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1 | INTRODUCTION

Since the mid-1980s a common design approach among tissue-
engineered medical products (TEMPs) has been to use three-
dimensional (3D) scaffolds as templates for directing cell growth and
differentiation (Luo et al., 2007). The central hypothesis is that if
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Abstract

A critical component of many tissue-engineered medical products (TEMPs) is the
scaffold or biomaterial. The industry's understanding of scaffold properties and their
influence on cell behavior has advanced, but our technical capability to reliably char-
acterize scaffolds requires improvement, especially to enable large-scale manufactur-
ing. In response to the key findings from the 2013 ASTM International Workshop of
Standards and Measurements for Tissue Engineering Scaffolds, the National Institute
of Standards and Technology (NIST), ASTM International, BiofabUSA, and the Stan-
dards Coordinating Body (SCB) organized a workshop in 2018 titled, “Characteriza-
tion of Fiber-Based Scaffolds”. The goal was to convene a group of 40 key industry
stakeholders to identify major roadblocks in measurements of fiber-based scaffold
properties. This report provides an overview of the findings from this collaborative
workshop. The four major consensus findings were that (a) there is need for a docu-
mentary standard guide that would aid developers in the selection of test methods
for characterizing fiber-based scaffolds; (b) there is a need for a strategy to assess the
quality of porosity and pore size measurements, which could potentially be amelio-
rated by the development of a reference material; (b) there are challenges with the
lexicon used to describe and assess scaffolds; and (d) the vast array of product appli-
cations makes it challenging to identify consensus test methods. As a result of these
findings, a working group was formed to develop an ASTM Standard Guide for Char-
acterizing Fiber-Based Constructs that will provide developers guidance on selecting

measurements for characterizing fiber-based scaffolds.
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scientists are able to understand the relationships between the scaf-
fold structural, physical, and material properties in relation to the bio-
logical functions of the cells growing within the scaffold, then they
will be able to tailor the complex biological healing processes via con-
trolled, systematic alterations to the chemical, physical, and mechani-

cal properties of the scaffolds (George, 2017). This has driven
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researchers to focus on understanding how scaffold geometries, phys-
ical properties, and material properties can be used to direct the
regenerative process.

Scaffolds vary in composition depending on the application of the
product and are commonly composed of either synthetic polymers, nat-
urally derived polymers, or a combination of the two. Each scaffold has
unique chemical, physical, mechanical, and surface properties (Hollister,
2005). There is a large variability in the intended functions of tissue
engineering scaffolds, which may include delivering bioactive factors,
providing mechanical stability, preserving tissue volume, serving as a
tissue barrier, directing cell function, or inducing tissue healing or
regeneration (Hollister, 2005; Luo et al., 2007; Simon Jr et al,, 2015). A
scaffold's properties impact cell infiltration, inflammatory response, tis-
sue organization via in situ tissue remodeling, as well as the sequestra-
tion and release of biomolecules and bioactive agents, and therefore
play a critical role in how the TEMPs will achieve their intended thera-
peutic effects (Hollister, 2005). The use of scaffolds alone to manage
injuries, promote healing, or to stimulate tissue regeneration is appeal-
ing since the physical properties of the scaffold may be more controlla-
ble, reproducible and easily tuned than the cells or growth factors
(Hollister, 2005; Luo et al., 2007; Simon Jr et al., 2015).

For the tissue engineering industry to continue its growth,
manufacturing challenges must be overcome. The industry lacks a
mechanism with which to turn laboratory breakthroughs into man-
ufactured products. Reliable methods for characterizing manufactured
products are key for reliable manufacturing, which prompted the need

to hold a workshop on the characterization of fiber-based scaffolds.

2 | WORKSHOP ON CHARACTERIZATION
OF FIBER-BASED SCAFFOLDS

The goal of the workshop was to explore current needs for scaffold char-
acterization during research, development, and manufacturing. Since
methods for characterization are often documented as ASTM and ISO
(International Organization for Standardization) standard test methods,
standards were key to this discussion. Currently, there is a limited portfo-
lio of standards for developing and testing TEMP scaffolds (Standards
Coordinating Body, 2018a). A 2014 survey conducted by the Alliance for
Regenerative Medicine found that “product consistency and lack of stan-
dards is possibly the single greatest challenge facing the field” (Alliance for
Regenerative Medicine, 2014). A similar survey conducted by the Regen-
erative Medicine Foundation reached a similar conclusion, that “lack of
reference materials to benchmark measurements and validation criteria
for critical assays” is the biggest roadblock for the field (Hunsberger et al.,
2015). Furthermore, in 2016, the US congress passed the 21st Century
Cures Act (U.S. Government Publication Office, 2016) which requires the
US Food and Drug Administration to facilitate the development of stan-
dards to enable “the development, evaluation, and review of regenerative
medicine therapies and regenerative advanced therapies, including the
manufacturing processes and controls of such products.”

