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With funding from the CARES Act, the U.S 
Department of Energy (DOE) established 

the National Virtual Biotechnology Laboratory 
(NVBL) in March 2020 to address key challenges 
associated with the COVID-19 crisis. NVBL 
brought together the broad scientific and techni-
cal expertise and resources of DOE’s 17 national 
laboratories to help tackle medical supply short-
ages, discover potential drugs to fight the virus, 
develop and validate COVID-19 testing methods, 
model disease spread and impact across the 
nation, and understand virus transport in build-
ings and the environment. National laboratory 
resources leveraged for this effort include a suite 
of world-leading user facilities broadly available 
to the research community, such as light and 
neutron sources, nanoscale science research 
centers, sequencing and biocharacterization facil-
ities, and high- performance computing facilities. 

Within months, NVBL teams produced innovations 
in materials and advanced manufacturing that 
mitigated shortages in test kits and personal pro-
tective equipment (PPE), creating nearly 1,000 new 
jobs. They used DOE’s high-performance comput-
ers and light and neutron sources to identify prom-
ising candidates for antibodies and antivirals that 
universities and drug companies are now evaluat-
ing. NVBL researchers also developed new diag-
nostic targets and sample collection approaches, 
and supported U.S. Food and Drug Administration 
(FDA), Centers for Disease Control and Prevention 
(CDC), and U.S. Department of Defense (DoD) 
efforts to establish national guidelines used in 

Executive Summary
administering millions of tests. Researchers used 
artificial intelligence and high-performance com-
puting to produce near-real-time data analysis to 
forecast disease transmission, stress on public 
health infrastructure, and economic impact, which 
supported decision-makers at the local, state, and 
national levels. NVBL teams also studied how to 
control indoor virus movement to minimize uptake 
and protect human health. 

NVBL’s accomplishments demonstrate not only 
the powerful resource represented by DOE’s 
national laboratories working together to meet 
national needs, but also the effectiveness of the 
integrated NVBL framework for rapidly respond-
ing to emergencies with research and devel-
opment (R&D) solutions. As the fight against 
COVID continues, sustained efforts are needed to 
confront this pandemic as well as future threats. 
Examples include:

•  Establishing “supply chains on demand” to 
meet emergency production needs by leverag-
ing the materials and manufacturing expertise 
of DOE national laboratories and developing 
advances in electronics, sensing, robotics, and 
automation capabilities. 

•  Improving the speed and robustness of drug 
discovery by integrating experimental platforms 
with DOE’s computational and experimental 
user facilities, which provide unique resources 
to support the discovery of high-potential 
therapeutic agents. 
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•  Protecting public, environmental, and animal 
health by developing new testing protocols and 
instrumentation adaptable to diverse sample 
types (both physiological and environmental) to 
quickly detect a wide range of pathogens and 
monitor other biorisks.

• Supporting near-real-time data needs of 
decision- makers at the local, regional, state, and 
national levels by advancing data curation, anal-
ysis, and modeling using artificial intelligence 
and new data science tools for managing and 
evaluating large diverse datasets.

•  Harnessing DOE’s expertise in environmental 
modeling to design rooms and air handling for 
offices, classrooms, restaurants, and other struc-
tures to minimize biorisk transmissions.

Going forward, NVBL is poised to apply the 
unique capabilities and expertise of the national 
laboratory complex to future national and interna-
tional emergencies, both natural and engineered. 
Through this framework, the Office of Science will 
continue to be an integral component of agency- 
wide efforts to prepare for and respond to biorisks 
and other crises.
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National Virtual Biotechnology Laboratory

CHAPTER 1

In March 2020, DOE quickly marshaled the unique 
expertise and resources of its national laborato-

ries to provide R&D solutions to critical challenges 
posed by the global pandemic. With funding from 
the CARES Act, DOE established the National 
Virtual Biotechnology Laboratory, a consortium 
of 17 DOE national laboratories, each with core 
scientific and technical capabilities for confronting 
the COVID-19 crisis. These capabilities include 
world-leading user facilities, such as light and neu-
tron sources, nanoscale science research centers, 
sequencing and biocharacterization facilities, and 
high-performance computing facilities, all broadly 
available to the research community. 

As part of the NVBL framework, DOE rapidly 
assembled five project teams to (1) address supply 
chain bottlenecks by harnessing extensive additive 
manufacturing capabilities, (2) identify new targets 
for medical therapeutics, (3) develop innovations in 
testing capabilities, (4) provide epidemiological and 
logistical support, and (5) understand viral fate and 
transport in the environment. Each research team 
was charged with defining high-impact projects 
that could be completed in a 6-month sprint while 
coordinating their developments with academia, 
other government agencies, and the private sector. 

Within months, NVBL teams produced innovations 
in materials and advanced manufacturing that miti-
gated shortages in test kits and PPE, creating nearly 

NVBL Contributions to the  
COVID-19 Response: An Introduction 

1,000 new jobs. They used DOE’s high-performance 
computers and light and neutron sources to identify 
promising candidates for antibodies and antivi-
rals that universities and drug companies are now 
evaluating. Teams of biochemistry experts devel-
oped new diagnostic targets and sample collection 
approaches while supporting national guidelines 
used in millions of tests. NVBL researchers used 
state-of-the-art methods in artificial intelligence 
(AI) and high-performance computing to produce 
near-real-time data analysis to forecast disease 
transmission, stress on public health infrastructure, 
and economic impact, supporting decision-makers 
at the local, state, and national levels. They also 
studied how to control indoor virus movement to 
minimize uptake and protect human health. 

Through its NVBL framework, DOE has contrib-
uted significantly to the nation’s COVID response, 
demonstrating in only a few months the critical 
impact of its national laboratories. NVBL serves as 
an outstanding model for developing and sus-
taining capabilities to prepare for and respond to 
future national needs or emergencies.

