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Abstract 

Biofabricated tissue-engineered constructs have the potential to transform personalized 
medicine. However, characterizing these constructs post-fabrication and throughout preclinical 
use remains challenging. On December 1, 2022, the National Institute of Standards and 
Technology (NIST) held a one-day, virtual workshop on measurement needs for biofabricated 
constructs that contain cells. The workshop focused on metrology for the structure of the 
constructs, cell viability in the constructs, and functional capacity of the constructs, with the 
aim of enabling future research directions, standards development, and the adoption of these 
constructs for clinical use.  

The workshop convened over 180 participants and represented academia (28%), government 
(37%), industry (25%) and non-profit (10%) sectors. The attendees focused on discussing and 
identifying measurement needs for characterizing biofabricated, tissue engineered medical 
products (TEMPs) for clinical applications. Expertise of participants included tissue engineering 
(34%), biomaterials (18%), additive manufacturing (16%) and sensors (11%), among others 
(22%).  The cells and tissues being targeted by participants included musculoskeletal (29%), 
mesenchymal stem cells (14%), cardiac (9%), fat (8%) and endothelial cells (8%), among others 
(34%). A survey to query participants about which measurements were most in need of 
improvement yielded the following results: potency (18%), cell viability (14%), structure (13%), 
pH-O2-metabolites (10%), and mechanical properties (8%), among others (39%). 

The workshop revealed that the field of biomanufacturing finds itself in a nascent stage 
characterized by destructive, labor-intensive methods. The unanimous call for non-destructive, 
accurate viability and functionality characterization highlights a pivotal need for innovation. 
Simultaneously, there is a mounting demand for standardized testing, manufacturing 
parameters, and reference materials, coupled with application-specific standards for different 
cell types and manufacturing processes. The establishment of collaborative consortia is 
advocated to foster knowledge sharing and effective integration of technologies. The identified 
challenges in manufacturing consistency underscore the pressing need for repeatable, 
reproducible, robust measurement techniques, and interdisciplinary collaborations in 
biomanufacturing. Additionally, the pivotal role of systems capturing diverse measurements, 
the preference for minimally invasive sensors, and efforts towards miniaturization of clinical 
technologies for lab use collectively propel the field towards a progressive and multimodal 
approach for tissue characterization. The unanimous support for the collection, validation, and 
standardization of reference data, with the proposal of a central data portal, signifies a 
concerted effort towards enhancing the reliability and accessibility of crucial information in the 
field. The insight from the workshop documented in this report can help guide future work on 
the development of measurements and reference materials to facilitate the biofabrication of 
tissue engineered medical products. 

Keywords 

Biofabrication; regenerative medicine; tissue engineered medical products (TEMPs); standards; 
measurement needs; workshop report. 
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1. Workshop Goals and Organization 

The workshop on Measurement Needs for Biofabrication of Tissue Engineered Medical 
Products aimed to identify and discuss the challenges and opportunities of measuring 
biofabricated constructs for clinical use. These constructs, which combine cells and 
biomaterials, have the potential to revolutionize personalized medicine, but they require 
reliable and robust characterization methods to ensure their quality, safety and efficacy. The 
workshop focused on three key aspects of biofabrication metrology: (1) the structure of the 
constructs, (2) the viability of the cells within them, and (3) the functional capacity of the 
resulting tissues. The workshop also explored how measurements in these three areas could 
facilitate future research, enable new standards development, and help clinical adoption of 
biofabricated tissue-engineered products.  

Tissue engineering involves use of cells, scaffolds, biomaterials and biomolecules to create 
constructs that can be implanted into patients to augment or restore tissue and organ function.  
Tissue engineering is an emerging technology that may one day be able to provide 
bioengineered replacement organs such as kidney or heart. Several TEMPs have been approved 
for human use, such as the following examples: (1) Apligraf, which consists of allogeneic 
fibroblasts in collagen for treatment of diabetic ulcers, (2) MACI, which consists of autologous 
chondrocytes in a collagen membrane for treating knee cartilage defects, (3) Rethymic, which 
consists of allogeneic processed thymus tissue for treating congenital athymia, and (4) 
Stratagraft which consists of allogeneic keratinocytes in collagen for treating burns [1]. 

A pre-workshop survey (Section 3) was used to identify the most relevant topics for discussion. 
As a result, the agenda included three main sessions: cell viability, cell phenotype, and tissue 
characterization. These three topics cover most properties that need to be characterized for 
TEMPs. Cell viability is a fundamental cell attribute that any product containing live cells will 
need to assess. Cell phenotype is specific to the clinical indication and is key to the function of a 
TEMP. Tissue structure is a defining aspect of a biofabricated construct where the 3D 
placement of the components provides added functionality to the TEMP. Each session featured 
presentations from industry, academia, and government experts, followed by panel discussions.  

After the main sessions, the participants were divided into breakout groups to address specific 
questions related to one of the following topics: (1) potency and phenotype measurements, (2) 
cell viability measurements, (3) measurements of construct structure, (4) pH, O2, and 
metabolite measurements, (5) mechanical property measurements, (6) sterility measurements, 
(7) measurements of cell distribution in constructs, (8) measurements of raw materials, (9) 
tissue mimics, and (10) tissue reference data. 
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2. Findings and Recommendations 

2.1. Findings 

• The biomanufacturing field is nascent and largely relies on destructive, labor-intensive 
methods for structural and functional characterization of TEMPs.  

• There is a lack of reference materials that can mimic the structural complexity and 
functionality of native tissue.  

• A common repository for collecting, validating, and storing characterization data from 
both engineered tissue products and native healthy tissues will aid in the development 
of tissue reference standards and in silico tissue models.   

• Standardized material data sheets with validation specifications for raw materials will 
aid in material selection and improve the reproducibility of TEMPs.  

• Improved sterilization methods that treat the full geometry of TEMPs without affecting 
structure and function are needed to advance the adoption of TEMPs for clinical 
applications.  

• The formation of a TEMPs consortium would address measurements, consensus 
standards, and technologies needed to increase confidence and adoption of TEMPs 
beyond the bench. 

2.2. Recommendations 

• Prioritize the development of instrument platforms that leverage miniaturization and 
integration of multimodal technologies for comprehensive, non-destructive, and real-
time measurements of TEMPs.  

• Encourage the adoption of population-level measurements, rather than single-cell or 
subsample measurements to ensure comprehensive characterization and enhance 
reproducibility. 

• Integrate in-line process measurements for real-time characterization of raw materials 
throughout the TEMPs manufacturing pipeline.  

• Develop a common lexicon with community accepted definitions, for example, for 
potency, efficacy, tissue mimic, and tissue reference data to advance the development 
of measurements, standards, and technologies for improved reproducibility.  

• Build a framework for case studies and validation of TEMPs by multiple laboratories to 
facilitate reproducibility.  

• Develop a repertoire of community accepted protocols and best practices, for example, 
for imaging of biomaterials and bioinks, data collection and reporting, and tissue 
preparation and preservation to aid reproducibility and adoption of TEMP technologies.  
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Table 1: Summary of key points from the workshop. 

Key Points Summary 

Challenges in 
Biomanufacturing 

• Relies on destructive, labor-intensive methods 

• Lack of reference materials 

• Measurement reproducibility issues 

So
lu

ti
o

n
s 

N
ee

d
ed

 

Collaboration & 
Standardization 

• A common repository for data collection 

• Standardized material data sheets 

• Improved consistency in TEMPs manufacturing 

• Development of community-accepted protocols and best 
practices 

• Formation of TEMPs consortium 

• Development of a common lexicon  

Technological 
Advancements 

• Improved measurements for cell viability, tissue function and 
tissue structure 

• Integration of multimodal technologies for comprehensive, real-
time TEMPs measurements 

• Development of population-level measurements 

• Improved sterilization methods 

• Integration of in-line process measurements 
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3. Pre-workshop Survey 

The Standards Coordinating Body (SCB) disseminated the pre-workshop survey to SCB and 
ARMI|BioFabUSA stakeholders, the Society for Biomaterials Tissue Engineering Special Interest 
Group, and the list of stakeholders compiled by the workshop organizing committee. The 
survey was active from August 1 to August 23, 2022. The results of the survey informed the 
discussion topics and structure of the workshop. There were 42 respondents who represented 
academia, industry, government, and non-profit sectors as shown in Fig. 1. The self-identified 
areas of expertise of the respondents is illustrated in Fig. 2.  

 

Fig. 1. Demographics of pre-workshop survey respondents. 

 

  

Fig. 2. Area of expertise of the pre-workshop survey respondents. 

The survey participants identified four areas for improvement that are most crucial for enabling 
the clinical adoption of biofabricated constructs: (1) potency/phenotype, (2) cell viability, (3) 
structural measurements, and (4) monitoring pH/O2/metabolites (Fig. 3). 
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Fig. 3. Measurements most in need of improvement. 

 
Regarding measurement variability, stakeholders highlighted four measurement areas where 
achieving reproducibility across different sites (e.g., laboratories) and users remains 
challenging: (1) potency or phenotype, (2) mechanical properties, (3) structure, and (4) cell 
viability for biofabricated constructs (Fig. 4).  

 

 

Fig. 4. Measurements difficult to reproduce. 