These issues were also evident at the 2013 ASTM International

Workshop of Standards and Measurements for Tissue Engineering

Scaffolds (Simon Jr et al., 2015). In response to the key findings from that
workshop, the National Institute of Standards and Technology (NIST),
ASTM International, BioFabUSA, and the Standards Coordinating Body
(SCB) organized a workshop titled, “The Characterization of Fiber-Based
Scaffolds,” on August 10, 2018 in Manchester, NH. The workshop focused
on characterization of “fiber-based” constructs, due to the intense interest
in using these types of scaffolds in TEMPs (Makower et al., 2010). There
are variety of possible mechanisms currently being used to fabricate fiber-
based scaffolds, including but not limited to electrospinning, melt electro-
writing, force-spinning, melt-spinning, pneumatospinning, knitting, weav-
ing, and braiding (Murphy & Mikos, 2007; Tamayol et al., 2012). Specifi-
cally, the focus on fiber-based scaffolds included any scaffold that is
composed of slender, elongated filaments and has fibers with a diameter
in the range of approximately 10 nm-100 pm.

The one-day workshop hosted six speakers (File S1) and brought
together a diverse group of 46 TEMP scaffold experts from industry, aca-
demia, nonprofit, and government (Figure 1; Standards Coordinating
Body, 2018b). The attendee demographics in Figure 1 show that a major-
ity were from industry. The companies that participated are listed in the
right side of Figure 3 and include many that are currently manufacturing
fiber-based constructs for use in TEMPS. The presence of these key
industry stakeholders lends credibility to the findings presented herein.

The interdisciplinary stakeholder group participated in multiple infor-
mation sharing activities including podium presentations, computer-poster
presentations, breakout sessions, and whole-group report outs. These dis-
cussions focused on scaffold characterization, batch-to-batch variability,
measurement validation, release criteria for batches of manufactured
scaffolds, and best-practices for measurement and assessment of fiber-
based scaffolds. Other topics included the design and development of
fiber-based scaffolds for clinical use, clinical translation of fiber-based
scaffolds, potential need for reference scaffolds to validate key measure-
ments, sterilization, and utilization of image-based test methods.

2.1 | Value of holding a workshop

The main value of holding the workshop was to generate consensus
measurement needs from a key group of stakeholders. During the
course of a workshop, participants and speakers take turns making rel-
evant points and having them countered by other participants, engag-
ing in a discussion until a resolution or impasse is reached. The value
is having a large group of people present for the discussion so that
the collective knowledge of 46 stakeholders can be leveraged. This
process accelerates the conversation to identify the points of conten-
tion and confusion—the boundaries of what is generally agreed upon
versus what areas require more discussion or research.

This report aims to document these discussions for several pur-
poses. First, others may use this report as a guide to prioritize future
efforts to develop measurements and standards for characterizing
fiber-based scaffolds. Second, those that are wrestling with issues
similar to those highlighted herein may find reassurance that they are
not alone in their struggle. Third, those that have something to con-

tribute are encouraged to reach out to the authors to help us.
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16% Non-Profit

59% Industry

FIGURE 1 Demographics of stakeholders present at workshop

2.2 | Current scaffold standards portfolio

At the time of the 2013 workshop, there were eight ASTM standards
that focused on scaffolds (Table 1), however, they did not provide
specific recommendations for fiber-based scaffolds. Also of note, all
of the ASTM standards listed in Table 1 as of 2013 were “Standard
Guides.” Standard Guides are one of the six types of ASTM standards.
Standard guides suggest properties that could be assessed and test
methods that could be used to assess them, but they do not include
specific requirements (Simon Jr et al., 2015). Since 2013, three new
scaffold-focused standards have been published (ASTM F3142, ISO
19090, and ASTM F3354) and another six are in development
(Table 1). In addition, there is a 1999 FDA guidance document, “Prep-
aration of Premarket Notification Application for a Surgical Mesh”,
which provides a starting point for fiber-based scaffold manufacturers
by means of a list of product characteristics that should be considered
for assessment (U.S. Food and Drug Administration, Center for
Devices and Radiological Health, 1999). However, this document pro-
vides little procedural or measurement guidance that is applicable to

TEMPs, which are different from surgical meshes.
2.3 | Survey of measurements most in need of
improvement

Prior to the 2018 workshop, an informal survey was conducted to

identify the scaffold measurements most in need of improvement
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Industry

Akron Biotech

ATEX Technologies

Biorez

DEKA R&D Corp.

DiPole Materials

Electrospinning Biolnnovations Group
The Electrospinning Co.