The chapters that follow outline key accomplish-
ments of NVBL’s five project teams—Materials 
and Manufacturing of Critical Supplies, Molecular 
Design for COVID-19 Therapeutics, COVID-19 Test-
ing, Epidemiological Modeling, and Viral Fate and 
Transport—and identify critical R&D areas essential 
for future biorisk preparedness.   
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Objectives and Approach

From the outset of the COVID-19 pandemic, medical supply chain 
shortages became serious bottlenecks for frontline responders. To 

mitigate these shortages, 16 DOE national laboratories partnered to 
bring deep expertise in materials science, advanced manufacturing, 
and characterization capabilities to catalyze the manufacture and pro-
duction scale-up of critical supplies. The NVBL Manufacturing team’s 
efforts resulted in production of more than 10 million test kits per 
week (partnering with Coca-Cola and Thermo Fisher Scientific), over 
3 million masks and N95 respirators per day (partnering with Cummins 
Filtration and DemeTech), and 250,000 nasal swabs per day by additive 
manufacturing. The team’s accomplishments also led to the com-
mercialization of a BioMedInnovations ventilator (which received FDA 
Emergency Use Authorization) and creation of two factories with over 
1,000 new jobs.

To address specific supply chain bottlenecks, the Manufacturing 
team formed three subgroups: Personal Protection Equipment (e.g., 
N95 masks and face shields), Consumables (e.g., test tubes and swabs 
for test kits), and Ventilators. Each subgroup drew upon extensive exper-
tise in materials science, materials characterization, manufacturing, and 
computation at the national laboratories to identify new approaches for 
producing and validating the performance of manufactured items. These 
activities heavily leveraged DOE user facilities, such as light and neutron 
sources, nanoscale science research centers, and high-performance 
computing facilities. In many cases, the subgroups found that the most 
critical component required for expanding manufacturing was the 
tooling required to establish a production line. With conventional tooling 
approaches, establishing production lines can take months. However, 
with advanced manufacturing methods, molds and other components 

Materials and Manufacturing 
of Critical Supplies

CHAPTER 2
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can be produced in hours, enabling production lines 
to launch in a matter of weeks. In all cases, the sub-
groups established strategic industry partnerships 
for deploying developed capabilities.

Outcomes and Impact
Personal Protective Equipment
One of the first areas PPE researchers addressed 
was to relieve the critical shortages of N95 masks 
used by medical professionals. To help meet 
demand, the Carbon Fiber Technology Facility at 
Oak Ridge National Laboratory was converted to 
produce the filter media used in N95 masks. The 
PPE subgroup also teamed with Dr. Peter Tsai 
(University of Tennessee), inventor of a nonwoven 
filtration fabric used in N95 masks, to generate an 
open-source design for the charging system needed 
for N95 mass production. N95 filter media uses the 
charge placed on the fabric to capture small virus 
particles more effectively than the standard surgical 
mask. To assure their effectiveness, the produced 
materials were extensively tested at DOE’s light 
sources and nanoscale science research centers. 

Additionally, the subgroup partnered with Cummins 
Filtration (Nashville, Tenn.) to convert an oil filter 
production line to one for N95 filter media, enabling 
production of material for over 3 million masks 
per day. The subgroup also partnered with Deme-
Tech (Miami Lakes, Fla.) to convert N95 material 
to medical masks and N95 respirators, which 
received certification from the National Institute 
of Occupational Safety and Health in September 
2020 (see Fig. 1, this page). As a result, DemeTech 
established a new production facility that created 
600 new manufacturing jobs, and the masks are 
commercially available.

The PPE subgroup also partnered with DeRoyal 
Industries (Powell, Tenn.) to develop new capabili-
ties for high-throughput production of face shields. 
The partners used extensive capabilities in metal 
additive manufacturing to rapidly produce metal 
injection molds using 3D printing (see Fig. 2a, 
p. 4). These molds enabled production of 40,000 
new face shields per day, per machine (see Fig. 2b 
and c, p. 4). 

Fig. 1. New N95 respirator (left) produced at DemeTech factory (right). [Courtesy DemeTech]
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Consumables for Test Kits
The Consumables subgroup partnered with the U.S. 
Department of Health and Human Services (HHS) 
to rapidly scale up production of consumables for 
test kits. These consumables included multi-well 
sample trays and nasal swabs (see Fig. 3, this 
page), along with sample collection tubes. 

A critical shortage of test tubes used to collect 
nasal swabs emerged early in the pandemic. Work-
ing with The Coca-Cola Company, the Consum-
ables subgroup identified bottle preforms (capped 
tubes that are blown with hot air into familiar drink 
bottles) as an excellent surrogate for these sample 
tubes. To evaluate the viability of using these pre-
forms as collection tubes, the subgroup partnered 
with Coca-Cola (which produces 2 billion preforms 
per week), HHS, and five different testing com-
panies. From this collaboration, Longhorn Ther-
apeutics, a testing company based in Bethesda, 
Md., began taking delivery of 2 million preforms in 
April 2020. 

In parallel, the subgroup designed and rapidly 
prototyped a mechanism to 3D print the tooling 
needed to mass produce the original sample col-
lection tube by injection mold processes, working 

Fig. 2. The Manufacturing team partnered with DeRoyal Industries on (a) 3D-printed tooling for (b) injection molds 
used to produce (c) face shields. [Courtesy Oak Ridge National Laboratory (a, b) and Getty Images (c)]

with Thermo Fisher Scientific. In August 2020, 
Thermo Fisher opened a factory in Lenexa, Kan., 
creating more than 300 domestic medical manu-
facturing jobs (see Fig. 4, p. 5). In early 2021, this 

Fig. 3. Mold design for (a) 96-well sample plate. (b) 3D- 
printed mold used to form sample plates. (c) 3D-printed 
swabs and (d) closeup of a printed swab tip. [Courtesy 
Oak Ridge National Laboratory (a, b), and Lawrence 
Livermore National Laboratory (c, d)]

(a) (b)

(c) (d)

(a) (b) (c)
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factory produced about 8 million test kits per week, 
with plans to scale to over 20 million per week.