 
In response to the question regarding essential reference materials for calibrating 
measurements of biofabricated constructs, the key requirements included (1) reference 
scaffolds, (2) tissue reference data, (3) tissue mimics, (4) reference biomaterials, and (5) 
documentary standards (Fig. 5). 
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Fig. 5. Needed reference materials. 

 
When asked about the target application(s) and clinical indication(s), the top four responses 
stakeholders provided were, (1) musculoskeletal, (2) cardiac or heart valve vasculature, (3) skin 
or wound, and (4) mesenchymal stem cells (MSCs) (Fig. 6). 

 

Fig. 6. Target application(s) and clinical indication(s). 

 

Regarding target cell or tissue type(s), stakeholders identified the following top four responses: 
(1) musculoskeletal, (2) mesenchymal stem cells, (3) cardiac or heart valve, and (4) fat (Fig. 7). 
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Fig. 7. Target cell or tissue type(s). 

 
When asked about potential topics for future workshops on biofabrication, the top three 
suggestions from stakeholders were (1) characterization throughout biofabrication, (2) best 
practices for biofabrication, and (3) raw materials for starting stock (Fig. 8). 

 

 

Fig. 8. What topics could be addressed in future workshops on biofabrication? 
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4. Main Session 

4.1. Opening Remarks 

Dr. Sheng Lin-Gibson, Chief of NIST’s Biosystems and Biomaterials Division (BBD), commenced 
with the mission of NIST and BBD, highlighting how existing NIST programs aim to support the 
growing regenerative medicine industry. Notably, NIST’s Regenerative Medicine and Advanced 
Therapies Program encompasses cell and gene therapy, as well as tissue engineered products. 
The program aims to take a holistic view on all of the aspects that are required for 
commercialization including the development of new measurement capabilities and methods 
needed for a broad range of starting materials, products, and critically needed reagents. Dr. Lin-
Gibson also highlighted new capabilities at BBD to address biofabrication challenges, including 
biometrology (e.g., biomolecular, genomics/multi-omics, or cell measurements), engineering 
biology (e.g., cell line engineering, genome editing), and core platforms (end-to-end 
bioprocessing, automation). She emphasized the efficacy of public-private partnerships that 
address pre-competitive challenges through NIST-led consortia (e.g., Genome in a Bottle 
Consortium, Genome Editing Consortium, Flow Cytometry Standards Consortium, and Rapid 
Microbial Testing Methods Consortium). She emphasized the value of standards in industry and 
listed the various types of standards, including reference materials, reference data, 
documentary standards, and calibration services, all of which are intended to hasten 
development, manufacturing, and product approval.  

4.2. Plenary Session 

Dr. Jennifer H. Elisseeff, Johns Hopkins University 
 
Dr. Jennifer H. Elisseeff gave a talk on manufacturing complex biologics for regenerative 
immunology. She shared her insights on translating technologies with multiple and unknown 
modes of action, and the obstacles they encountered along the way. She highlighted the need 
for manufacturing standards, especially for cells.  

She discussed two technologies for tissue repair developed in her group: (1) a synthetic 
hydrogel and (2) an adhesive made from a biopolymer. She explained how manufacturing 
consistency of the biopolymer posed a challenge during manufacturing. She demonstrated how 
clinical translation informs new research directions and fosters public-private partnerships.  

The translation of her group’s technologies led Dr. Elisseeff to explore regenerative 
immunotherapies for tissue repair. Currently, her group investigates the immune response to 
injury and biomaterials, with a special focus on the adaptive immune system and its role in 
repair processes. She suggested that the immune system is therapeutically accessible and is the 
right target for regenerative medicine. 

Dr. Elisseeff concluded by explaining that injuries and biomaterials can both affect the body 
beyond their immediate location. Specifically, extracellular matrices (ECMs) are complex 
biologics that require careful measurement and regulation to ensure their safety and 
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consistency for patient use. She also expressed the need for combination products for aging 
and personalized medicine. 

4.3. Session 1: Cell Viability Presentations 

4.3.1. Non-invasive, Non-contact, Real-time Monitoring of Cells Within Bioreactors by Direct 
Imaging With Optical Coherence Tomography 

Dr. Naresh Menon, CEO, ChromoLogic 
 
The optical coherence tomography (OCT)-based technology, presented by Dr. Naresh Menon, 
enables imaging of cells in motion within a bioreactor [2]. The image is generated by the cell’s 
own motion, without any external intervention. This technique is non-invasive and does not 
pose any risk of contamination or require probe insertion into the bioreactor. The OCTiCell 
system is designed for automated and continuous measurements of cell concentration, 
viability, and size, and supports remote monitoring and operation. It does not use consumables 
and can be adapted to various bioreactor types (e.g., glass or plastic), including small scale 
bioreactors, such as shaker flasks, that are incompatible with other monitoring methods. It can 
also perform multi-reading monitoring by connecting multiple probes to a single system. 
ChromoLogic is actively seeking applications that can leverage the unique advantages of 
OCTiCell. 

4.3.2. Nondestructive Cell Viability Assessment Using Oxygen Imaging 

Dr. Mrignayani Kotecha, President, O2M Technologies 
 
Dr. Mrignayani Kotecha demonstrated a novel noninvasive technique for measuring cell 
viability in 3D scaffolds [3]. She explained the drawbacks of existing cell viability methods, such 
as their destructive nature, output data that relies on arbitrary intensity values, intracellular 
reagent uptake that may affect the results, and lack of spatial information. She argued that an 
ideal method should preserve the structure and function of the cells and the biomaterial, 
provide direct and quantitative measurements in SI units, and have a large penetration depth. 
She introduced the O2M electron paramagnetic resonance oxygen imaging (EPROI) technology 
[4], which uses an oxygen-sensitive spin probe and EPROI to visualize the oxygen distribution 
and consumption in the tissue construct. She showed that this technique is non-toxic and 
suitable for in vitro and in vivo applications.  

Dr. Kotecha demonstrated how to visualize oxygen diffusion in biomaterials and estimate the 
time required for full oxygenation of a 3D construct. The method is quantitative and measures 
the amount of oxygen in the system in moles. It can obtain accurate oxygen images with a 
resolution of 1mm Hg. Moreover, their technique does not require cryogenic cooling and can 
support physiological conditions during measurement acquisition. The method can penetrate 6-
8 cm and can be applied to any ‘cell+scaffold’ constructs. Their enhanced pO2 imaging enables 
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cell viability assessment in tissues of any size and shape, and could be a valuable predictor of 
the effectiveness of TEMPs. 

4.3.3. Optical Coherence Tomography Imaging for Label-free Measurement of Cell Viability in 
Scaffolds 

Dr. Carl G. Simon, Jr., National Institute of Standards and Technology 
 
Dr. Carl Simon demonstrated a rapid and label-free method for imaging large volumes of 
samples (1 mm3 in 2.5 min) to quantify the viability and distribution of cells within scaffolds 
using OCT [5]. OCT imaging was used to assess a model system consisting of a polysaccharide-
based hydrogel seeded with human Jurkat cells. He compared four scenarios: (1) hydrogel with 
live cells, (2) hydrogel with heat-shocked dead cells, (3) hydrogels with fixed dead cells, and (4) 
hydrogel without cells. OCT images revealed time-dependent changes in the refractive index 
(RI) within live cells that were due to intracellular movement of organelles, referred to as 
speckling patterns. These patterns were absent in hydrogels without cells or with dead cells. 
The changes in speckle patterns were used to generate live-cell contrast by image subtraction 
where objects with large changes in RI were binned as live cells. Additionally, the 3D 
distribution of live cells was mapped within a hydrogel scaffold to evaluate their uniformity 
across the volume. This method holds promise in the evaluation of TEMPs. 

4.3.4. Cell Viability Panel Discussion 

Moderator:  Dr. Alicia Henn, BioSpherix 
Panelists:  Dr. Naresh Menon, CEO at ChromoLogic 

Dr. Mrignayani Kotecha, President at O2M Technologies 
Dr. Carl G. Simon, Jr., Biologist at NIST 

 
In the panel discussion, speakers emphasized crucial steps required to transition biofabrication 
from the state-of-the-art to the ideal manufacturing process for organ and limb replacements. 
One of the key points highlighted by the panelists was the need for comprehensive and 
orthogonal datasets that instill confidence in the final product. By comparing such datasets, we 
can identify the thresholds of variability inherent in biological systems, enabling us to better 
understand and address the sources of variability. To reduce variability in the manufactured 
products, there is a call for refinement of measurement techniques, both at the tissue- and 
organ-level. Creating platforms that capture diverse, orthogonal measurements for known 
processes or bioreactors is an essential aspect of advancing our knowledge at different stages 
of biomanufacturing. Making the resulting data publicly available would further facilitate the 
exploration of correlations and progress the field. 

The overarching theme emphasized by the panelists was the need for accurate and trustworthy 
data. Such data is pivotal in driving innovation and ensuring the safety and efficacy of the 
manufactured products during clinical studies. Another critical aspect was the need to establish 
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better control over the microenvironment at the beginning of the manufacturing process. This 
improved control is key to achieving reproducibility. 