Embody Inc.

eSpin Technologies Academic
Humacyte Clemson

IME Drexel
LifeSprout Inc. Georgia Tech
Medtronic Harvard
Nanofiber Solutions Mayo Clinic
Poly-Med Tufts

Tepha U of lllinois-UC
3D Biotek U of Memphis

U of South Carolina

Non-Profit
ASTM
ARMI

SCB

Government
NIST
Nat’l Research Council

(Figure 2). Twenty-one stakeholders were asked to name the three
fiber-based scaffold measurements that they thought were most in
need of improvement. The value of this survey is that it helps to prior-
itize areas for future research. Porosity and pore size in fiber-based
constructs topped the list, with 12 of the 21 stakeholders listing
porosity (57%) and 18 of 21 (86%) listing either porosity or pore size.
The third most common measurement was fiber diameter which was
listed by 9 of 21 stakeholders (43%). Fourth was fiber orientation and
fifth was diffusivity. Thus, the top four responses were structurally
related measurement parameters: Porosity, pore size, fiber diameter,
and fiber orientation. These results indicate that measurements of
scaffold structure and pore structure ought to be a high priority for
future research. As a result, porosity was selected as one of the mea-
surements to be discussed at the breakout sessions. In order to
increase the diversity of measurements discussed, diffusivity was
selected for the second breakout since it was the first measurement
on the priority list that was not focused on structural parameters.

24 | Breakout sessions

The goal of the afternoon breakout sessions was information-
gathering for driving future research and standards development to
advance fiber-based scaffold measurements. The participants were
split into groups, assigned to either porosity or diffusivity, and were
given focus questions to spark discussion (File S2). The breakout

groups were asked to evaluate the given measurement based on their
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Year published, renewed or initiated

Document title

F2150 standard guide for characterization and testing
of biomaterial scaffolds used in tissue-engineered
medical products

F2315 standard guide for immobilization or
encapsulation of living cells or tissue in alginate gels

F2450 standard guide for assessing microstructure of
polymeric scaffolds for use in tissue-engineered
medical products

F2603 standard guide for interpreting images of
polymeric tissue scaffolds

F2739 standard guide for quantitating cell viability
within biomaterial scaffolds

F2883 standard guide for characterization of ceramic
and mineral based scaffolds used for
tissue-engineered medical products (TEMPs) and as
devices for surgical implant applications

F2900 standard guide for characterization of hydrogels
used in regenerative medicine

F2952 standard guide for determining the mean Darcy
permeability coefficient for a porous tissue scaffold

F3142 standard guide for evaluation of in vitro release
of biomolecules from biomaterials scaffolds for
TEMPs

19,090 tissue-engineered medical products—Bioactive
ceramics—Method to measure cell migration in
porous materials

F3354—Standard guide for evaluating extracellular
matrix Decellularization processes

WK51697 testing and characterization of alginate
foam scaffolds used in tissue-engineered medical
products (TEMPs)

WK55364 quantifying proliferation in 3D-scaffolds by
a non-destructive method

WK62115 new standard test method for measuring
cell viability in a scaffold

WK64460 new standard guide for pre-clinical testing
considerations for materials used to regenerate
muscle

WK65476 new standard guide for characterizing
fiber-based constructs for tissue-engineered medical
products

WK65680 new standard test methods for printability
of bioinks and biomaterial inks

TABLE 1 Current portfolio of ASTM and I1SO standards with a focus on scaffolds

Published or proposed Source

Published ASTM F04.42 2013
Published ASTM F04.43 2018
Published ASTM F04.42 2018
Published ASTM F04.42 2012
Published ASTM F04.43 2016
Published ASTM F04.42 2011
Published ASTM F04.42 2011
Published ASTM F04.42 2014
Published® ASTM F04.42 2016
Published® ISO TC 150/5C7 2018
Published® ASTM F04.42 2019
Proposed? ASTM F04.42 2015
Proposed® ASTM F04.43 2016
Proposed?® ASTM F04.43 2018
Proposed® ASTM F04.42 2018
Proposeda'b ASTM F04.42 2018
Proposed?® ASTM F04.42 2018
Proposed?® ASTM F04.42 2018

2New items added since the 2013 workshop.
PNew item added as a result of the current workshop.

experience and practice in their organization. Groups were encour-
aged to share nonproprietary information on their measurement pro-
cesses, controls that were used to validate or calibrate the
measurements and challenges they were facing. Breakout group
demographics were assigned ahead of time to balance industry and

academia and reflect the overall demographics of the workshop.