Ventilators
During the early phases of the pandemic, national 
needs required the immediate production of an 
additional 400,000 to 600,000 ventilators. To meet 
this challenge, the Ventilator subgroup focused on 
materials and manufacturing processes that would 
assist industry in rapidly accelerating the manu-
facture of domestically producible FDA-approved 
ventilator technologies. The subgroup developed 
a new low-cost ventilator with BioMedInnovations, 
LLC (Denver, N.C.) that was commercialized and 
approved by the FDA. This ventilator required no 
existing ventilator supply chain components and 
thus circumvented anticipated shortages for tradi-
tional components (see Fig. 5, this page). 

The subgroup also performed high-fidelity model-
ing of human lungs to better understand ventilator 
control and accelerate mucus removal from the 
lungs. Finally, collaborating with Percussion-
aire (Sandpoint, Idaho), the subgroup explored 

Fig. 4. Thermo Fisher Scientific facility in Lenexa, Kan., that manufactures COVID-19 sample collection products. 
[Courtesy Thermo Fisher Scientific]

transformative ventilation methods and developed 
prototype systems for next-generation Intrapulmo-
nary Percussive Ventilation. One of these prototype 
developments includes a variant that replaces air 
with an oxygenated liquid perfluorocarbon in a 
proc ess that the collaboration named Intrapulmo-
nary Percussive Liquid Ventilation.

Fig. 5. Production-level ventilator developed with Bio-
MedInnovations, LLC. [Courtesy BioMedInnovations, LLC]
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Objectives and Approach

Since the pandemic’s onset, only a few medicines have received 
U.S. FDA Emergency Use Authorization (EUA) for directly treating 

COVID-19. To accelerate discovery of potential treatments and identify 
small molecules and antibodies that interact with key viral targets, the 
Molecular Design team leveraged DOE national laboratory capabilities 
and analytical resources in high-performance computing, AI, structural 
biology, and chemistry. Even with the rapid discovery and development 
of several vaccines (which recently received FDA approval or EUA)1, 
ongoing therapeutics development remains an important component 
of an integrated pandemic response as well as strategies to prepare for 
future viral challenges. To that end, the Molecular Design team contin-
ues to apply DOE capabilities to accelerate discovery of medical thera-
peutics targeting the virus responsible for the current pandemic—severe 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Their work has 
and continues to complement other public and private-sector activities.

The team has focused on identifying small molecules and antibodies 
that inhibit all parts of the viral life cycle. This work capitalized on an 
integrated computational and experimental platform established at 
the national laboratories and supported over time by DOE, the National 
Institutes of Health (NIH), DoD, Defense Advanced Research Projects 
Agency (DARPA), and other funding sources. The design platform’s 
starting point includes structures of viral proteins, multiple antibody 
templates developed for earlier coronaviruses, and databases of 
chemical structures of small molecules for experimental confirma-
tion. These inputs feed into a computational approach that combines 

1  DOE’s light sources were accessed as part of the development process for all three 
COVID-19 vaccines authorized or approved for use in the United States: Pfizer- 
BioNTech, Moderna, and Johnson & Johnson’s Janssen.

Molecular Design for 
COVID-19 Therapeutics

CHAPTER 3
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simulation and AI methods, along with structure- 
and sequence-driven models, to iteratively design, 
make, and test new molecules. Data from experi-
mental assays and structural characterization are 
then fed back into the computational methods for 
multiple design rounds. Platform outputs include 
identification of small molecules and antibodies 
with confirmed inhibition of a viral protein and 
predicted probability for good physical and safety 
parameters (see Fig. 6, this page). All project data 
will be made public, and team members are part-
nering with public and private organizations to fur-
ther advance these discoveries along the pathway 
to clinical impact. 

Outcomes and Impact
Antibody Discovery 
The starting points for antibody design involved 
three antibodies known to bind to the spike protein 
of SARS-CoV-1 (the virus that caused the 2003 
SARS outbreak) but not to the spike protein of 
SARS-CoV-2. The Molecular Design team’s goal 
was to modify these existing antibody scaffolds to 
create new antibodies that effectively bind to and 

neutralize SARS-CoV-2. The team used AI meth-
ods to sample more than 1040 possible antibody 
variations, from which about 300 designed antibod-
ies were generated and experimentally screened. 
Using this combined computational and experi-
mental approach, the team identified experimen-
tally confirmed hits for all three antibody scaffolds. 
All hits bind to the SARS-CoV-2 spike protein and 
block it from binding to the human ACE2 recep-
tor. Additionally, some of these hits can block a 
pseudovirus (a harmless virus modified to include 
the SARS-CoV-2 spike on its surface) from entering 
human cells, demonstrating that these antibodies 
have the potential to block the first step in the 
infection process.

Inhibitors of Viral Cysteine Proteases
Two viral proteases, 3 chymotrypsin-like protease 
(3CLpro) and papain-like protease (PLpro), are 
essential for SARS-CoV-2 replication and thus are 
important targets for pharmaceutical drug design 
and discovery. Both belong to the cysteine protease 
family, a structural family not amenable to tradi-
tional docking-based modeling pipelines, which 
use computational approaches to characterize and 

Fig. 6. Integrated computational and experimental platform for designing COVID-19 therapeutics. [Courtesy Oak 
Ridge National Laboratory]
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predict the atomic-level interactions of small mol-
ecules in a target protein’s binding site. To identify 
small molecules that can inhibit the activity of these 
proteases, the Molecular Design team therefore 
needed to create an integrated, multipronged, com-
prehensive workflow that combined docking, molec-
ular dynamics, and quantum mechanical simulation 
approaches. They used this workflow to identify, 
design, and optimize small-molecule protease 
inhibitors for both 3CLpro and PLpro that have been 
experimentally confirmed (see Fig. 7, this page). 