The panelists stressed the significance of fostering interdisciplinary collaborations. Bringing 
together experts from diverse fields can lead to novel insights and innovative approaches that 
can significantly advance the biofabrication field. In conclusion, the panel discussion highlighted 
the importance of data, reproducibility, non-invasive measurement techniques, and 
interdisciplinary collaborations for advancement of biomanufacturing. By addressing these 
areas, we can accelerate progress and ultimately improve the lives of many in need of such 
advancements. 

4.4. Session 2: Cell Phenotype Presentations 

4.4.1. Advancing Drug Discovery with Biofabricated 3D Tissue Models 

Dr. Marc Ferrer, National Center for Advancing Translational Sciences 
 

Dr. Marc Ferrer discussed how 3D organotypic models can be used as predictive tools for drug 
discovery and development. He emphasized the importance of quantitative measurements for 
validating the biological and physiological relevance of the models and for developing 
functional phenotypic assays for drug testing. He also highlighted the need of ensuring the 
predictability, reliability, and robustness of 3D organotypic models for early discovery and pre-
clinical drug development. 

His team developed a versatile suite of biofabricated 3D tissue models with different levels of 
physiological complexity. For example, he showed lung epithelial tissue models with varying 
degrees of complexity. Dr. Ferrer demonstrated the physiological validation of each tissue using 
various techniques, such as histology, immunofluorescence, single-cell RNA sequencing, mass 
spectrometry, OCT, metabolomics and proteomics. However, he noted that these techniques 
are low-throughput, so his team is working on developing functional assays that are compatible 
with high-throughput screening (HTS), such as cell viability, barrier function, multiplexed 
cytokine secretion, and 3D high content imaging. 

Dr. Ferrer presented several studies, including the pathology of respiratory viruses using the air-
liquid-interface lung epithelial tissue model [6]. However, his team found that the assays for 
validating the tissues were not suitable for HTS. Therefore, they switched to fluorescence 
biosensors and delivered them to the cells via adeno-associated virus transduction [7]. The 
biosensors enabled them to quantify various cellular responses, such as calcium release and 
neurotransmitter release of dopamine and glutamate. They also employed channelrhodopsins 
to manipulate neuronal activity with optogenetics and modulate the activity of the neuronal 
circuits. Dr. Ferrer's team aims to use these biosensors for compound testing with bioprinted 
neuronal hydrogel-based models. Their ultimate goal is to create functional neuronal circuitry 
that can be controlled by optogenetic stimulation. 
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4.4.2. Protein Sensing 

Dr. Marcie Black, Advanced Silicon Group 
 
Dr. Marcie Black began her presentation by highlighting the importance of sensing in TEMPs. 
She explained that sensing is essential for every stage of the biomanufacturing process. She 
focused on how protein sensing can be used to monitor cell growth by detecting protein 
biomarkers to ensure the quality and consistency of the raw materials and optimal use of 
growth factors, which are a major cost factor for TEMPs. 

Dr. Black acknowledged that non-invasive sensors do not exist, and instead her work focuses on 
developing minimally invasive sensors that minimize interference with their applications. One 
way to achieve this is to reduce the size of the biosensor and the amount of sample solution 
required. LightSense uses silicon sensors that can be scaled down to very small sizes, allowing 
reduced sample volumes and increased throughput. These sensors use nanowires that have a 
high surface area to volume ratio, making them sensitive to their surroundings and enabling 
them to detect very low levels of target proteins in the solution because protein binding is 
enhanced on the nanowire surface. 

According to Dr. Black, biosensors that perform electrical measurements have several 
advantages over optical measurements. For example, they are more sensitive, more cost-
effective, and more quantifiable. Dr. Black identified three promising technologies that could 
meet the market demand for TEMP sensing: (1) electrical measurements, which are preferred 
over optical ones for the reasons mentioned above, (2) silicon, which has a wide knowledge 
base in the semiconductor industry and can be scaled to lower the cost, and (3) nanowires, 
which have a high surface area to volume ratio that enhances their sensing capabilities. 
Improving protein sensing technology will have positive impacts on many fields that rely on 
TEMPs. 

4.4.3. Non-invasive Quantitative Live Cell Imaging 

Dr. Kersti Alm, Phase Holographic Imaging 
 
Quantitative phase imaging (QPI) is a technique that allows for label-free and minimally invasive 
cell phenotypic measurements. Dr. Alm discussed how holographic imaging, a form of QPI, can 
be used to monitor cell health, movement, morphology, viability, and behavior in real-time. She 
argued that QPI is becoming a widely accepted method for cell analysis [8]. 

She also demonstrated their HoloMonitor system, which produces holograms that contain 
information about cell thickness in each pixel of the image. These holograms can be 
reconstructed to display the sample topography in 3D. Various morphological parameters can 
be extracted from the images. The time-lapse imaging does not damage the cells during data 
acquisition. The technology has numerous applications including cell tracking, kinetic cell 
proliferation, cytotoxicity, and wound healing. According to Dr. Alm, QPI techniques have 
gained recognition as viable approaches for cell quality analysis. 
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4.4.4. Cell Phenotype Panel Discussion 

Moderator:  Dr. Jeff Halpern, University of New Hampshire 
Panelists:  Dr. Marc Ferrer, National Center for Advancing Translational Sciences 

Dr. Marcie Black, Advanced Silicon Group 
Dr. Kersti Alm, Phase Holographic Imaging 

 
The panel's primary focus was to address the challenges associated with adapting their 
technologies for broader applications, comparing 3D cultures with traditional 2D cultures, and 
developing sensors with high reproducibility. The consensus among the participants was that 
no single technology can offer a comprehensive solution. For instance, while optical detection 
provides real-time and cell-friendly insights, it may not always yield the quantitative results 
required. Therefore, a combination of techniques is often necessary to obtain a more 
comprehensive understanding. 

Participants suggested that increased collaboration and knowledge sharing among developers 
would be highly beneficial. The formation of a consortium was proposed to bring together 
experts and explore the most effective ways to integrate and combine technologies to enhance 
the final product. 

The participants recognized the importance of tailoring technologies to specific applications 
and stages of product development while carefully assessing their impact on biology. They also 
discussed the complexities of understanding 3D cell cultures compared to 2D cultures. Dr. Alm 
mentioned that their digital holography approach, initially designed for analyzing 2D cultures, is 
now being adapted for 3D applications such as spheroids. Dr. Black explained that their 
technology inherently operates in 1D, and achieving a 3D perspective involves sampling at 
various locations within the sample. Dr. Ferrer highlighted that biofabricated tissues ranging in 
diameter from 100 μm to 200 μm are suitable for confocal microscopy due to their clarity, 
whereas spheroids or organoids tend to become dense and dark, necessitating the 
development of clearing protocols and immunofluorescence imaging reagents. 

The participants stressed the importance of developing nondestructive and reproducible 
technologies for product assessment. Consistency and repeatability were identified as 
significant challenges for developers. Addressing the issue of reproducibility becomes even 
more complex when working with primary patient cells, as their behavior can vary between 
donors and lots. Currently, the field is immature in terms of what can be effectively detected, 
and many existing approaches are destructive and require rigorous validation. Therefore, the 
community would greatly benefit from a range of technologies that enable quality control 
without the need to sacrifice expensive tissues. Low-throughput yet noninvasive methods hold 
promise for assessing tissue maturation while maintaining tissue integrity. 
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4.5. Session 3: Tissue Characterization Presentations 

4.5.1. Dielectric Spectroscopy for In-line Monitoring of Engineered Tissue Constructs 

Dr. Rohan Shirwaiker, North Carolina State University 
 
Dr. Rohan Shirwaiker provided an insightful overview of dielectric spectroscopy (DS) as a 
valuable tool for nondestructive quality monitoring in tissue engineering [9]. He leads the 3D 
Tissue Manufacturing Group, which delves into various aspects of scalable manufacturing 
technologies for engineered tissues, with a strong emphasis on quality engineering. 

Methods for quality assessment in the field of tissue engineering originated from 
measurements of 2D and suspension cultures, and they are now being adapted for use in 3D 
constructs. Unfortunately, these conventional methods often involve offline, destructive, and 
labor-intensive procedures. Innovative approaches, such as the fabrication of sacrificial 
surrogates, are required to overcome these limitations, develop manufacturing schematics for 
TEMPs, and adapt existing quality assessments for 3D cultures. 

Dr. Shirwaiker's team leverages DS for in-line monitoring of bioprinted constructs within a 
bioreactor system. He highlighted three distinct case studies to illustrate the effectiveness of 
this technique. 

First, DS enables the quantifiable monitoring of process deviations during bioprinting. This 
means that after printing a construct, one can immediately assess how the process performed 
and whether there were any deviations from the optimal settings. 

Second, the technique proves valuable when culturing a bioprinted construct in a bioreactor, as 
it can detect malfunctions by measuring significant drops in delta permittivity (a measure of 
how the electric polarizability of a sample changes under specific conditions). This drop 
correlates with changes in glucose concentration, indicating perfusion issues and deviations in 
the ongoing process. 

The third example showcased how DS can be employed to assess personalized tissue 
constructs. For instance, in the case of printing a knee meniscus, it can be used to evaluate the 
performance in different parts of the construct after printing each layer and over time. This 
allows for the assessment of localized behavior and changes in the delta permittivity, which 
provides insights into cell viability. Advanced data analytics methods, including machine 
learning-driven spectral analysis, decipher subtle differences that may not be immediately 
apparent. 