WK65681 new standard guide for bioinks and
biomaterial inks used in bioprinting

Discussions focused on the reasoning for conducting the mea-
surement and what the results may indicate with respect to how a
product may perform clinically. The issue of measurement comparabil-
ity was raised and how it can help to improve the consistency of
manufacturing. There was consideration of which properties should

be characterized during development and which ought to be
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Other
(degradation, surface chemistry,
surface wettability, composition, residual
solvent, cytocompatibility, cell penetration)

Fiber Charge
Scaffold Thickness
Fiber Cross-Sectional Profile
Mechanical Properties

(wet & dry)

Diffusivity
(permeability)
Fiber Orientation
(anisotropy, fiber spatial distribution)

[ -WILEY- 122

12 of 21 respondents listed porosity

18 of 21 respondents listed porosity or pore size
9 of 21 respondents listed fiber diameter
6 of 21 respondents listed diffusivity

Porosity
(void volume, density,
porosity uniformity across thickness)
(dry & wet)

Pore Size
(shape, interconnectivity,
geometry, distribution,
pore uniformity across thickness)

Fiber Diameter
(wet & dry)

FIGURE 2 Results from an Informal Survey of 21 Stakeholders: “name the three measurements that you think are most in need of
improvement”. The highest value that a measurement could achieve if everyone listed it was 33% (since each stakeholder was asked to provide
three measurements). Note that the top four most cited measurements are related to the structure of the scaffold and the pores

characterized for release criteria. Throughout the workshop, partici-
pants contributed measurements that they thought were important,
in addition to those mentioned in the survey, which were compiled
into a list in File S3. The development of a standard guide to charac-
terizing fiber-based scaffolds may help navigate the product develop-
ment process and might thereby improve the design, assessment, and
manufacture of fiber-based scaffolds.

3 | WORKSHOP FINDINGS

3.1 | Porosity (and pore size) measurements

Porosity is a dimensionless number, typically expressed as a per-
cent, that describes the fraction of empty space in a material, and
can be calculated by dividing the void volume of the scaffold by
the total volume of the scaffold. There were a variety of methods
that workshop participants discussed for assessing porosity,
including (a) scanning electron microscopy (Hotaling, Bharti,
Kriel, & Simon Jr, 2015), (b) gravimetric determination (bulk den-
sity), (c) X-ray microcomputed tomography (Maksimcuka et al.,
2017; synchrotron tomography), (d) liquid intrusion porosimetry
(Moore et al., 2004), (e) gas sorption, (f) confocal fluorescence
microscopy, and (g) focused ion beam microscopy (FIB). There was

no consensus among workshop participants on the most effective

method for measuring porosity as the applicability of these
methods are dependent on the properties of the given scaffold. In
addition, there was agreement that the use of scanning electron
microscope (SEM) images was not an appropriate method to deter-
mine pore size or porosity. It was thought that further consider-
ation of the appropriateness of these various methods would be a
useful task for a working group to capture in a standards
document.

However, there was an inherent challenge to holding a coher-
ent discussion about porosity since participants were more inter-
ested in discussing pore size. There was deep discussion on the
importance of pore size as one of the indicators of whether cells
could penetrate the scaffolds. Cells need space between adjacent
fibers in order to penetrate scaffolds. Often fibers lay down on top
of one another and are in close contact, which may restrict cell
migration into the scaffold. Thus, porosity and pore size were
thought to be important measurements to characterize due to
impact on the level of cell penetration, regardless of the TEMP's
intended therapeutic application.

3.1.1 | Lexicon challenges

The issues of lexicon and agreement on definition of terms were a

substantial barrier to mutual understanding of techniques and even
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scaffold characterization. Within the porosity breakout groups, the
conversation was frustrated by the term “pore size” because the term
implies that there is a uniform, characteristic shape to the pores
whose size can be measured. The “pores” in fiber-based scaffolds are
better described as the “void volume” that surrounds the fibers and
has a generally irregular shape. This void volume lacks a repeating
structure with a characteristic shape. Often, scanning electron micro-
graphs of fiber-based constructs are used to determine a pore size by
measuring the distances between the fibers in micrographs. Although
these types of measurements can be useful, they do not represent a
true pore size. Instead, they approximate the inter-fiber spacing
because micrographs present a two-dimensional view of a 3D struc-
ture. 3D imaging and analysis may be required to determine a more
precise measure of the inter-fiber spacing.

The confusion with the term “pore size” has been discussed in the
filtration industry for decades (Brown, 2012; Smolders & Franken,
1989). However, they have a highly effective functional test for pore
size: Test media that is spiked with a known amount of particulate
with a known size distribution is passed through the filter and then
assessed for removal. In this way, filters can be given a “removal rat-
ing” for a given particulate, such as “99.99% effective against
bacteria,” or “removes 99.7% of airborne particles down to the size of
0.3 pm.” For TEMPs, function is often determined by animal studies in
the development phase followed by a human clinical trial. In light of
this discussion, it may be useful to establish reliable tests to assess cell
penetration into scaffolds. A common approach is to seed cells on a
scaffold, culture them for a given time period, and then assess cell
migration into the scaffold by 3D imaging (e.g., confocal microscopy)
or by sectioning and histology. Since these approaches are slow and
are prone to high variability, it may be useful to develop a test where
a cell or microbead suspension is pumped through a fiber-based scaf-
fold to assess the number of cells or microbeads that pass through.
Currently, the standard that is most relevant to this issue is the
recently published documentary standard ISO 19090 (Table 1), which
describes a test method for assessing cell migration into calcium phos-

phate scaffolds.