The identified PLpro inhibitor binds to the PLpro 
protein and then reacts to form a chemical bond 
with its cysteine residue, which is vital for enzyme 
activity. In addition to the experiments confirm-
ing that the designed molecule is a potent PLpro 
inhibitor, further experiments have characterized 
the chemical reaction with cysteine and used struc-
tural biology and X-ray crystallography to reveal 
atomic-level details of the interaction between 
PLpro and the inhibitor. Moreover, partners at the 
University of Tennessee Health Sciences Center 
Regional Biocontainment Laboratory have exper-
imentally confirmed that the designed molecule 
inhibits viral infection in a cell-based assay.

The 3CLpro inhibitor, identified using compu-
tational docking studies, binds to the 3CLpro 
protein but does not form a chemical bond with 

Fig. 7. The Molecular Design team identified two small-molecule inhibitors for the viral proteases PLpro and 
3CLpro. Shown here are the PLpro inhibitor (gray, left) and 3CLpro inhibitor (multicolor, right). [Courtesy Oak Ridge 
National Laboratory]

its cysteine. An X-ray crystal structure revealed 
important atomic-level details of how the molecule 
interacts with the protein. Based on this structural 
information, the team used the computational 
workflow to design molecules with improved prop-
erties. A set of about 50 closely related molecules 
have been ordered for experimental testing, and 
the team is synthesizing and experimentally vali-
dating additional new molecules.

Computational Antiviral Screening
Using the power of DOE’s Leadership Computing 
Facilities for computational docking calculations 
and AI methods, the Molecular Design team 
computationally screened tens of millions of small 
molecules against more than 100 binding sites of 
the SARS-CoV-2 viral proteins. They also docked 
larger databases (on the order of 50 to 100 mil-
lion molecules) against a subset of these binding 
sites. From these computational screens, the 
team acquired more than 2,000 small molecules 
for experimental validation in an antiviral screen. 
Of these molecules, 56 show some inhibition of 
viral infection in a cell-based assay. The team is 
using an independent antiviral screen to confirm 
the 56 hits and conducting ongoing experiments to 
understand which parts of the viral life cycle each 
confirmed hit is inhibiting.
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Objectives and Approach 

The beginning of the COVID-19 pandemic prompted numerous chal-
lenges to providing analytical tests for clinical and environmental 

virus detection and characterization. To address these challenges, 
NVBL formed the COVID-19 Testing team, composed of experts in 
genomics, biotechnology, biochemistry, nanoscience, and synthetic biol-
ogy from 10 DOE national laboratories. The Testing team identified pri-
ority R&D gaps by gathering input from end-users and decision-makers 
and collecting first-hand experiences from several DOE national labora-
tories initiating in-house testing capabilities. Based on this information, 
the team developed an R&D roadmap to address the need to increase 
the availability of validated, effective, and reliable COVID-19 tests. 

Key elements of the R&D roadmap were to reduce dependencies on 
reagents and materials for the limited approved tests by (1) identify-
ing new diagnostic targets; (2) demonstrating new chemistries and 
instruments; (3) providing experimental data to support federal guide-
line decisions; and (4) experimentally validating new approaches for 
virus collection, storage, and detection. Drawing on team expertise and 
DOE resources, including the DOE Joint Genome Institute, the team 
worked to enable access to alternative testing methods and reagents 
to meet near-term needs while preparing for future outbreaks with new 
approaches and technologies. These approaches included using RNA 
sequence data to identify new strains and employing computer valida-
tion to rapidly evaluate diagnostic efficacy. Moreover, the team’s efforts 
provided critical data that supported national guideline decisions used 
in administering millions of tests.

Outcomes and Impact
Identifying New Diagnostic Targets
The key to designing molecular detection assays for SARS-CoV-2 is 
identifying regions in its RNA genome that distinguish it from all other 

COVID-19 Testing 

CHAPTER 4
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viruses. The Testing team designed 78 DNA sig-
natures from conserved regions of 41,540 SARS-
CoV-2 genomes. These signatures are 60-mer in 
length with less than 20% probability of mapping 
to other viral genomes. They were incorporated 
into the Lawrence Livermore Microbial Detection 
Array (LLMDA) for detecting SARS-CoV-2 and other 
co-infecting pathogens and showed excellent sen-
sitivity. The signatures can also be used in other 
multiplexed assays to rapidly detect SARS-CoV-2.

Using LLMDA, a technology that can detect more 
than 12,000 microbial species in a single test, the 
Testing team analyzed archived nasal pharyngeal, 
nose, and throat swabs to determine co- infections 
that could contribute to disease severity. Of all 
tested swabs, 91% of the COVID-19 positive sam-
ples were also positive for Streptococcus pneu-
monia compared to 18% of COVID-19 negative 
samples. Streptococcus pyogenes was detected 
in 82% of the COVID-19 positive samples and 25% 
of the COVID-19 negative samples. Additional 
studies are underway to correlate other COVID-19 
co-infections. 

The Testing team developed several analysis 
tools to maintain awareness of the evolution 
of the SARS-CoV-2 RNA genome as it relates 
to nucleic acid–based assays. For example, 
a platform for COVID-19 genome analytics 
(covid19.edgebioinformatics.org) offers an auto-
matic in silico, or simulated, evaluation of diagnos-
tic assays used around the world. In December 

2020, this web application provided comparisons 
for 17 assays using 44,224 SARS-CoV-2 genomes. 

