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ABSTRACT

The pervasiveness of irreproducible research remains a thorny problem for the progress of scientific endeavor,
spawning an abundance of opinion, investigation, and proposals for improvement. Irreproducible research has
negative consequences beyond the obvious impact on achieving new scientific discoveries that can advance
healthcare and enable new technologies. The conduct of science is resource intensive, resulting in a large
environmental impact from even the smallest research programs. There is value in making explicit connections
between the conduct of more rigorous, reproducible science and commitments to environmental sustainability.
Shared research resources (also commonly known as cores) often have an institutional role in supporting
researchers in the responsible conduct of research through training, informal mentorship, and services and are
particularly well suited to promulgating essential principles of scientific rigor, reproducibility, and
transparency. Shared

research resources can also play a role in advancing sustainability by virtue of their inherently efficient science
model in which singular shared equipment, technology, and expertise resources can serve many different
research programs. Programs that elevate shared research resources, scientific rigor, reproducibility,
transparency, and environment sustainability in harmony may achieve a unique synergy. Several case studies
and quality paradigms are discussed that offer tools and concepts that can be adapted whole or in part by
individual shared research resources or research-intensive institutions as part of an overall program of

sustainability.

ADDRESS CORRESPONDENCE TO: Susan M. Meyn, Office of Research, Vanderbilt University Medical
Center, 1161 21st Avenue South, Nashville, TN 37232 (E-mail: s.meyn@vumc.org; Phone: 615-322-0470)

Conflict of Interest Statement: The authors declare no conflict of interest.

Susan M. Meyn and Kathryn A. Ramirez-Aguilar contributed equally to this work.

INTRODUCTION

The pervasiveness of irreproducible research remains a thorny problem for the progress of scientific endeavor,
spawning an abundance of opinion, investigation, and proposals for improvement. A PubMed search on the
keyword “reproducibility” yields over 500 000 titles across the depth and breadth of scientific disciplines, with
the vast majority published in the last 20 years. This seems to indicate a general concurrence among scientists
that research irreproducibility is a problem. However, there also appears to be a certain inertia when it comes to
changing individual researcher practices even in assessing the work of others. The journal Nature published a
survey in 2016 of more than 1500 scientists, revealing that over 70% of them reported failure to reproduce
other scientists’ experiments.[1] More than 50% of those surveyed agreed there is a crisis of reproducibility,

yet, paradoxically, fewer than 31% thought their own failure to reproduce an experiment meant that the
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published result could be wrong. The National Institutes of Health (NIH), the major source of funding for
biomedical research in the United States, has sought to incentivize the application of principles of rigor,
reproducibility, and transparency (RR&T) by making them essential criteria for grant awards. In a 2015
announcement,[2] the NIH emphasized 4 broad areas that should be addressed in demonstrating rigor and
transparency in grant applications: 1) the scientific premise of the proposed research, 2) rigorous experimental
design for robust and unbiased results, 3) the consideration of relevant biological variables, and 4) the
authentication of key biological and/or chemical resources. While the NIH initiative has raised some awareness
of the need to address the problem of research irreproducibility, it is unclear the extent to which it has

promoted improved practices and outcomes.