Dr. Shirwaiker emphasized that relying solely on scalar delta permittivity metrics cannot 
provide information about cell types or variations in cell volumes. To make informed decisions, 
a comprehensive analysis of the entire spectra is essential. This approach can predict the onset 
of differentiation and the specific lineage along which stem cells are differentiating, 
demonstrating its practical applicability for quality monitoring in tissue engineering.  
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4.5.2. In Situ Volumetric Imaging and Analysis of 3D Bioprinted Constructs Using Optical 
Coherence Tomography 

Dr. Adam Feinberg, FluidForm 
 
Dr. Feinberg emphasized the pressing need for in-situ 3D imaging and validation to ensure 
dimensional accuracy and detect any errors during the bioprinting process. His team developed 
the Freeform Reversible Embedding of Suspended Hydrogels (FRESH) [10]. This technology 
facilitates the printing of cells within soft hydrogels embedded in another hydrogel, which 
offers physical support to prevent deformation and collapse of the structures, while 
maintaining an aqueous environment. 

The support gel used is a yield stress material, allowing the printing needle to move through it 
while the support gel flows around the needle. Importantly, the gel uniformly supports the 
bioink during printing while it undergoes gelation. This printing process occurs at room 
temperature, and later, the support gel can be melted to non-destructively retrieve the printed 
construct. The support bath consists of gelatin microparticles in an aqueous phase. It enables 
traditional layer-by-layer printing, non-planar layer-by-layer printing, and freeform architecture, 
effectively eliminating the influence of gravity in the bioprinting process. This approach is highly 
versatile, compatible with a wide range of bioinks, crosslinking mechanisms and support bath 
materials. For instance, collagen can be printed with a pH change, alginate with ionic 
crosslinking, fibrin with enzymatic crosslinking, and methacrylated hyaluronic acid with photo 
crosslinking.  

Dr. Feinberg's team leveraged FRESH to create vascularized and perfused tissues that could be 
characterized and quantified during the fabrication process. They designed a series of 
bioreactors tailored for in-vitro culturing of soft biological tissues. Structural validation was a 
critical concern, particularly when dealing with multiscale fluidic networks where even a single 
inclusion or defect could disrupt the entire system. To address this, they integrated the OCT 
scan head directly with the bioprinting system and used OCT to non-destructively assess the 
print fidelity of the constructs in real time during the printing process [11]. This integration 
enabled the detection of errors within the print. Advanced error detection capabilities included 
identifying blocked channels, excessively thick or thin walls, defects caused by bubbles, and 
over-extrusion. 

Dr. Feinberg stressed the critical importance of measuring print quality since it directly impacts 
functional performance. Furthermore, it represents the type of quality control necessary to 
comply with regulatory agencies, such as the FDA, for clinical translation. 

4.5.3. Characterization of Tissue Engineered Medical Products 

Dr. Bao-Ngoc Nguyen, The U.S. Food and Drug Administration 
 
Dr. Bao-Ngoc Nguyen focused her talk on regulatory considerations for TEMPs, which are 
considered combination products (e.g., products composed of different categories of regulated 
articles) under FDA definition 21 CFR 3.2(e). Combination product may include a device-
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biologic, biologic-drug constituent, drug-device, or trifecta biologic-drug-device constituent. 
Constituents are intended for use together in a combination product and they are required to 
mediate the intended therapeutic effect. These constituents can be physically or chemically 
combined, or they can even be co-packaged and must be cross-labeled to be considered a 
combination product. The jurisdiction of a combination product is assigned based on Primary 
Mode of Action (PMOA) outlined in the regulations (21 U.S.C.§ 503(g)). PMOA is defined as the 
single mode of action of a combination product that provides the most important intended 
therapeutic action of the combination product.  

Dr. Nguyen further discussed several combination product examples such as cell-seeded 
scaffolds. During combination product development one needs to consider the cells, the 
scaffolds, and the combination product as a whole. The regulatory concerns and considerations 
related to cells include (1) quality of reagents used to prepare cells, (2) cell bank safety testing, 
(3) use of feeder layer, (4) level of cell characterization, (5) quality of manufacturing facility, (6) 
aseptic processing, (7) cell viability, and (8) cell stability. The regulatory concerns related to 
scaffolds include (1) quality of materials used to synthesize scaffold, (2) residual reagents, (3) 
biocompatibility with cells and tissues, (4) physical strength and integrity, (5) equipment and 
facility used, (6) stability in vitro and in vivo, and (7) scaffold sterilization. The regulatory 
considerations related to combined cell-scaffold products include (1) the impact of cells on the 
properties of the scaffold, (2) the impact of scaffold on the properties of cells, (3) testing of 
construct, (4) uniformity, (5) reproducibility, (6) handling at the clinical site, (7) construct 
stability, and (8) shipping. These considerations usually get summarized in lot release 
specifications, where expectations are set for how product quality and safety should be 
measured before it is released or administered to the patient.  

Dr. Nguyen also discussed methods for characterization of TEMPs. One method involves using 
surrogate samples, which are sample products made using identical materials and 
manufacturing methods as the clinical product, and ideally manufactured at the same time as 
the clinical product.  This could entail making extra samples of product that are intended for 
testing but not intended for treating a patient. One must provide data that demonstrates that 
the surrogate is an adequate representation of the clinical product. Another method uses a 
portion (sub-sample) of the clinical product. For example, unused or extra parts of a clinical 
product may be used for characterization testing prior to administration. Again, one must 
demonstrate that portion of clinical product is representative of entire clinical product. When 
the characterization of cells or scaffold is not feasible without taking the cells off of the scaffold, 
the separation of cells from scaffold is needed to evaluate cell characteristics and scaffold 
parameters. In this case, the impact of dissociation of cells from scaffold should be considered. 
Lastly, sometimes it is unavoidable to utilize portions of the clinical lot or the entire product for 
lot release testing. As such, lot release testing should be conducted on final product after all 
manufacturing steps have been completed.  

Dr. Nguyen concluded by suggesting that non-destructive methods could be utilized to ensure 
that product quality attributes are not compromised during final product testing. She also 
advised that manufacturers seek FDA advice early and throughout the entire development 
process of the product. 
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4.5.4. Tissue Characterization Panel Discussion 

Moderator:  Dr. Nathan Castro, Nanochon Inc. 
Panelists:  Dr. Rohan Shirwaiker, North Carolina State University 

Dr. Adam Feinberg, FluidForm 
Dr. Bao-Ngoc Nguyen, The U.S. Food and Drug Administration 

 
Measuring the mechanical properties of TEMPs post-fabrication is inherent to ensuring the 
quality, safety, and efficacy of products prior to implantation. For example, it is essential to 
understand the rheological properties of bioink(s) during the fabrication process, as these can 
significantly impact factors like cell viability and other essential attributes. The panel discussion 
highlighted that our current approach to working with tissues is rather rudimentary. It primarily 
relies on conventional, manual manipulation techniques involving pulling and pushing, which 
lack the sophistication required for nondestructive, in-line procedures. Consequently, there is a 
need to develop nondestructive, in-line methods to assess tissue properties, eliminating the 
current practice of relying on expensive and burdensome clinical lots for testing. 

Because there is no single method that can provide comprehensive insights of product 
performance, particularly for products in the developmental pipeline, there is a growing 
demand for reference data. These datasets need to cover various aspects of the same 
manufacturing process obtained from different modalities. This presents an excellent 
opportunity for data scientists to identify correlations between different sets of data and to 
utilize data effectively during biomanufacturing. For example, larger organizations can play a 
crucial role in facilitating the collection and analysis of big data to pinpoint critical process 
parameters, depending on the intended use of the TEMP. 

Technology transfer from the benchtop in academic settings to an integrated, commercial 
manufacturing workflow that generates the necessary data remains a significant challenge. The 
introduction of nondestructive technologies becomes especially critical for the sustainability of 
the business model. The economic feasibility of discarding a significant portion of products due 
to testing costs must be reevaluated. As the biofabrication field rapidly evolves, more complex 
applications will necessitate more sophisticated techniques for product analysis. 

It is valuable to integrate capabilities for both imaging the structure and measuring functional 
aspects of a product, such as cell viability. Viability is a concern not only in thick 3D structures 
post-fabrication but also during the fabrication process itself. The convergence of multiple 
technologies onto a single platform for nondestructive characterization of a TEMP is not only 
highly relevant but also a crucial reflection of the field's advancing trajectory. 
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5. Breakout Session 

Each breakout session was given the same questions to guide the discussion. Each group was 
asked the following: (1) identify the existing measurements that were discussed in that 
particular breakout session, at the state-of-the-art, (2) identify the limitations of some of the 
current approaches. Are they non-destructive or minimally destructive? and, (3) list new non-
destructive measurements that are needed to move the field forward. The following sections 
summarize each discussed measurement need. 