Nucleic acids, such as RNA in SARS-CoV-2, are one 
target for diagnostic tests and are used in reverse 
transcription polymerase chain reaction (RT-PCR) 
tests. Virus proteins provide complementary 
targets for identification and can often be used in 
less expensive and simpler-to-use test formats, 
such as lateral flow assays. These strip tests, 
similar to home pregnancy test kits, require an 
antibody that recognizes a viral protein target. The 
Testing team developed an affinity reagent pipeline 
to screen libraries for highly specific antibodies 
that recognize key domains of the SARS-CoV-2 
spike protein.

Providing Data Underpinning 
National Guidelines 
In an effort launched by the Diagnostics sub-group 
of the White House Coronavirus Task Force, the 
Testing team collaborated with DoD, CDC, and FDA 
to provide experimental data in support of national 
guidelines throughout all phases of the nucleic 
acid testing process (see Fig. 8, this page). The 
team’s contributions included:

•  Identifying and characterizing potential contami-
nation in commercial kits.

•  Evaluating sample pooling approaches to assess 
those with the potential to reduce per-test costs 
by a factor of 10.

Collection and Transport Sample Accession Virus Extraction RT-PCR DNA Detection QC and Data Analysis

Fig. 8. The nucleic acid testing process involves five phases, outlined above. [Courtesy Los Alamos National Laboratory]

https://covid19.edgebioinformatics.org/
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•  Assessing multiple viral transport media and 
protocols to assure test accuracy, even after 
less-than-desirable shipping or storage.

•  Evaluating virus inactivation and extraction for 
test efficacy and protection of frontline health 
care workers.

Using Novel Approaches  
for Virus Collection and Detection
To simplify breath collection and virus extraction, 
the Testing team developed a simple COVID 
Whistle Breath Collector with a hydrogel insert (see 
Fig. 9, this page). After breath is collected with the 
whistle, the hydrogel containing the sample can 
be removed for testing. The additively manufac-
tured whistle can be readily modified to optimize 
collection parameters. In addition, a phone or web 
application can provide users with audio cues and 
help monitor patient variation. A university clinical 
partner is evaluating whistle prototypes.

Fig. 9. The COVID Whistle Breath Collector traps breath 
in a removable hydrogel insert for ease of testing. [Cour-
tesy Oak Ridge National Laboratory]

The Testing team also developed the Reveal-CoV, a 
small, rapid nucleic acid test instrument for detect-
ing SARS-CoV-2 (see Fig. 10, this page). The assay 
replaces the two step RT-PCR amplification process 
with a one-step amplification process called Reverse 
Transcription Loop-mediated isothermal AMPlifica-
tion (RT-LAMP). This one-step process enables the 
Reveal-CoV test to provide more timely and sensitive 
nucleic acid detection: sample heat inactivation 
and lysis are performed in 5 minutes, followed by 
approximately 30 minutes to detect a red-to-yellow 
color change for a SARS-CoV-2 positive sample.

Fig. 10. Reveal-CoV uses Reverse Transcription Loop- 
mediated isothermal AMPlification (RT-LAMP) to 
rapidly detect SARS-CoV-2. An initial inactivation step is 
performed at 95°C followed by amplification of the target 
sequence at 65°C and visual detection of color change. 
Total time from sample to answer is less than 1 hour. 
[Courtesy Lawrence Livermore National Laboratory]
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CHAPTER 5

Objectives and Approach 

To assist decision-makers in understanding COVID-19 spread and 
impact across the nation, NVBL’s Epidemiological Modeling team 

brought together experts in spatial demography and human dynamics 
research; agent-based modeling systems; and transportation, infra-
structure, economic, and risk modeling. Comprising researchers from 
six national laboratories, the team coupled its extensive expertise 
with DOE’s powerful supercomputers and data capabilities. Building 
on prior work with CDC, NIH, DoD, and the Federal Emergency Man-
agement Agency (FEMA), they created a data platform that forecasts 
(1) disease transmission, (2) stress on public health infrastructure, and 
(3) U.S. economic outlook. The following accomplishments illustrate 
team- developed capabilities that provided unrivaled understanding of 
COVID-19 impacts.

•  Officials in Chicago, New York City, Illinois, New Mexico, and Ten-
nessee, among others, used the team’s data and modeling efforts to 
illustrate county-level trends and forecasts, pinpoint locations (such 
as bars and restaurants) significant to transmissions, and identify 
the importance of contact tracing. 

•  The Chicago Transit Authority and New York Metropolitan Transit 
Authority used the team’s transportation modeling to forecast rider-
ship under various economic reopening scenarios.

•  Decision-makers at DOE, the National Nuclear Security Administra-
tion, and FEMA used results from the team’s data platform, and the 
team shared its findings from economic impact modeling with the 
U.S. Bureau of Economic Analysis.  

•  The CDC’s modeling group used the team’s ensemble dashboard 
to visualize output data from forecast models. In addition, the CDC 

Epidemiological 
Modeling
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Minority and Rural Health groups benefitted 
from the team’s efforts to (1) identify commu-
nities most vulnerable to K-12 school reopening 
disruptions (including specific geographic loca-
tions); (2) determine states with high vs. low 
COVID burden; and (3) compare urban vs. rural 
COVID mobility and burden.

Outcomes and Impact
Near-Real-Time Situational Awareness
One strategy for describing the state of a public 
health crisis involves using a pair of easily under-
stood values to map the conditions in a more 
complex region, such as a state or country, based 
on collective measurements from its constituent 
regions (e.g., counties). Using this data science 
approach, the Epidemiological Modeling team 
developed a bivariate choropleth map to simulta-
neously show two variables—COVID-19 velocity 
and acceleration rates—at the U.S. county level. 