3.1.2 | Other porosity considerations

The participants also highlighted that scaffold properties are dynamic
and can change when immersed in aqueous medium and/or are
seeded with cells. The scaffolds may shrink or swell when hydrated to
reduce the void volume and cells may deposit matrix that may fill scaf-
fold voids with new tissue. In this way, the properties measured on
dry scaffolds before wetting or seeding with cells may not reflect the
properties after implantation into an animal or patient. Additional con-
siderations were focused on the need to differentiate between
requirements for pore size and porosity measurements for research
and development versus quality control for a manufactured product.
One suggestion was to use more advanced methods during the
research and development phase but then develop simplified methods

for assessing porosity for quality prior to use in animals or patients.

3.1.3 | Potential need for a reference material
Another major discussion point was the potential need for a scaffold
reference material for assessing pore size and porosity measurements.
Workshop participants indicated that they do not currently use a con-
trol or reference material as part of their scaffold porosity or pore size
measurements. Despite extensive dialog, it was difficult to determine
exactly how a reference material would be used. The discussion cen-
tered on a subtle dilemma that metrologists face.

The metrologist's dilemma frequently comes up when trying to
improve the quality and precision of a measurement system
(Figure 3). If one wants to improve a measurement system, it is helpful
to have reference specimens that are stable and homogenous with
consistent properties. In this way, one can make improvements to the
measurement system by improving the precision of the measurements
of the reference material (“reducing the error bars”). However, it can
be difficult to make specimens that have homogenous and consistent
properties. In order to develop and improve a manufacturing process

so that it yields specimens with consistent properties, one needs a

Measurement
Variability

o

Specimen
Variability

You cannot assess

consistent properties

&y

You cannot assess
specimen variability
without a precise
measurement
system

o 4

a measurement
system without
specimens with

FIGURE 3 The circular relationship between measurement variability and specimen variability presents a dilemma for quality engineers and
metrologists. Specimens, or products in the case of a tissue engineering company, with stable and homogenous properties are needed to improve
the precision of a measurement device or system. When the specimens to be measured are highly variable, it is difficult to improve the
measurement system. However, a reliable measurement system is required for manufacturing products with consistent properties. It is hard to
know if the manufactured products are consistent if one lacks the ability to precisely measure the product's properties. Often, an iterative process
is required whereby one alternates between making improvements to the measurement variability and product consistency
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FIGURE 4 Success story for overcoming the metrologist's dilemma. Use of highly uniform 53-gauge steel wire as a reference material for
validating automated measurements of fiber diameter in scanning electron micrographs (SEMs). (a) Optical image and (b) SEM image of reference
wire with a fiber diameter of 16.7 um. (c) Histogram of fiber diameter measurements determined using algorithm #1 to analyze SEM images of
the reference wire. (d) Bar graph comparing measurements of the fiber diameter of the reference wire. “Manufacturer's Diameter” was reported
by the manufacturer from caliper measurements. “Light Microscope” = human analysis of brightfield images of the reference wire by manually
using a line tool in analysis software (Imagel). “Operator #1 Manual” and “Operator #2 Manual”: Human manual analysis (by two different people)
of SEM images of the reference wire using ImageJ line tool. “Algorithm #1” and “Algorithm #2”": Automated analysis of SEM images of the
reference wire using two different image analysis algorithms. Data are adapted from Hotaling et al. (2015) (Smolders & Franken, 1989)

precise measurement system for assessing the specimens’ properties.
It is difficult to improve a manufacturing process without having a
way to measure improvement. Thus, the metrologist must figure out
how to improve the measurement and/or the manufacturing, even
though both are ideally required to make improvements to either. An
awareness of this dilemma can help engineers to overcome it.

One approach to overcome the metrologist's dilemma is to find a
material that mimics the properties of the specimens of interest, but that
can be manufactured with more consistent properties. A success story
that provides an example of this is the use of a highly uniform, small-
diameter steel wire as a reference material for assessing automated mea-
surements of electrospun fiber diameter (Figure 4; Hotaling et al., 2015) It
can be challenging to electrospin polymer fibers with a highly uniform
diameter. However, wire manufacturers are able to make steel wire that
has a more uniform diameter than electrospun polymer fibers. The wire
can be tangled into a structure that looks similar to a mat of electrospun
polymer fibers when the wire structure is imaged by scanning electron
microscopy. Consequently, micrographs of the reference wire can be
used as a test-bed to improve algorithms designed to determine the diam-
eter of electrospun polymer fibers in electron micrographs (Dehghan,
Payvandy, & Tavanaie, 2016; Hotaling et al., 2015).

It is important to note that micrographs of the reference wire look

similar to micrographs of electrospun polymer fibers, but they are not

identical. The steel wires have a diameter that is several times larger
than most electrospun polymer fibers and the contrast of the wires in
the micrographs is not the same as the contrast of polymer fibers.
Nevertheless, the steel wires mimic the polymer fibers well enough to
be a useful reference material for this application of fiber diameter
measurements.