5.1. Potency & Phenotype Measurements for TEMPs 

Discussion Leader: Dr. Richard McFarland (Advanced Regenerative Manufacturing Institute) 
 
One of the challenges faced by the potency & phenotype breakout session was the lack of a 
common understanding of the key concepts related to the topic. The participants needed to 
agree on the definitions of measuring potency, potency test, and efficacy before they could 
effectively tackle the questions assigned to them.  

The terms potency and efficacy are often confused. They refer to different concepts in a 
regulatory context. Establishing the relationship between potency and efficacy is not 
straightforward. A potency test measures the strength or effectiveness of the product in 
relation to its intended therapeutic mechanism of action. The potency assay can only be 
assessed after the final pivotal clinical study. However, the clinical evidence for the mechanism 
of action is difficult to establish. Therefore, the question is what to measure before that? 
Ideally, it should be something that can be measured and that reflects the product's clinical 
effectiveness (efficacy). Apart from all other challenges, animal models may not accurately 
reflect the human response, posing another challenge for product development.  

The existing measurements for cell potency and phenotype may be product specific. There is no 
single method that works for all applications. For example, histology is a typical potency test of 
the skin tissue. Purely non-invasive measurement does not exist, and the measurement itself 
can affect the cells. For example, the electromagnetic fields used to measure neuronal activity 
may affect and alter the cells being measured. 

The participants suggested the development of the following non-destructive measurements to 
move the field forward: (1) label-free nanoscale chemical imaging at large volumes (mm3) over 
time and (2) quantum sensing and electromagnetic technologies. Additionally, secretome 
signatures (e.g., proteins, exosomes which may be analyzed with mass spectrometry) or other 
omics measurements may be powerful and non-destructive measurements of the future.  
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5.2. Cell Viability Measurements 

Discussion Leader: Dr. Mary Clare McCorry (Advanced Regenerative Manufacturing Institute) 
 
The meaning of cell viability varies depending on the system and its application. Therefore, it is 
important to choose the right measurands for each system, since different cell viability tests 
have different assumptions. Many of the existing methods use optical colorimetric stains, 
quantitative microscopy, or biochemistry, and have some drawbacks. They are often invasive, 
have limited depth of penetration, do not translate to in vivo characterization, and do not 
reflect the functionality of a 3D tissue. The participants discussed the following challenges of 
current cell viability testing methods: (1) their invasive nature, (2) the scale-up of these 
measurements, and (3) their inability to capture the heterogeneity of the sample.  

The current gold standard for cell viability is the trypan blue (TB) assay. TB method stains dead 
cells with a ruptured membrane with a blue dye. It is destructive and user-biased since the user 
interprets which cells are dead based on the degree of blue color. Despite these drawbacks, the 
TB assay is widely used in the industry. 

One of the major challenges in cell viability measurements is finding a representative sample of 
the entire population. Testing a subsample may not accurately reflect the whole population. 
Moreover, there may be a difference between the viability state of a single cell and that of the 
population. A quantitative result from a subsample does not necessarily imply the global 
viability information of the whole volume. Imaging approaches are also limited by the sample 
window in a flask, which may not scale well to larger systems such as bioreactors or 
hyperflasks. Most current technologies fail to work during the scale-up process even for 2D 
systems, let alone for tissues that are more heterogeneous. 

The participants also discussed unique challenges of cell viability assessment in bioinks. Often 
cells are bioprinted at high density (100 million cells per mL) and need to be stable for a period 
of time while printing. Current cell viability techniques may work for low density seeding 
conditions, but may not work at high cell concentrations or are prohibitively expensive (e.g., 
multiphoton system).  

Regarding emerging technologies, the community describes challenges with calibrating these 
technologies in the presence of changing or heterogeneous populations and backgrounds (e.g., 
in tissues). For instance, Raman spectroscopy and impedance measurements are hard to 
calibrate in such conditions. OCT and reflectance measurements are the most direct methods 
to assess the cell characteristics, but they require further development and refinement. 

Session participants recommended multimodal technologies (e.g., a combination of optical and 
electrochemical methods for 3D characterization) to advance the field. They also emphasized 
the need for better characterization of products in early stages, prior to animal testing. They 
proposed to develop a new gold standard for cell viability determination that is non-destructive 
and robust. This would require orthogonal data sets from current tests, imaging, etc., as well as 
machine learning, and microenvironment analysis. Moreover, they suggested that emerging 
technologies in manufacturing should be repeatable, reproducible, amenable to calibration, 
and have established positive and negative controls to ensure their adoption. 
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A final point was to keep the KISS principle in mind: “keep it simple and straightforward.” 
Industry participants stressed the importance of advanced methods in research and 
development, while also recognizing the value of simpler tests. Representatives from two 
companies disclosed that their live-cell containing devices had received marketing clearance in 
the USA. They highlighted the effective use of lactate dehydrogenase and Alamar blue 
(resazurin) assays for assessing cell viability during manufacturing. 

5.3. Measurements of Construct Structure 

Discussion Leaders:  Dr. Kimberlee Potter (Department of Veterans Affairs) and 
Dr. Leanne Friedrich (National Institute of Standards and Technology) 

 
Session participants discussed some of the current methods for performing measurements of 
biofabricated constructs, such as their shape, composition, and microstructure. One of the 
most common high-resolution methods is confocal microscopy. However, this method has 
some drawbacks: it is destructive to the sample as it needs fluorescent dyes for labeling, and 
the imaging depth is limited to the superficial layer of the sample (~100 μm to 200 μm). Light 
sheet microscopy also has a high resolution, but it needs fluorescent labeling as well. Another 
common but destructive method is histology, which requires cutting the tissue into thin slices. 
X-ray imaging can provide high-resolution images of hard constructs (e.g., ceramics, minerals), 
but it needs a contrast agent to visualize vasculature in large constructs. This may make the 
constructs unsuitable for implantation and only useful as surrogates. Microcomputed 
tomography can also provide high-resolution images but only for small organs. Multiphoton 
imaging does not need labeling and can image deeper layers (up to 1 mm), but it is slow and 
incompatible with real-time data collection. Among the non-destructive methods, ultrasound 
and OCT are rapid and minimally invasive, but they have low resolution and cannot provide 
chemical specificity. 3D holographic imaging is also rapid and non-invasive, but is incompatible 
with high cell densities. 

There is a need to be able to assess large samples with high resolution, which poses both a 
characterization and a data management problem. Working group participants proposed to 
develop non-destructive methods (e.g., multispectral modality) and suitable computational 
tools to obtain composition data. They stressed that it was crucial to find non-destructive 
characterization techniques for cell-containing products. Additionally, the stakeholders 
suggested using the concept of digital twins to speed innovation. Digital twins rely on placing 
sensors in an actual physical sample that provide real time data to an in silico model that can be 
used for computational performance testing.  

 

 

 



NIST SP 1500-23 
April 2024 

21 

5.4. pH, O2 & Metabolite Measurements    

Discussion Leaders:  Dr. Billyde Brown (Georgia Tech Manufacturing Institute) and 
Dr. Zeeshan Ahmed (National Institute of Standards and Technology) 

 
Session participants began by summarizing existing methods for measurements of metabolites, 
oxygen, and pH. This included EPROI for oxygen concentration, MRI, ion-sensitive field-effect 
transistors (ISFET), optical dyes and fluorescent probes that may be used for pH imaging. 
Enzyme-linked immunosorbent assay (ELISA), surface plasmon resonance, electrochemical 
sensors and mass spectrometry may be used to measure metabolites. The capillary 
electrophoresis-mass spectrometry (CE-MS) is utilized to perform metabolomics and works well 
with small volumes (a few microliters). DNA barcoding technique that uses DNA tags that bind 
to specific metabolites and proteins inside cells allows identification of intracellular 
composition of cells after sequencing.  

Next, participants explored the limitation at the state-of-the-art. For example, many techniques 
have a penetration depth of micrometers, which is insufficient for full product characterization. 
Also, existing techniques are destructive, since, depending on the application, tissues must be 
sectioned for analysis and profiling. Optical methods can suffer from signal degradation or 
photobleaching. Additionally, it is difficult to calibrate pH within bioreactors while maintaining 
sterility. On top of that, probes can alter the local environment (e.g., electrochemical sensors 
consume oxygen at the probe tip) affecting the measurement in unexpected ways. Finally, 
sensors can be limited to certain deployment locations (e.g., in-line, on-chip or offline, in tissue 
measurements). All these factors may reduce the accuracy of the measurement.  

As a result, measurement uncertainty, including repeatability and reproducibility remains a 
significant challenge in the field. It is challenging to get reproducible results, in part, because 
the accuracy and precision of the sensors are insufficient. Additionally, because tissues are 
heterogenous and contain gradients, it is important to ensure that the probe is measuring a 
location representative of the whole tissue. This is particularly important for co-culture samples 
where multiple cell cultures are growing at different differentiation and metabolic states. Being 
able to measure a non-homogeneous cell population via a 3D array or 3D imaging approach 
would be more informative and could be one path toward reducing measurement uncertainty. 