For every county, the map’s 2D color legend 
indicates the rate at which the number of new 
COVID-19 cases increases over a week (velocity) 
and how this rate changes over that same period 
(acceleration). This approach to mapping velocity 
and acceleration provided a unique perspective on 
transmission dynamics and daily criticality of the 
COVID-19 pandemic (see Fig. 11, this page).

National Data Resource 
for Pandemic Modeling
The unprecedented nature of the COVID-19 pan-
demic has highlighted the need for a data infra-
structure that supports disease-tracing models 
with robust calibration and validation. To address 
this challenge, the team developed a data collec-
tion and curation platform to collect and curate 
disease data (600,000 data records per week for 
12 weeks) on the many attributes influencing 
response outcomes. Compared to most public 
sites, the resulting NVBL platform includes far 

Fig. 11. Bivariate choropleth map showing the changes in COVID-19 velocity and acceleration rates at the U.S. county 
level from one week in September 2020 to the next (as opposed to total number of cases). [Courtesy Oak Ridge 
National Laboratory]
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more attributes and has created the foundation for 
a unique national data resource to support future 
epidemiological and pandemic modeling.

Predictive Models of 
COVID-19 Dynamics
For short-term forecasts, the team developed data-
driven statistical models that predict new case 
counts at state, county, and metropolis scales, 
enabling short-term planning for contact tracing 
staff and testing capacity needs. For long-term 
forecasts, the team advanced existing epidemio-
logical modeling capabilities with platforms known 
as EpiGrid, EpiCast, and CityCOVID. 

EpiGrid is a model of disease progression that 
predicts geographic spread based on classifying 
populations as susceptible, exposed, infectious, or 
recovered. It produces results at 5-km resolution 
that cover the entire United States. EpiCast and 
CityCOVID are agent-based models that simulate 
the actions and interactions of autonomous char-
acters, or “agents,” following rule-based behaviors 
to assess their individual effects on the collective 
behavior of the entire system. EpiCast, originally 
designed to simulate community-level influenza 
transmission across the country, predicts COVID 
outcomes at the census-tract level. CityCOVID 
modeled hourly activities of ~3 million people 
across 1.2 million locations for the greater Chicago 
metropolitan area (see Fig. 12, this page). 

Together these models perform scenario-based 
analysis and mitigation planning and provide 
local, regional, and state-level decision-makers 
with information on intervention effects before 
they are implemented. Such information includes 
(1) experiments to understand stay-at-home and 
reopening order effects and timing; (2) comparison 
of the impacts of bar and school reopenings on 
COVID spread; and (3) effects of increased holi-
day gatherings and interactions on COVID spread. 
Additionally, these models enable simulations of 
various vaccination protocols to forecast effects 
on COVID spread.

Resource, Economic, and 
Vaccination Modeling
Using output from epidemiological models, the 
team calculated demand for practitioner types as 
well as committed and consumable resources for 
each U.S. county in multiple scenarios. They also 
applied models to forecast COVID-19 economic 
impact under multiple scenarios for virus progres-
sion and to estimate the cumulative economic 
impacts of shutdowns and potential recovery 
strategies. In addition, the team developed a new 
epidemiological modeling approach to quantify 
contact tracing, testing, and vaccination strategies 
in resource-constrained environments and to help 

Household
Workplace
School
Nursing Home
Hospital
Gym
Jail
College Dorm

Fig. 12. The CityCOVID model simulates how the virus 
moves through populations. It generates mobility pat-
terns based on the actions and interactions of individual 
people (agents). The above simulation forecasts hourly 
activities of 2.7 million people across 1.2 million loca-
tions in the greater Chicago metropolitan area. [Courtesy 
Argonne National Laboratory]
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identify optimal vaccination strategies for states 
and large metropolitan areas.

Mobility Modeling
Team members developed approaches to assess 
mobility behavior changes, for personal and freight 
movements, in response to SARS-CoV-2 and vari-
ants across the United States. Analysis of com-
mercial vehicle and cellular phone–derived mobil-
ity data revealed travel patterns for commercial 
activity by type and across industries, including 
bars and restaurants as well as passenger, fleet, 
and heavy-duty vehicles (see Fig. 13, this page). 
Three different agent-based transportation mod-
eling and simulation systems—POLARIS, BEAM, 
and CommuterSim—provided scenario-based 
transportation analysis. Scenarios were developed 
and assessed for the greater Chicago and New 
York City areas, with emphasis on public transit 
impact. The models provided ridership forecasts 

for various degrees of economic reopening with 
aversion to shared mobility such as public transit.

COVID-19 Data and 
Visualization Platform
The Epidemiological Modeling team developed a 
comprehensive data access and visualization plat-
form that can process multimodal and multisource 
data, enabling informed decision-making and 
monitoring of potential recovery efforts. In addition 
to showing current infection spread, the platform 
also captures the impact of human dynamics on 
disease spread and location and the availability of 
critical infrastructure. The platform can support 
epidemiological and pandemic modeling and simu-
lations driven by high-performance computing, and 
it is extensible, allowing third-party integration and 
services to use the curated data and analytics in 
near-real time.

Fig. 13. Cellular phone–based movement data provided assessment of social gatherings and explained consequent 
changes in COVID cases. For example, this data helped explain and validate a sixfold increase in COVID cases in 
Sturgis, S.D. (inside the red circle) following an August 2020 motorcycle rally. [Courtesy Oak Ridge National Laboratory]
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CHAPTER 6

Objectives and Approach 

SARS-CoV-2 is thought to be passed principally between people 
through inhalation of expelled droplets and aerosolized parti-

cles, but transmission through contact with contaminated surfaces 
remains a concern under certain circumstances. Data suggest aero-
solized SARS-CoV-2 can persist in enclosed environments (especially 
in poorly ventilated spaces) for several hours, and the virus can 
persist on some surfaces for days. A lack of understanding of SARS-
CoV-2 transport and fate and associated particles in the environment, 
including air, water, and surfaces, limits the ability to devise strategies 
to reduce virus uptake and prevent infection. Controlling community 
and workplace spread requires understanding the factors regulating 
SARS-CoV-2 viability, transmission, and transport as well as virus prev-
alence in the environment.

