. 1A).  
However, in order to ascertain accurate pore connectivity, a 3D assessment is often required.  For example, 3D 
reconstructions of x-ray microtomography (micro CT) (Fig. 1B) and magnetic resonance imaging (MRI) (Fig. 1C) 
data can potentially be used to evaluate 3D pore morphology.  Many hydrogels developed in the Cho laboratory 
present low x-ray attenuation and macro to micro sized pores.  Customized software may permit manipulation of 
acquired image layers and algorithms to accurately assess pore connectivity.  Algorithms and software for the 
evaluation 3D reconstructions have been reported. [1] [2] [3]  However, non-commercially available methods are 
not readily accessible, and commercially available 3D analysis software applications are often designed to 
interface with a specific instrument.  One of the research goals in our laboratory is to develop image analysis 
software that can provide a definitive assessment of the potential extent of cell growth into a porous structure.  It 
is expected to create accurate 3D reconstructions of scaffolds from raw data and evaluate pore connectivity, 
thereby reducing the tissue engineer’s reliance on pore evaluation in vivo. 
 

 
Figure 1. SEM (A), MRI (B), or micro CT (C) can potentially be used to evaluate the pore structure of polymer 

scaffolds.  The accuracy and efficacy of pore structure analysis depends in part on the capabilities of the 
software or algorithm used to evaluate the data. 
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