Session participants called for sensor arrays for 3D mapping across a variety of environments. 
Overall, the field would benefit from moving away from offline measurements and embracing 
in-situ miniaturized sensors, and in-line and in-situ monitoring. When performing offline 
measurements, the data at different time points can change. In addition, spatial and temporal 
resolutions are critical when scaling up sensor technologies for broader deployment and 
extensive monitoring across diverse environments. To advance measurements of metabolites, 
oxygen, and pH, participants recommended exploring technologies, such as entangled photons, 
that increase measurement depth up to millimeters, and developing benchmarks for comparing 
the performance of commercial measurement systems. 
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At the end of the session, several important questions remained: (1) what is the maximum 
resolution and penetration depth of the optical methods, and (2) where should the 
measurement be performed (e.g., in tissue, on a fluid-feed line supplying the tissue).  

5.5. Mechanical Property Measurements 

Discussion Leader:  Dr. Callie Higgins (National Institute of Standards and Technology) 
 
Traditional techniques for measuring the mechanical properties of materials, such as 
compression testing, tensile testing, atomic force microscopy, and nanoindentation, have 
significant limitations when used to measure biological tissues. For instance, they may be 
destructive, time-consuming, or unsuitable for very soft, highly deformable, small-volume 
materials. Alternatively, cross-correlative studies on cartilage tissue development using OCT, 
Raman spectroscopy, and optical coherence elastography can provide non-destructive and fast 
measurements of the spatial variation of mechanical properties. However, these methods are 
difficult to calibrate and are sensitive to environmental factors. Therefore, there is a need for 
developing new methods that can overcome these difficulties and measure mechanical 
properties accurately and reliably across different types of materials and applications. 

Session participants were unsatisfied with state-of-the-art measurement techniques for 
biological samples. They claimed that the measurements are inaccurate, inconsistent and 
irrelevant. They emphasized the need for a reliable methodology to test mechanical properties 
in biological systems. They highlighted the challenges of analyzing highly deformable materials 
with internal structural variations. For example, nanoindentation measurements of hydrogels 
can yield widely different results between labs due to differences in how the measurements are 
conducted and the data are analyzed. 

Participants raised several important questions that the community must address to increase 
reproducibility. For instance, what is the acceptable level of similarity to native tissue? Or what 
is the criterion for developing fully mature tissues (since the properties will change during the 
development)? They stressed the need for combinatorial technologies, and compositional, 
mechanical, and structural data. They noted that the relevant measurands for each TEMP will 
be application specific. However, they lamented the lack of a standard minimum threshold 
indicative of a clinical effect or successful product. They proposed to use existing data to 
generate those thresholds and values. They also expressed the need for better measurements 
at all steps of the development and manufacturing process.  Finally, there is a need for better 
measurements of native tissues that can be used as design targets during research and 
development.  

Finally, participants called for standards and best practices for cross-comparison of different 
technologies and approaches. One of the challenges in tissue engineering is a lack of reference 
materials that can mimic native tissue characteristics and serve as calibration standards for 
materials testing. For instance, silica is used as a reference for hard materials, but no such 
references exist for soft materials, like hydrogels. However, there is no consensus on what 
these soft material reference materials should be. Another challenge, particular to techniques 
that preserve tissue sterility (e.g., acoustic elastography), is correlating measurements of 
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mechanical properties to the quality and efficacy of final product. Instrument developers 
should prioritize platforms that leverage miniaturization and integration of multimodal 
technologies for reliable, comprehensive, and non-destructive measurements of tissue samples. 
Participants stressed that a separate workshop on identifying measurements and standards for 
mechanical properties relevant for TEMPs would be beneficial to the field.  

5.6. Sterility Measurements   

Discussion Leader:  Dr. Kirsten Parratt (National Institute of Standards and Technology) 
 
Product sterility is critical for the successful commercialization of TEMPs. For example, 
regulatory agencies like the FDA require sterilization of medical devices in the final step of 
production [12]. Following validated sterility testing methods and standards during the 
production cycle can reduce the burden of the premarket review process.  

Because product sterilization is a very specialized task, it is often outsourced from the main 
production facility. Traditional methods include incubation in peracetic acid or an ethanol 
solution, gamma or ultraviolet irradiation, and exposure to ethylene oxide gas [12]. When 
performing sterilization in-house (e.g., steam, filtration), the users usually follow published 
methods from literature and aseptic techniques.  

Sterilization is costly, laborious, and demands specialized skills and equipment. Labs typically 
sterilize after product finalization begins, using sterile environments initially to prevent 
contamination. However, sterile materials are more expensive. Controlling the lab environment 
involves managing supplies and safely disposing of high-risk biological materials, posing 
challenges for in-house implementation. Hence, there's an urgent demand for in-house 
sterilization methods with enhanced controls. 

Sterilization for naturally derived materials (e.g., decellularized extracellular matrix) is not 
straightforward and can affect the properties and function of the material being sterilized. For 
example, glutaraldehyde sterilization is common practice for commercially produced natural 
materials, such as collagen-based scaffolds, and is recognized for its capacity to alter the 
bioactivity and mechanical properties [13, 14]. Similarly, ultraviolet irradiation, for example, has 
been shown to cause bioactive modifications to the material [15].  

Session participants agreed that to move the field of biofabrication forward, the community 
needs to develop sterilization methods that treat the full geometry of the material without 
affecting its properties. Nondestructive methods would be ideal but are not necessary for some 
materials. Improving in-house testing practices will raise confidence and minimize the 
likelihood of needing to repeat contamination tests. Finally, there is a need for a reference 
material that is completely sterile. 
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5.7. Measurements of Cell Distribution in Constructs 

Discussion Leader: Taneka Jones (Vericel) 
 
Most existing measurements for cell distribution within a construct rely on staining methods to 
label the cells. State-of-the-art techniques include confocal microscopy, wide-field fluorescence 
microscopy, light sheet microscopy, epifluorescence, and brightfield imaging. In cases where 
staining is not used, the microscopy data may suffer from low resolution. To get meaningful 
resolution, acquisition speed and throughput are reduced.  

The limitation of most state-of-the-art techniques are throughput and the destructive nature of 
the measurement. Also, because microscopy inherently generates a large volume of data, the 
storage and analysis of this data remains challenging and costly. Small companies and start-ups 
struggle with adopting new technologies due to economic and infrastructure limitations. As 
such, session participants expressed that without standard reference materials or documentary 
standards, these companies rely on the hardware and informatic tools available to them, and 
on methods adapted from published literature.  

A consistent and optimal cell concentration throughout the construct remains an outstanding 
challenge in the 3D printing of TEMPs. This can depend on several factors, such as: (1) whether 
the cells are adherent or not, (2) whether the cells are communicating with each other through 
signaling molecules, and (3) the end application of the printed TEMP. As such, it is important to 
monitor the behavior of cells throughout the 3D printing process. Currently, the cell 
concentration is determined by trial and error. A uniform loading unit (uniform delivery of cells) 
could ensure the cell density is accurate and reproducible for each print. The choice between 
culturing cells in 2D and 3D depends on the structural and functional requirements of the cells. 
Usually, 2D cell culture is preferred as a proof-of-concept because it is cost effective, rapid, and 
easier to image. However, 3D cell culture may be more relevant for applications that mimic the 
natural tissue environment. 

The developers of manufacturing technologies are willing to sacrifice imaging resolution for 
higher throughput (in mm) of biomaterials and bioinks. They also need the technology to work 
with multiwell plates. A representative sample or construct should have a spatial scale of mm. 
The use of nanoparticles and magnetic particles could help scan the sample faster and track 
cells. However, different cell types may require individual reference materials to accurately 
measure their distribution within a construct; these standards should be application-specific to 
address the needs of the entire biomanufacturing community. A high-priority opportunity is to 
create a documentary standard that outlines the best practices for imaging different 
biomaterials and bioinks, including the experimental setup, the measurement technique, and 
the data analysis.  
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5.8. Measurements of Raw Materials   

Discussion Leader: Rohan Shirwaiker (North Carolina State University) 
 
In this context, raw materials for TEMPs include any and all synthetic and naturally derived 
materials used throughout the fabrication process. To reduce the burden of the regulatory 
process, it is often advantageous to use USP-grade raw materials which meet or exceed the 
requirements of the United States Pharmacopeia (USP). This is because research-grade 
materials require additional testing which can increase the cost and duration of the 
development process. However, USP-grade materials are not always meant for biologics. As 
such, there is an opportunity for the biofabrication community to identify high quality raw 
materials for development of TEMPs.  

Existing measurement techniques for raw materials include ELISA (e.g., for characterizing 
antibodies), NMR, swelling kinetics of polymer gels, and mass spectrometry fingerprinting. 
Often, these techniques are destructive and require a representative sample to be tested. This 
is particularly problematic for TEMPs that are expensive and challenging to manufacture. There 
is a lack of tools that support real-time measurements throughout the manufacturing process. 
These types of measurements could help identify sources of variability in the manufacturing 
pipeline and reduce production costs. Finally, the onboard data analytics on existing 
characterization instruments are poorly documented and lack transparency, leading many 
instrument users to write their own software.  

In situations where raw materials from multiple suppliers are required to make the final 
product, material variability between manufacturers may become particularly problematic. 
Suppliers tend to use different techniques and metrics to purify and characterize their stocks, 
and these nuances may not be adequately documented on the specification sheets for each 
material. In fact, no reporting standards exist for product specification sheets. To minimize 
batch-to-batch variation, TEMP manufacturers conduct in-house tests on raw materials, such as 
rheological measurements, which are dependent on environmental conditions or equipment 
settings.  