CONNECTION BETWEEN REPRODUCIBILITY AND
ENVIRONMENTAL SUSTAINABILITY

Beyond the implications as an administrative criterion for receiving NIH or other sponsored grant funding,
irreproducible research in and of itself has immediate negative consequences: research funding from sponsors
(and often taxpayers) is spent on experiments that cannot succeed. This devalues the positive societal impact
that might otherwise be achieved with these funds; the negative effect is extended when research programs and
scientists experience delays associated with “dead ends” that often result from trying to build on irreproducible
work. Society at large thus suffers by waiting longer for new scientific discoveries that can, for example,
advance healthcare and enable new technologies. The potential for wasted funds, effort, and resources is
further amplified by the significant environmental footprint of scientific research. Laboratories are energy
intensive, typically using 3 to 10 times more energy than commercial spaces.[3] A survey of the University of
Virginia operations revealed that laboratories, though making up only 13% of the university’s physical
footprint, are responsible for 33% of the university’s building energy use.[4] Laboratory research also
frequently generates large waste streams of single-use plastics. As a result, science based on irreproducible
research exacerbates the negative impact of large resource use on the environment. To give a sense of the scale
of these negative consequences, a 2015 study estimated that “scientists in the United States spend $28 billion
each year on basic biomedical research that cannot be repeated successfully.”[5] It can therefore be argued that
a commitment to the conduct of more rigorous and reproducible research can not only have a wide ranging and
significant positive impact on society in general but can also advance efforts to improve environmental
sustainability: a well-designed experiment conducted under rigorous conditions will yield quality results with
fewer repetitions, enabling more sustainable use of resources including research supplies, equipment, and
utilities (energy and water) for equipment and experimental processes. New studies built on such rigorously
conducted science are better set up for experimental success, amplifying quality and accelerating discovery in a
virtuous cycle. Finally, the adoption of a shared resource model where possible can further amplify this
positive impact by consolidating use of space, equipment, and resources in professionally staffed laboratory

settings already shown to enable efficiency and more reproducible science.
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CONNECTION BETWEEN SHARED RESEARCH RESOURCES AND
REPRODUCIBILITY

Shared research resources (SRRs, also commonly known as cores) often have an institutional role in
supporting researchers in the responsible conduct of research through the training, informal mentorship, and
services provided by the SRR directors and/or staff. SRR personnel are particularly well suited to promulgating
essential principles of RR&T by facilitating good experimental design and validated methods, providing
authentication services for key biological and/or chemical resources, and defining and establishing rigorous
methods for acquiring and analyzing large, complex experimental datasets. Recognizing this, the Association
of Biomolecular Resource Facilities (ABRF) Committee for Core Rigor and Reproducibility (CCoRRe) has
encouraged the development of guidelines and discipline-specific best practices for SRRs to enhance their role
in supporting the research community by promoting intellectual and scholarly rigor and appropriate

transparency to encourage and enable reproducibility in science and practice.[6]

Through the implementation and sharing of best practices, SRRs also demonstrate to users the effectiveness of
a more rigorous approach to the conduct of science, enabling individual investigators to better incorporate
these practices into their own research programs. At Vanderbilt University Medical Center (VUMC), SRRs are
guided by commonly applicable principles of RR&T (Table 1). Each VUMC SRR is encouraged to develop
resources that support best practices of scientific rigor and transparency as appropriate to its scope of work,
including mechanisms for sharing grant- and manuscript-ready text, the development/maintenance of technical
standard operating procedures (SOPs), internal oversight to ensure adherence to written guidelines, compliance

reporting guidelines, and other educational/training materials.

Table 1

Commonly applicable principles of rigor, reproducibility, and transparency for Vanderbilt University Medical Center SRRs
Methods are documented and systematically defined by use of peer-reviewed, consistently applied SOPs

Reagents are validated and properly maintained (ie, inventory controls and proper storage)

Software tools are validated

Instrumentation is maintained and calibrated

Positive/negative controls are justified, used, and appropriately interpreted

Batch effects are defined and reported

Statistical tests are appropriate to the data type and experiment



. . Addressing the Environmental Impact of Science Through a More Rigorous,
Journal of Biomolecular Techniques « Volume 33(4); 2022 Dec . .
Reproducible, and Sustainable Conduct of Research

Quality control (QC) and sample data delivered to SRR user is clearly annotated, including interpretation of false

positive/negative results. Results should be supplied in full unadulterated form for future analysis
Education provided to researchers for the purposes of accurate reporting of results
SRR staff are appropriately trained on new instrumentation/methods

Where applicable, limitations on the interpretation of resulting data are explained