Another example is the use of polymeric beads to calibrate cell
counting devices. It is easier and more economical to make a stable
and homogenous preparation of beads than it is to make a stable and
homogenous preparation of cells. Although, the beads do not mimic
all of the properties of cells, they are close enough to serve as a refer-
ence material that can be used to benchmark cell counters. The appar-
ent need for reference materials for measurements of porosity and
pore size of fiber-based scaffolds will require careful thinking in order
to determine how the reference material would be used, who would
use it, what measurement system it would be used to assess and how
it could be made.

3.2 | Diffusivity

Diffusivity measurements of scaffolds assess the diffusion of mole-
cules through the scaffold void fraction when the voids are filled with
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aqueous medium: “moles of a solute passing through a unit surface
area of a medium (gas, liquid, solid) per unit time and per unit concen-
tration gradient” (Jabbari, 2018). No workshop participants were
actively measuring diffusivity as a critical quality attribute (CQA). Par-
ticipants had only moderate interest in discussing diffusivity and saw
greater value in addressing porosity and pore size measurements.
Participants considered the inter-fiber spacing for the majority of
fiber-based scaffolds to be too large to have a meaningful effect on
the diffusion of small molecules, nutrients, or proteins. Nonetheless, it
was indicated that diffusivity could potentially be important for cer-
tain applications, including but not limited to: Scaffolds being used to
deliver therapeutic molecules; assessing batch consistency; or later in
the tissue maturation process after the cells had generated new tissue
between the fibers as a way to assess regeneration. Workshop
attendees were more concerned with cell penetration in their con-
structs than with proteins or small molecules. However, since diffusiv-
ity may be sensitive to small changes in scaffold structure, attendees
felt that it could potentially serve as a reliable measure of batch-to-
batch structural consistency that is simpler to perform than 3D imag-

ing and other analysis methods.

3.3 | Intended therapeutic use

As the tissue engineering industry focuses on the biofabrication of
TEMPs for clinical use, it is critical to have a comprehensive under-
standing of each product's CQAs for use as quality and release
parameters. The identification of authentic CQAs that relate to
product activity often arises from long-term analysis of the prod-
uct. The intent is to identify and measure the most important prop-
erties of a product (i.e., CQAs)—properties that will directly impact
its clinical performance. Thus, the intended use of the product and
how it is designed to achieve its therapeutic action determine what
attributes to measure, why one should measure them and how to
measure them. Development of standard test methods for pore
size, porosity, diffusivity, and other scaffold characteristics would
enable the measurement of scaffold CQAs while maintaining a
degree of confidence and reliability in the measurements for the
manufacturer and the regulator. However, this is difficult to
achieve since many different products are being developed with a
wide range of different CQAs.

There is not a one-size-fits-all list of measurements that one must
conduct for a fiber-based scaffold that will address all clinical indica-
tions and mechanisms of action. Each manufacturer must think care-
fully about which scaffold properties to characterize based on their
own product's composition, properties and intended therapeutic use.
The ideal is to have clinically-relevant product specifications that
assure consistent, desirable patient outcomes. However, it may be dif-
ficult to identify the key properties that should be characterized for a
TEMP. These decisions are simplified when the product has been
rationally designed with a known or hypothesized mechanism of
action (MOA; Bravery et al., 2013) If the product's MOA is known,
then key measurements can be selected based on their ability to

provide information about the product's ability to achieve these
mechanisms.

4 | CALLTOACTION

The workshop revealed four consensus measurement needs or con-
cepts for manufacturing fiber-based scaffolds: (a) There is a need for a
documentary standard guide for characterizing fiber-based scaffolds;
(b) there is a need for a strategy to validate pore structural measure-
ments; (c) there are challenges with the scaffold lexicon; and (d) it is
difficult to identify consensus test methods that will have broad appli-
cation due to the vast array of product indications.

To begin addressing these needs, a working group has been
established to develop an “ASTM Standard Guide for Characterizing
Fiber-Based Constructs for Tissue Engineered Medical Products”
(ASTM International, 2003). The working group has 33 members,
many of whom participated in the workshop. Ten teleconferences
have occurred since the workshop where the various methods for
assessing fiber-based scaffolds have been discussed and evaluated. A
rough draft of the standard has been composed and it provides guid-
ance on selecting test methods for characterizing fiber-based scaf-
folds including many references to existing standards and methods
published in the literature. The draft will contain a substantial
section on the advantages and limitations of methods for assessing
pore structure. Sections on mechanical, physical, and chemical tests
are included, as well as guidelines for manufacturing and biological
characterization. This standard guide will help manufacturers by pro-
viding a neutral source of reliable information on test methods for
fiber-based scaffolds that has been vetted by an expert working
group.