Session participants challenged suppliers of raw materials to publish information on how their 
materials are assessed and validated internally. At best, this type of information is sparse and 
varies widely in terms of quality metrics, preparation techniques, and characterization 
methodologies. Additionally, parsing the limited information from suppliers is costly for TEMP 
manufacturers and does not guarantee a reduction in product variability. Here, there is again 
the potential to develop reporting guidelines for specification sheets for raw materials. For 
example, in the case of a lyophilized bioink as a raw material, it is crucial to specify how the 
bioink is reconstituted (e.g., in water or in cell culture media) for quality control measurements 
as this may differ from how TEMP manufacturers reconstitute the same bioink in their 
fabrication process. For cell sourcing, suppliers should report the sex, body mass index (BMI), 
and age of the tissue donor. These factors affect tissue manufacturing, as in the case of 
adipose-derived stem cells, which are sensitive to BMI. Currently, there are no community-
accepted guidelines for the information cell suppliers should report. The community also needs 
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best practices and specifications for measuring protein concentration, cell viability and other 
bioactive markers. 

5.9. Tissue Mimics 

Discussion Leader: Lexi Garcia (The Advanced Regenerative Manufacturing Institute) 
 
In this session, participants engaged in a robust discussion about the definition of tissue mimics 
and whether that definition is dependent on the manufacturing process or the function of the 
final product. Specifically, participants differentiated a ‘functioning implant’ used to replicate a 
biological function from a ‘tissue’ used to replace and integrate with native tissues. Participants 
agreed that a tissue mimic is more than a 3D construct and that it must replicate the functional, 
organizational, biochemical, and structural aspects of the native tissue both inside and outside 
the body.  

Current approaches to mimicking different tissue structures includes the use of 
photopolymerization and 3D bioprinting. However, achieving appropriate resolution and batch-
to-batch reproducibility remains challenging. Additionally, existing tissue mimics lack the 
complex 3D organization and functionality (e.g., intercellular communication) of native tissues. 
This is in part because it is difficult to reproduce how ECM components (e.g., RGD cell adhesion 
sites) are assembled. This is particularly important because the ECM stores growth factors 
which directly affect cell stability and response to the 3D environment; the ECM is responsible 
for tissue organization and maturation. Gas transport and vascularization in tissue mimics 
remain challenging as there are significant limitations in the resolution of the manufacturing 
process; specifically, sub-micrometer control has not been achieved with existing fabrication 
techniques. Scale-up also needs to be addressed as tissue mimics must scale to the size of 
native tissues (on the order of centimeters).  Mimics must also be sectioned and assessed by 
histology to validate their structure. Participants also called for new technologies, beyond 
optical imaging, to characterize mimics, such as biosensors and antibodies for localized 
sampling.  

5.10. Tissue Reference Data 

Discussion Leader: Dr. Kaiming Ye (Binghamton University) 
 
Participants engaged in a robust discussion about what constitutes tissue reference data and 
key considerations for how that data should be collected, organized, and stored. While further 
discussions are needed to set a clear definition and scope, participants did agree that some 
form of tissue reference data already exists (e.g., ultimate tensile strength and maximum load 
for different tissues) throughout the methods and supplemental information in published 
literature [16, 17]. Unfortunately, this data can be hard to find, parse, and utilize in any 
meaningful way in part because it has been collected using methods that are not reproducible 
across different sites and operators. Moving forward, efforts are needed to collect, validate, 
and standardize tissue reference data, along with infrastructure to ensure comparability with 
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previously collected data. Ideally, tissue reference data should be stored in one place (e.g., data 
portal), regularly maintained and updated, and freely available.  

The participants voiced that two key considerations when collecting tissue reference data are 
(1) the preservation methods used to prepare tissues for testing and characterization and (2) 
the effects of those methods on the measurements themselves. For example, fixing a tissue 
with formaldehyde prior to mechanical testing may affect results [18]. As such, best practices or 
standard methods for tissue preparation and preservation could ensure comparability between 
different methodologies and improve the quality of tissue reference data.  

Session participants agreed that while tissue reference data could be collected using 
destructive approaches, non-destructive methods would allow for validation studies of the 
same sample by multiple laboratories. To this point, participants recommended continued 
development of tools such as the atomic force microscopy (non-destructive), X-ray 
spectroscopy (high 3D resolution), OCT, ultrasound imaging, microwave light interference, 
magnetic resonance imaging (miniaturized), and broadband coherent anti-stokes Raman 
scattering (BCARS), with a focus on instrument miniaturization.  

The session concluded with participants calling for more reference data on healthy tissues. This 
is because assessments of tissue structure, cellular composition, gene expression, and 
mechanical properties are often conducted on diseased tissues collected by surgeons in the 
operating theater. 
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6. Discussion 

6.1. Types of Standards & Their Uses 

When using this report to plan future work to improve measurements for the TEMPs field, it is 
important to delineate the common types of standards: reference materials, documentary 
standards and reference data [19]. 

• Documentary standards are classified into several types, but the most frequent ones are 
"guides" and "test methods." Guides are often a list important points to give advice on 
best practices for a measurement or process. Test methods focus on a specific 
measurement with a detailed protocol and should include information on repeatability 
(within the same lab: same operator and equipment) and reproducibility (between 
different labs, different operators, different equipment), usually requiring an 
interlaboratory study. Documentary standards should be developed by a consensus 
process, where all stakeholders that may be affected by the standard have an 
opportunity to provide input. The consensus process should include principles of 
fairness, openness, transparency, balance, and due process [19]. 

• Reference materials are physical artifacts that typically linked to a specific measurement 
to be used as a control when conducting the measurement, to establish that the 
measurement is giving the correct answer or to calibrate a measurement system.  

• Reference data are carefully collected measurement data that can be used for 
comparison with experimental data to confirm that a measurement system is operating 
correctly, or to identify unknowns in a test sample. Reference data could be spectra or 
measurement values of properties of a material. 

6.2. Documentary Standards 

6.2.1. Considerations for Standard Test Methods 

Workshop participants expressed frustration at the lack of measurement comparability for 
TEMPs and adamantly called for an array of standard test methods. For example, the concept of 
a standard test method for cell count was mentioned [20, 21]. While developing methods can 
be valuable, it doesn't imply that every cell counting method is suitable for everyone. There are 
instances where the standard test method may not be appropriate for a specific sample. Each 
cell preparation possesses unique properties that could render it incompatible with a particular 
counting method. Further, there is no authority to enforce the use of a standard test method: a 
researcher or product developer may use a method that is suitable for their product. Standard 
test methods are rigorously vetted, offering potentially higher reliability compared to unvetted 
methods. However, it's not a guarantee that they are the optimal choice or suitable for all 
scenarios.  
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6.2.2. Relevant Standards 

SCB has developed a useful database (https://portal.standardscoordinatingbody.org/) that 
catalogs regenerative medicine standards. As of January 9, 2024, the database contains 364 
standards from 29 organizations, 163 of which are relevant to TEMPs. This database is 
searchable and free to use. The following standards are particularly relevant to the discussion 
at the workshop: 

• ISO 20391-1: Biotechnology - Cell counting - Part 1: General guidance on cell counting 
methods (2018) 

• ISO 20391-2: Biotechnology - Cell counting - Part 2: Experimental design and statistical 
analysis to quantify counting method performance (2019) 

• ASTM F2739 Standard Guide for Quantifying Cell Viability and Related Attributes within 
Biomaterial Scaffolds (2019) 

• ASTM F3504 Standard Practice for Quantifying Cell Proliferation in 3D Scaffolds by a 
Nondestructive Method (2021) (describes the resazurin assay, also called Alamar Blue) 

• ASTM F3510 Standard Guide for Characterizing Fiber-Based Constructs for Tissue-
Engineered Medical Products (2021) (discusses test methods used for characterizing 
fiber-based scaffolds, such as electrospun scaffolds; tests include mechanical properties, 
fiber diameter and porosity) 

• ASTM F3659 Standard Guide for Bioinks Used in Bioprinting 

• ISO 10993-23 Biological evaluation of medical devices — Part 23: Tests for irritation 
(2021) (addresses use of a 3D reconstructed human epidermis for assessing skin 
irritation using the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) 
assay) 

• ISO 19007 - Nanotechnologies — In vitro MTS assay for measuring the cytotoxic effect of 
nanoparticles (2018) (has an interlaboratory study to assess precision for a nanotoxicity 
assay using cell cultures and the MTT assay (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide)) 

• ISO 23033 Biotechnology - Analytical methods - General requirements and 
considerations for the testing and characterization of cellular therapeutic products 
(2021) 

• ISO 21560 - General requirements of tissue engineered medical products (2020) 

• New Standard under Development in ASTM F04: Standard Test Method for Cumulative 
Population Doubling Analysis of the Proliferation of Vertebrate Tissue Cell Preparations 
(cell counting method for determining cumulative population doubling that includes 
interlaboratory study to assess precision) 

• New Standard under Development in ISO TC 276: Biotechnology - General considerations 
and requirements for cell viability analytical methods - Part 1:  Mammalian cells. 

https://portal.standardscoordinatingbody.org/
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6.3. Reference Materials 

The pre-workshop survey asked about the need for reference materials in tissue engineering. 
Figure 5 summarizes the responses. To design effective reference materials, we need to answer 
two questions: (1) what is the intended use of these materials? and (2) what measurement will 
they support? The most useful reference materials are tied to a particular measurement and 
can be used to assess measurement performance. For instance, the workshop participants 
suggested a “scaffold reference material”. This idea sounds simple, but it raises many 
questions. What kind of scaffold will it be? It could be made of electrospun fibers, porous 
ceramics, or 3D printed hydrogels. What measurement will it support? It could be used for 
mechanical or porosity tests. If it is for mechanical tests, what type of test will it be? 
Compression, tension, or nanoindentation? If it is for porosity tests, what method will it use? 
Gravimetry, porosimetry, or 3D imaging? If it is for 3D imaging, what technique will it use? 
Confocal fluorescence microscopy, OCT, or X-ray microcomputed tomography [22]? These 
questions are crucial to ensure that the reference material is fit-for-purpose and is appropriate 
for the measurand, the measurement technique, the application, and the community needs. 
Moreover, to justify the development of a reference material, we need to consider its usability 
and adoption by the tissue engineering community and whether standardization is worth 
pursuing. 