To better understand these factors, the Viral Fate and Transport team 
mobilized researchers across 11 DOE national laboratories and com-
bined unique experimental facilities with physics-based, data-driven 
modeling and simulation to study SARS-CoV-2 transmission, trans-
port, and fate. The resulting information has provided key insights 
required to understand factors involved in emergence, circulation, 
and resurgence of pathogenic microbes and to support pandemic 
response. The team focused on understanding and ultimately pre-
dicting SARS-CoV-2 viability in varied environments, with the goal of 
rapidly informing strategies that guide the nation’s return to normal 
activities. Primary team objectives included (1) prioritizing adminis-
trative and engineering controls that reduce the risk of SARS-CoV-2 
transmission within an enclosed environment, (2) identifying the 
chemical and physical properties that influence SARS-CoV-2 bind-
ing to common surfaces, and (3) understanding the contribution of 
environmental reservoirs and conditions to SARS-CoV-2 transmission 
and resurgence.

Viral Fate and Transport 
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Outcomes and Impact
Airborne Viral Transport 
and Fate Indoors
Leveraging highly instrumented, configurable 
facilities and computational capabilities available 
at DOE national laboratories, the Viral Fate and 
Transport team uncovered robust and quantitative 
information about how behavioral, environmental, 
and operational conditions affect airborne trans-
mission risk. For example, the team used computa-
tional fluid dynamic models to learn about airborne 
virus transport and how to reduce risk of indoor 
transmission in spaces like classrooms and con-
ference rooms. Simulations are based on experi-
mental results obtained using carbon dioxide gas 
and different particle sizes released in a manner 
mimicking respiratory gas and fluid emissions into 
the air (see Fig. 14, this page).

Surface Chemistry and  
Material Science Solutions
The Viral Fate and Transport team designed new 
antiviral materials with low potential toxicity 
to humans. One class of materials is based on 
composites of a transition metal oxide (compo-
nent A) combined with a copper-based virucidal 
agent (component B) that can adsorb SARS-CoV-2, 
trapping it in a thin film on the material’s surface 

and thereby deactivating it. When tested individ-
ually, the A and B components demonstrate little 
to no virucidal properties, but their combination, 
A x B, produces strong antiviral activity against 
SARS-CoV-2 (see Fig. 15, this page). This research 
examined binding of surrogate virus systems, as 
well as the SARS-CoV-2 spike protein, to nonbiolog-
ical surfaces. Supporting this research, the team 
also conducted direct imaging of virus-surface 
interactions using a range of imaging techniques 
available at DOE scientific user facilities.

Fig. 14. (a) Computational fluid dynamic simulation of the airflow and distribution of expelled respiratory particles 
within a classroom or office configuration. (b) Experimental setup to measure particle distribution in a classroom or 
office configuration. [Courtesy Sandia National Laboratories (a) and Lawrence Berkeley National Laboratory (b)]

(b)

Fig. 15. Antiviral activities of studied material systems 
vs. pure constituents (A) and (B) are shown in the graph. 
The image at right, taken using energy-dispersive X-ray 
spectroscopy (STEM-EDS), illustrates distribution of the 
materials (A, green) and (B, blue) on the surface of the 
developed composite antiviral materials (A)x(B). [Cour-
tesy Ames Laboratory and Iowa State University]
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Viral Transport and Emergence 
from Environmental Reservoirs 
The Viral Fate and Transport Team analyzed data-
sets to produce validated models for SARS-CoV-2 
fate and transport in wastewater and groundwater. 
Scenarios of particular interest were sewer water 
or septic tank seepage into groundwater and asso-
ciated subsurface transport, potential exposure 
routes, and risks to the population. The team also 
determined the effects of climate conditions on 
viral environmental transport and compared viral 
DNA sequences from wastewater and groundwater 

sites to analyze SARS-CoV-2 fate and infectivity 
associated with genomic change. The primary 
result from both groundwater and wastewater 
modeling is development of 1D and 3D models 
using literature data for other viruses. Important 
transport-related model parameters are advection, 
diffusion, colloid facilitated processes, adsorption/
desorption, and inactivation. Scenarios run with 
these parameters show that in unconsolidated 
subsurface environments, 200 m from origin, viral 
concentrations are 10% of the concentration found 
at the source.
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CHAPTER 7

DOE’s National Virtual Biotechnology Laboratory 
has proven to be an exceptionally effective 

contributor to the nation’s COVID-19 response. 
NVBL accomplishments demonstrate not only the 
game-changing resource represented by DOE’s 
17 national laboratories working together to meet 
national needs, but also the framework’s effec-
tiveness in rapidly responding to emergencies 
with R&D solutions. Because the COVID-19 fight 
is far from over, a continuing, sustained effort is 
needed to meet pandemic challenges, as well as 
future natural or manmade biorisks. The NVBL 
framework can effectively integrate the project 
areas described in this document, as well as define 
new projects to support scalable biosurveillance 
and prediction capabilities. The following sections 
outline major R&D areas essential to preparing for 
future national threats and challenges.