As the document traverses the standards process, it will undergo
many rounds of review, culminating in a vote by the 991 members of
“ASTM Committee FO4 on Medical and Surgical Materials and
Devices.” Timelines for standards development vary widely from
2 years to 5 years. It depends on the time commitment from the
group members and the voting. Standards may take many rounds of
voting, requiring substantial discussions and revisions between votes.
At the current pace, this standard could potentially be published
in 2021.

Lexicon was also identified as an industry challenge that can limit
the synthesis of innovative ideas and can slow the product develop-
ment process. Efforts are underway to improve the industry lexicon in
order to enhance collaboration and progress. Proceedings and consen-
sus definitions were published by the International Union of Societies
for Biomaterials Science and Engineering (IUSBSE) on the “Confer-
ence on Definitions in Biomaterials” that took place in Chengdu,
China in 2018 (Zhang & Williams, 2019). This meeting was attended
by and included input from 50 international biomaterials experts. ISO
provides an online dictionary that provides public access to each term
that has been defined in an I1SO standard (International Organization
for Standardization, 2019). ASTM provides a similar feature which is
accessible with membership. The American Society for Mechanical
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Engineers (ASME) launched a public Bio Lexicon glossary (American
Society for Mechanical Engineers (ASME), Bio Lexicon, 2019). Discus-
sions are ongoing among several organizations to determine how a
more unified lexicon resource could be developed.

As workshop participants noted, scaffold characterization should
depend on the intended therapeutic use of the final product, which in
turn aids in the identification of scaffold CQAs. To assist manufac-
turers in these efforts, BioFabUSA has developed a prototype, fully
automated biomanufacturing line, the Tissue Foundry, and a
bioanalytical core facility. The first iteration of the line was completed
in the spring of 2019 and will provide an opportunity for members of
the Advanced Regenerative Manufacturing Institute (ARMI), which
runs the BioFabUSA program, and organizations within the TEMP
industry, to use the line to optimize their manufacturing processes
and use the bioanalytical core facility to characterize and identify
product CQAs. The goal of these efforts is to accelerate innovation
cycles, reduce time to market, broaden technology deployment, and
reduce manufacturing costs.

5 | CONCLUSION

The measurement needs identified at the workshop can help to guide
future efforts to improve characterization of fiber-based scaffolds.
The establishment of a working group to develop a standard guide for
characterizing fiber-based scaffolds will provide manufacturers a valu-
able resource to assist them in characterizing their devices. Success
for the TEMP industry is dependent on organizations working
together through these collaborative efforts, resulting in better-
informed product developers, accelerated product development, and
improved ability to identify appropriate CQAs. Please reach out to the

authors if you would to participate in the working group.
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Title: Workshop on Characterization of Fiber-Based Scaffolds
Sponsored by BioFabUSA & ASTM with participation from Standards Coordinating Body

When: 9:00 am — 5:00 pm, August 10, 2018

Where: Technology Center Auditorium, 400 Commercial Street, Manchester, NH 03101

Goal: Hold a 1-day workshop to discuss characterization of fiber-based scaffolds.

STANDARDS
C2®RDINATING

an’

ASTM INTERNATIONAL

Summary: We will hold a 1-day workshop on measurement needs for fiber-scaffolds. At a 2013 ASTM workshop on
measurements standards for scaffold it was determined that the major measurement needs were: 1) structural, 2)
mechanical, and 3) biological (Simon et al. J Biomed Mater Res: Part B, 103B, 949-959, 2015). Fiber-based scaffolds are
being widely advanced in tissue engineering for a wide variety of applications. The morning will have talks on fiber-based
scaffold characterization, batch to batch variability, measurement validation and release criteria. In the afternoon, we
will hold two moderated discussions that each focuses on a particular measurement identified by the stakeholders as “in
need of improvement”. There will also be a computer-poster-networking-session in the afternoon. We will conclude
with a summary discussion and will consider the formation of working groups to address the issues identified, possibly
through the ASTM standards development process.

Potential Outcomes:

Report that summarizes the findings for publication in the archival literature

Results from stakeholder discussions of measurements “most in need of improvement”

Formation of a working group to write an ASTM Standard Guide for Characterizing Fiber-Based Scaffolds
Formation of working groups to address specific measurements

Agenda

9:00-9:15 Welcome, Opening Remarks, Becky Robinson-Zeigler (ARMI), Carl Simon (NIST)

9:15-9:40 Talk #1: Michael Yaszemski, Mayo Clinic, “Clinically Relevant Scaffold Specifications to Ensure
Desirable Patient Outcomes”

9:40 - 10:05 Talk #2: Alex Meltzer, DiPole Materials, “Standardized Scaffolds Through the Development of
Relevant Specifications”

10:05-10:30 Talk #3: Luca Cera, Harvard, “Rapid manufacturing of biohybrid fibrous scaffolds for biomimetic
heart valve replacement”