One of the reference materials that was suggested in the survey (Fig. 5) was a synthetic 
material that mimics the properties of soft tissue for testing the strength of sutures: “Soft tissue 
analogs for tensile testing at the implant-tissue interface. Sawbones has bone analogs, yet we 
have little for soft tissue itself to compare our constructs to, or to assess fixation (with sutures 
or staples, etc.) as a replacement for cadaveric tissue testing”. This suggestion was notable as 
the proposer had considered how the reference material could be used in a specific 
measurement scenario. 

6.4. Reference Data 

The Foundation for Research on Information Technologies in Society (IT'IS) has developed a 
Tissue Material Properties Database (https://itis.swiss/virtual-population/tissue-
properties/overview/) that is highly relevant to discussions at the workshop. The database aims 
to provide the “life sciences community with values for elemental composition, thermal, fluid, 
acoustic and magnetic resonance properties of biological tissues in a free, easily accessible, and 
dynamically evolving manner.” The database is drawn from the scientific literature and is 
continuously updated. The database includes information on 12 different tissue parameters: 
density, heat capacity, thermal conductivity, heat transfer rate, heat generation rate, dielectric 
properties, tissue frequency chart, low frequency (conductivity), viscosity, relaxation times, 
acoustic properties, and elemental composition. As an example, the density database contains 
values for 110 tissues including adrenal gland, blood, cortical bone, cancellous bone, and bone 
marrow. The average value, standard deviations, number of studies, minimum value, and 
maximum values are given for each entry. The database is quite an accomplishment and will be 
of great value to the TEMPs community.  

https://itis.swiss/virtual-population/tissue-properties/overview/
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7. Conclusion 

This Report offers valuable input from key stakeholders in biomanufacturing and tissue 
engineering to guide future directions of TEMPs research and adoption for clinical applications. 
Major findings included the needs for non-invasive and non-destructive characterization 
methods and multi-parametric test methods that provide information on multiple product 
attributes in an integrated fashion. There is also a strong need for standards, such as standard 
test methods to assess product attributes, reference materials to assess measurement 
performance, and reference tissue data to provide reliable targets for tissue biofabrication. 
There is a consensus that lack of repeatability and reproducibility in common test methods 
used in industry (e.g., cell viability assay, mechanical properties testing, and tissue functional 
assessment) is holding back adoption of TEMPs beyond the bench. It was felt that 
interdisciplinary collaborations in biomanufacturing would aid reproducibility and speed 
innovation. The future holds many exciting opportunities to improve measurements for TEMPs 
to enable improved performance and translation to clinical use.  
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Jennifer H. Elisseeff, Johns Hopkins University 

Session 1: Cell Viability 
Discussion leader: Alicia Henn, BioSpherix 
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reactors by direct imaging with optical coherence tomography 
Naresh Menon, ChromoLogic 
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Nondestructive Cell viability assessment using oxygen imaging  
Mrignayani Kotecha, O2M Technologies 
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Optical coherence tomography imaging for label-free measurement of 
cell viability in scaffolds 
Carl Simon, NIST 

12:25 PM 12:55 PM Panel Discussion 
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Session 2: Cell Phenotype 
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Advancing Drug Discovery with Biofabricated 3D Tissue Models 
Marc Ferrer, NCATS 
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Protein Sensing 
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Non-invasive quantitative live cell imaging  
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Dielectric spectroscopy for in line monitoring of engineered tissue 
constructs 
Rohan Shirwaiker, North Carolina State University 
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Bao-Ngoc Nguyen, FDA 
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A.2. Workshop Participants: Biographies and Abstracts 
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• Dr. Kimberlee Potter, Scientific Portfolio Manager for Restorative Medicine, U.S. 
Department of Veterans Affairs | USA 

• Dr. Itedale Namro Redwan, Scientific Officer, CELLINK | Sweden 

• Ms. Eugenia Romantseva, Engineer, Material Measurement Laboratory, NIST | USA 

• Dr. Jonathan Seppala, Chemical Engineer, Material Measurement Laboratory, NIST | 
USA 

• Dr. Rohan Shirwaiker, Professor, North Carolina State University | USA 
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A.4. Workshop Recordings and Presentations 

Workshop recordings and presentations are available at the following links: 

• Welcome Address (Recording) 

Sheng Lin Gibson, NIST   

• Plenary: Manufacturing complex biologics for regenerative medicine (Slides | Recording) 
Jennifer H. Elisseeff, Johns Hopkins University 

• Non-invasive non-contact real-time monitoring of cells within bio-reactors by direct imaging 
with optical coherence tomography (Slides | Recording) 
Naresh Menon, ChromoLogic 

• Nondestructive Cell viability assessment using oxygen imaging (Recording) 
Mrignayani Kotecha, O2M Technologies 

• Optical coherence tomography imaging for label-free measurement of cell viability in 
scaffolds (Recording) 
Carl Simon, NIST 

• Cell Viability Panel Discussion (Recording) 

• Advancing Drug Discovery with Biofabricated 3D Tissue Models (Recording) 
Marc Ferrer, NCATS 

• Protein Sensing (Slides | Recording) 
Marcie Black, Advanced Silicon Group 

• Non-invasive quantitative live cell imaging (Recording) 
Kersti Alm, Phase Holographic Imaging  

• Cell Phenotype Panel Discussion (Recording) 

• Dielectric spectroscopy for in line monitoring of engineered tissue constructs (Recording) 
Rohan Shirwaiker, North Carolina State University 

• In situ volumetric imaging and analysis of 3D bioprinted constructs using optical coherence 
tomography (Recording) 
Adam Feinberg, FluidForm 

• Characterization of tissue engineered medical products (Slides | Recording) 
Bao-Ngoc Nguyen, FDA 

• Tissue Characterization Panel Discussion (Recording) 

• Pre-workshop Survey Review (Recording) 
Carl Simon, NIST  

 

 

https://www.nist.gov/video/welcome-address-workshop-measurement-needs-biofabrication-tissue-engineered-medical-products
https://www.nist.gov/document/manufacturing-complex-biologics-regenerative-medicine
https://www.nist.gov/video/plenary-manufacturing-complex-biologics-regenerative-medicine-jennifer-h-elisseeff
https://www.nist.gov/document/continuous-non-invasive-non-contact-real-time-line-monitoring-bioreactors
https://www.nist.gov/video/non-invasive-non-contact-real-time-monitoring-cells-within-bio-reactors-direct-imaging-optical
https://www.nist.gov/video/nondestructive-cell-viability-assessment-using-oxygen-imaging-mrignayani-kotecha
https://www.nist.gov/video/optical-coherence-tomography-imaging-label-free-measurement-cell-viability-scaffolds-carl
https://www.nist.gov/video/panel-discussion-session-1-workshop-measurement-needs-biofabrication-tissue-engineered-medical
https://www.nist.gov/video/advancing-drug-discovery-biofabricated-3d-tissue-models-marc-ferrer-ncats
https://www.nist.gov/document/protein-sensing
https://www.nist.gov/video/protein-sensing-marcie-black-advanced-silicon-group
https://www.nist.gov/video/non-invasive-quantitative-live-cell-imaging-kersti-alm-phase-holographic-imaging
https://www.nist.gov/video/panel-discussion-session-2-workshop-measurement-needs-biofabrication-tissue-engineered-medical
https://www.nist.gov/video/dielectric-spectroscopy-line-monitoring-engineered-tissue-constructs-rohan-shirwaiker-north
https://www.nist.gov/video/situ-volumetric-imaging-and-analysis-3d-bioprinted-constructs-using-optical-coherence
https://www.nist.gov/document/characterization-tissue-engineered-medical-products
https://www.nist.gov/video/characterization-tissue-engineered-medical-products-bao-ngoc-nguyen-fda
https://www.nist.gov/video/panel-discussion-session-3-workshop-measurement-needs-biofabrication-tissue-engineered-medical
https://www.nist.gov/video/pre-workshop-summary-measurement-needs-biofabrication-tissue-engineered-medical-products