Materials and Manufacturing 
of Critical Supplies
DOE’s extensive expertise and capabilities in mate-
rials and manufacturing are critical to the discov-
ery of new materials important in fighting infec-
tious agents. New fabric that combines improved 
filtering and antimicrobial or antiviral agents is 
necessary for reducing the volume of face masks 
or other essential PPE. Moreover, new materials 
are needed to improve the ability to sterilize and 
reuse consumables. The supply chain shortages 
experienced early in the COVID-19 pandemic 
revealed the need for advanced manufacturing 

Future Directions
approaches for rapid tooling to enable industries 
to pivot quickly and ramp up supply production. 
Also required are capabilities to rapidly and 
resiliently establish supply chains to meet emer-
gency needs (i.e., “supply chains on demand”). The 
COVID crisis also demonstrated major bottlenecks 
in assembly processes. Although parts could be 
mass produced during the pandemic, assembly 
lagged, illustrating the need for new electronics, 
sensing, robotics, and automation capabilities to 
facilitate rapid assembly.

Molecular Design for 
Medical Therapeutics
NVBL made major advances in not only under-
standing the structure and function of biological 
threats, but also in supporting the development 
of molecular therapeutics for COVID-19 and 
other biorisks. Underpinning these achievements 
are the unparalleled capabilities of DOE’s high- 
performance Leadership Computing Facilities, 
combined with structural biology studies at its 
light, neutron, and nanoscale science research cen-
ter user facilities. However, the job is not finished. 
New computational approaches are needed to 
improve the rapid screening of millions of test mol-
ecules against virus and bacterial targets to quickly 
converge on high-potential therapeutic agents. 
Integrating these computational tools with exper-
imental platforms available at DOE user facilities 
would vastly improve the robustness of effective 
drug selection.
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Pathogen Testing 
Future protection of public, environmental, and ani-
mal health through rapid detection and monitoring 
of viral and bacterial agents requires fast, patient-
friendly, and cost-effective testing protocols along 
with new types of instrumentation. Such testing 
approaches are needed to address the evolution of 
the SARS-CoV-2 virus (or other viruses or bacteria) 
and provide early warning of future pandemics. 
These new tests should be adaptable to a range 
of sample types—both physiological (nasal, saliva, 
blood, urine, and feces) and environmental (air, sur-
faces, and wastewater or groundwater). Advanced 
testing approaches that use multiple pathogen and 
host-response signatures to detect a wide array of 
pathogens are needed to, for example, understand 
the role of co-infections in patient outcomes.

Epidemiological Modeling
The COVID-19 pandemic underscored the chal-
lenge of managing huge amounts of data to 
support decisions at the local, regional, state, and 
national levels. Advances are needed to integrate 
data from new physiological and environmental 
tests with myriad other types of monitored data. 
Also, a new framework is needed for data curation, 
analysis, and modeling that will respond to the 
near-real-time requirements of decision-makers 
during public health emergencies. Such a frame-
work could foster epidemic surveillance through 
development of a critically needed national public 
health data and reporting standard. Further, new 
data science and advanced AI approaches to bio-
surveillance and data fusion are needed to evaluate 
diverse mobility and demographic datasets. These 
approaches could be used to generate not only 
“early warning” alerts, but also impactful model- 
derived assessments of outbreak potential. DOE’s 
scalable data and high-performance computing 
capabilities would enable the synthesis of dynamic, 
accurate, and multimodal operations frameworks 
to parameterize epidemiological models on human 

mobility and interactions. Such an approach would 
(1) greatly improve both the accuracy and granular-
ity of predictive epidemiological models; (2) reduce 
uncertainties associated with prior approaches 
to contact network simulation; and (3) establish 
a modeling approach to rapidly quantify contact 
tracing, testing, and vaccination strategies in 
resource-constrained environments. These frame-
works would also serve as essential tools to help 
identify optimal vaccination strategies for states 
and large metropolitan areas.

Viral Fate and Transport
Designing engineered solutions that mitigate 
disease spread requires enhanced understanding 
of how infecting agents are transported in the 
environment, both indoors and outdoors in air and 
water sources. DOE’s expertise in building tech-
nologies and computational modeling can provide 
the knowledge needed to effectively design rooms 
and air handling for offices, classrooms, restau-
rants, and other structures to minimize biohazard 
transmission. In addition, DOE’s vast experience in 
understanding contaminant transport in the envi-
ronment can reveal how viruses and bacteria are 
spread in these settings. 

Conclusion
Through the integrated NVBL framework, DOE has 
demonstrated the power of bringing together the 
unique expertise and capabilities of its national 
laboratories to meet the challenges of an inter-
national pandemic. Since March 2020, NVBL 
advancements in manufacturing, therapeutics, 
testing, modeling, and viral fate and transport have 
illuminated the importance of essential, effective 
R&D in bioemergency preparedness and response. 
Going forward, NVBL can serve as a critical 
component of DOE’s integrated response to future 
biorisks and other emergencies, both natural and 
engineered.
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1D, 2D, 3D  one-, two-, three-dimensional
3CLpro   3 chymotrypsin-like protease
ACE2   angiotensin-converting enzyme 2
AI   artificial intelligence 
CARES Act  Coronavirus Aid, Relief, and Economic Security Act
CDC    Centers for Disease Control and Prevention 
COVID-19  Coronavirus disease 2019
DARPA   Defense Advanced Research Projects Agency
DoD   U.S. Department of Defense 
DOE   U.S. Department of Energy 
EUA   Emergency Use Authorization
FDA   U.S. Food and Drug Administration 
FEMA    Federal Emergency Management Agency
HHS    U.S. Department of Health and Human Services 
LLMDA    Lawrence Livermore Microbial Detection Array 
ML   machine learning
NIH   National Institutes of Health
NVBL    National Virtual Biotechnology Laboratory 
PLpro   papain-like protease
PPE   personal protective equipment
QC   quality control
R&D   research and development
RT-LAMP   Reverse Transcription Loop-mediated isothermal AMPlification
RT-PCR    reverse transcription polymerase chain reaction
SARS-CoV-2   severe acute respiratory syndrome coronavirus 2 
STEM-EDS   scanning transmission electron microscopy–energy-dispersive X-ray spectroscopy

Acronyms and Abbreviations
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