SRRs AS A MECHANISM FOR ADVANCING
EFFICIENCY/SUSTAINABILITY AND RR&T

SRRs can play a role in advancing sustainability by virtue of their inherently efficient science model in which
singular shared equipment, technology, and expertise resources can serve many different research programs.
This shared model avoids proliferation of duplicative equipment, enabling resource and cost efficiencies for
laboratory space, general and scientific infrastructure, materials and supplies, energy usage, and, in some cases,
the avoidance of waste generation. As noted above, because of expertise provided by SRR facility directors and
managers, SRRs are key partners for the training and education of the next generation of scientists, as they
most commonly interact directly with graduate students, postdoctoral trainees, and early career investigators.
This not only makes SRRs effective agents for transmitting and applying principles of RR&T, but it also
provides an opportunity for SRRs to extend their influence and capabilities toward a more efficient and

sustainable conduct of research for the long term.

The challenge for SRRs to leverage this opportunity is considerable, however, as highlighted in an ABRF
survey of SRR directors, managers, and staff.[7] While many respondents were aware of the impact of
irreproducible research and were actively incorporating best practices for RR&T into their SRR operations, the
large majority of them reported a lack of institutional engagement in these efforts. A recent report from the
Federation of American Societies for Experimental Biology (FASEB) suggests that the more intuitive
institutional focus on sustainability as a financial concern could be extended to enable a more holistic view that
encompasses social and environmental factors as well.[8] Therefore, one possible strategy is to explicitly
integrate newly emerging (and higher profile) institutional programs for broad environmental sustainability
with certain essential characteristics of SRRs, which, as an existing pipeline for good science, can promote and
align shared principles of scientific RR&T with those of environmental sustainability (Figure 1). These

essential characteristics of SRRs include the following:
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Figure 1
Integrating SRRs, environmental stewardship, and sustainable practices to advance scientific
knowledge and societal benefit.

o Efficient use of space, utilities, and equipment. SRRs are a mechanism for the consolidation of resources,
such as equipment of various kinds, from high-end equipment to more basic equipment, that is useful to
scientists in many different disciplines. Within a single laboratory space, an SRR facility can provide access to
an instrument or instruments (eg, a mass spectrometer, electron microscope, UV-Vis spectrometer, floor
centrifuges, etc.) that can be used by dozens or hundreds of researchers. Investigators save money, as an SRR
facility is able to purchase reagents and supplies in large volumes that a single research laboratory could never
achieve, and can share the cost of expert technical staff and instrument maintenance across many users. In
addition, an institution benefits by serving intensive infrastructure needs that often accompany such instrument

operation (cooling, electricity) to a single laboratory space instead of many.

e Rigorous conduct of experiments. SRRs specialize in providing expert training, advice, and highly
reproducible scientific services, resulting in reliable data that can be confidently interpreted—and therefore less
likely to be challenged and more likely to be reproducible by others. Increased reproducibility and access to
expertise can enable greater experimental success earlier in a project, thus saving researchers time and reducing
the amount of material needed to run experiments, such as single-use plastics. In addition, because of the
volume of SRR user projects, high-density experimental formats are possible, which can reduce the amount of
instrument runs. SRRs thus inherently conserve the use of resources and energy while researchers benefit from

receiving high-quality results.
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e Expert data management and analytical practices. SRRs are often the source of large datasets used in
academic research and, as such, play an integral role in producing reproducible results. In addition to
producing reliable primary research data, SRRs often provide expert data analysis and visualization services as

well as infrastructure for managing research data that ensure integrity and security.

CASE STUDY: UNIVERSITY OF VERMONT LARNER COLLEGE OF
MEDICINE CENTER FOR BIOMEDICAL SHARED RESOURCES

Larner College of Medicine at the University of Vermont plans to relocate several shared resources into a
newly constructed research building in 2022. Through a successful NIH C06 award ($5.6M, grant 1C06-
0DO030087-01), the entire first floor of the Firestone Medical Research Building in the heart of the medical
campus will house the innovative Center for Biomedical Shared Resources (CBSR), consisting of the
Microscopy Imaging Center, the Vermont Integrative Genomics Resource, Flow Cytometry, and the
Proteomics Resource. Maximizing energy savings as well as stimulating cross-core collaborations and
interactions is intentionally reflected in an “open floor plan” architectural concept. Environmental
sustainability is further supported through plans to apply for a U.S. Green Building Council gold level
Leadership in Energy and Environmental Design (LEED) certification[9] and through incorporation of the
latest sustainable design practice advances aligned to the University’s “Environmental Design in New and

Renovated Buildings” policy.