10:30- 10:45 Break

10:45-11:10 Talk #4: Jayesh Doshi, eSpin, “Characterization of Fiber-Based Scaffolds”

11:10-11:35 Talk #5: Michael Francis, Embody LLC, “Clinical Translation of Engineered Microfibrous

Collagen-Containing Grafts”

11:35-12:00 Talk #6: Seth McCullen, Poly-Med, Inc., “Fiber-based scaffold characterization for medical

devices: development, implementation, and utilization of image-based test methods”

12:00 - 1:00 Lunch

1:00 - 1:10

Responses from stakeholders for “measurements most in need of improvement” (Carl Simon)
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1:10-1:25 Porosity Introduction

Discussion Leaders: Thomas Bollenbach (ARMI), Markus Reiterer (Medtronic)

1:25-1:40 Diffusivity Introduction

Discussion Leaders: Esmaiel Jabbari (S. Carolina Univ.), Ramon Montero (Akron Biotech), Hai
Yao (Clemson)

1:40 - 2:55 Concurrent Breakout Sessions
Measurement #1: Porosity (break into 2 or 3 small groups)

Measurement #2: Diffusivity (break into 2 or 3 small groups)

2:55-3:35 Networking computer-poster session

3:35-4:05 Report-out for Porosity

4:05 - 4:35 Report-out for Diffusivity

4:35-5:00 Discussion & Wrap-Up: workshop report, ASTM standards, formation of working groups

5:00 Adjourn
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Focus Questions for the Two Breakout Sessions: Porosity & Diffusivity

Focus Questions for Porosity Breakout Session

1.

2.

How do you currently measure porosity?
What are the challenges you face in measuring porosity?
What do you use for controls in your porosity measurements?
a) Empty chamber gives 100% porosity
b) A solid block gives 0% porosity

c) Isthere a something that can serve as a reference material that gives a consistent
response and has a well-known porosity?

How can comparability of porosity measurements be achieved between labs to improve
consistency of manufacturing?

What properties of fiber-based scaffolds should be characterized for release criteria?

Are there clinically relevant specifications that should be characterized to ensure desirable
patient outcomes?

Focus Questions for Diffusivity Breakout Session

1.

2.

How do you currently measure diffusivity?
What are the challenges you face in measuring diffusivity?
What do you use for controls in your diffusivity measurements?
a) Empty chamber gives 100% diffusivity
b) A nonporous membrane gives 0% diffusivity

c) Isthere a something that can serve as a reference material that gives a consistent
response and has a well-known diffusivity (0.2 um dia. filter?)

How can comparability of diffusivity measurements be achieved between labs to improve
consistency of manufacturing?

What properties of fiber-based scaffolds should be characterized for release criteria?

Are there clinically relevant specifications that should be characterized to ensure desirable
patient outcomes?
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Notes on Fiber-Based Scaffold Measurements That Were Discussed for the Workshop
(This list is not meant to be exhaustive.)

* Fiber diameter: scanning electron microscopy
* Uniformity of fiber diameter along fiber length
* Fiber cross-section: cylindrical or flattened (ribbon-like)
* Porosity:
* Gravimetric approach: using a scale to determine mass, density value of the bulk polymer
taken from literature, a ruler to determine length and width and thickness determined by:
* Calipers
* Laser profilometer
* Scanning electron microscopy
* Scanning electron microscopy (SEM) to determine a “pseudoporosity” (since SEM is not a
three-dimensional measurement)
* Confocal microscopy (spike scaffold with fluor to improve contrast)
* X-ray computed tomography (spike scaffold with X-ray contrast agent to improve contrast)
* Pore size/shape: mercury porosimetry, porometry, permeability, scanning electron microscopy,
confocal microscopy, X-ray computed tomography
* Scaffold thickness: calipers, laser profilometer, scanning electron microscopy,
* Fiber orientation: scanning electron microscopy, confocal microscopy, X-ray microcomputed
tomography
* Mechanical properties: tensile strength, lifecycle, suture retention, dynamic mechanical analysis
(DMA), tube expansion, burst strength
* Bubble point test (permeability): ASTM F316 - Standard Test Methods for Pore Size Characteristics
of Membrane Filters by Bubble Point and Mean Flow Pore Test
* Diffusivity (permeability)
* Surface wettability
*  Wickability
* Molecular mass: gel permeation chromatography (GPC)
* Degradation rate
* Surface chemistry
* Surface characterization: Fourier transform infrared spectroscopy (FTIR), X-ray photoelectron
spectroscopy (XPS), Raman spectroscopy, time of flight mass spectrometry (TOF-MS)
* Residual solvent: gas chromatography—mass spectrometry (GC-MS)
* Fiber charge, scaffold charge
* Cell culture tests: cell adhesion to scaffold, biocompatibility, cell viability during culture in scaffold,
cell proliferation in scaffold, cell penetration into scaffold during culture
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