The CBSR itself will extend the commitment to minimize environmental impact through 1) shared purchasing
of reagents and consumables to diminish waste, 2) ordering only the minimally necessary amounts of
chemicals requiring hazardous waste disposal, 3) eliminating the use of mercury bulbs on fluorescence
microscopes by replacing with alternative less hazardous sources,[10] 4) using recirculating house water to
supply the chiller unit for the transmission and scanning electron microscopes, and 5) reducing user travel by
offering mailing services and providing remote consultation, training, and imaging sessions for off campus

clients.

The CBSR cores will advance RR&T by adhering to the NIH policy and guidance on rigor and reproducibility.
[11],[12] This includes the strict application of scientific methods that support robust and unbiased design,
analysis, interpretation, and the reporting of results and sufficient information for use by advisory committees,
the broader research community, and public health stakeholders. As SRRs provide a variety of research
services and intellectual consultation for hundreds of investigators,[13] the cores in the CBSR are committed to
adhere to and promote these NIH guidelines. This of course encompasses multiple aspects, including the
following: 1) training and educating investigators in proper experimental protocols used in the individual cores,
including the selection of appropriate negative and positive experimental controls; 2) educating investigators in
proper and ethical processing and the interpretation of data and images; 3) a grounding in the proper use of the

appropriate statistical tests and parameters for specific experimental datasets; 4) proper training in the
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appropriate use of and understanding of the operating principles of complex instrumentation; and 5)

fastidiously maintaining equipment and instruments for optimal and reproducible performance.

The CBSR SRRs are beginning now to track quality assurance issues in pre-analytic, analytic, and post-
analytic forms. Strict requirements in this regard are already a mandatory component for licensed accreditation
of the diagnostic electron microscopy performed in the Microscopy Imaging Center, and relevant aspects of the
guidelines will be implemented in the research activities of the CBSR. Samples submitted to the SRRs for
processing and analysis are routinely scrutinized for quality and appropriateness for intended experiments. The
CBSR SRRs are currently implementing 2 of the main tools that respondents to the survey[6] cited as key for
enhancing core facility rigor and reproducibility: 1) using iLab_for the integrated management of core SOPs for
data, equipment, reagent, specimens, supplies, and personnel and 2) requiring mandatory consultation between
core staff (including directors) and investigators prior to the onset of a project. This process will allow the
CBSR to easily follow potential issues with a sample from receipt until the final delivery of the results to the
client. The CBSR holds as a bedrock principle that SRRs should be in the forefront in implementation of, and

adherence to, the scientific principles of RR&T, with the ultimate goal of passing them on to SRR users.

LEVERAGING QUALITY STANDARDS TO ADVANCE RR&T AND
ENVIRONMENTAL SUSTAINABILITY

The push toward scientific RR&T in academic SRRs can benefit from examining well-established industrial
quality, process improvement, and financial models, including the development of Total Quality Management
(TQM) and nternational Organization for Standardization (ISO) 9000[14] that led to a global supply chain and
subsequent advances in the complexity of product across fields as varied as automobile, medical device, and
electronics manufacturing. When evaluating the role of centralized facilities from an environmental
sustainability standpoint, a comparison can be further made to industries that choose to pursue certification in
the ISO 14000 family.[14] ISO 14000 mirrors ISO 9000 standards for process improvement and is based on
TQM methodology but with a focus on environmental impact. The most common certification pursued is ISO
14001, which describes requirements for environmental management systems. The key aspects of this standard
include developing an institutional-level environmental policy, generating employee buy in, setting
sustainability targets, using life cycle analysis in decision-making, and having a continuous evaluation and
improvement plan. While recent studies are mixed on the advantage offered through pursuing ISO 9000
certification,[15] these studies focused on mature industries. However, it appears that early adopters of these
techniques had a clear competitive advantage.[16],[17] From this viewpoint, SRRs and the institutions that
most effectively implement rigorous quality assurance programs such as TQM or ISO 9000 may well enjoy a
competitive advantage over groups and institutions that are late to implement. A similar argument can be made
when comparing the academic SRR model to the industrial adoption of LEED-certified construction and ISO

14000 and product life cycle management.
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Numerous evaluations of the financial impacts of ISO 14000 certification have been performed, ranging from
first principles analysis to an empirical analysis of financial performance.[18],[19],[20] When considering the
postimplementation financial performance of ISO 14000—certified corporations versus the S&P 500, the ISO
14000—certified corporations do realize cost savings in initial 3- to 5-year periods[19] and were able to achieve
more than twice the return over the broader S&P 500 portfolio from 1996 to 2015 in a rule-based, buy and
hold, model portfolio.[20] While this study was limited to showing that ISO 14000 certification was correlative
with improved financial performance, the finding is in contrast to studies of companies seeking only ISO 9000

certification with less clear results.[21]

CASE STUDY: UNIVERSITY OF NORTH CAROLINA SCHOOL OF
MEDICINE HIGH-THROUGHPUT SEQUENCING FACILITY

The standardization of next-generation sequencing workflows through the adoption of a quality management
system (QMS) benefits both basic science and clinical applications.[22],[23],[24] A QMS is a formal system
characterized by the documentation of all processes and procedures guiding an organization’s central activities.
Through the establishment of expectations for standard processes and performance, research organizations
(including SRRs) engender confidence from customers, optimize workflows, reduce costs, and drive
continuous operational improvements.[25] The High-Throughput Sequencing Facility (HTSF) at the University
of North Carolina (UNC) School of Medicine instituted a formal QMS based on principles of the ISO 9001
system 2015 requirements. Process improvement followed the principles of Six Sigma[26] and included
discovery, process mapping, training, drafting SOPs, metrics tracking, root cause analysis, customer meetings

to gather feedback, and mock audits.[27]

The implementation of this QMS and the adoption of a continuous improvement mindset in the UNC HTSF
has provided numerous benefits to the SRR, the customers, and the staff related to sustainability. The SRR has
experienced a reduction in laboratory errors, obviating the need for rework, which leads to wasted time and
revenue and customer dissatisfaction. Improved inventory management processes have resulted in a reduction
in lost reagents because of expiry and a timelier processing of reagent orders based on customer demand and
forecasting. The consistency and reliability of SRR services has improved, reducing material and temporal
waste streams. The health and safety for SRR staff has improved, reducing accidents and associated downtime.
Importantly, the HTSF has completed multiple successful quality audits of the SRR’s QMS, ensuring ongoing
procurement of DNA/RNA sequencing contracts from multiple federal laboratories and agencies. The
sustainability of these key scientific relationships further supports RR&T across time, eliminating the risks
associated with using multiple SRRs/vendors to complete different projects. SRRs are integral to the conduct
and success of biomedical research across the basic and clinical spectrum. Although SRRs may be unique
related to focus, instrumentation, expertise, and customer base, all SRRs will benefit from a QMS to drive

sustainability, rigor, and responsible conduct of reproducible research.

10
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EXPANDING SRRs TO INCORPORATE MORE EQUIPMENT IN LOWER
TO MID-COST CATEGORIES TO GROW RR&T AND SUSTAINABILITY

At research institutions, scientists readily think of sharing equipment that is expensive because it is often
otherwise cost prohibitive, but there is an abundance of untapped opportunities to improve the sharing of
research equipment in the lower to mid-cost categories, equipment that many researchers can afford to
purchase for their individual laboratories. A shift in the culture of the research community to more readily
include these less expensive, but important, equipment resources in staffed SRR facilities rather than individual
laboratories will help expand the capability of SRR to benefit RR&T and sustainability. Just like expensive
equipment types, increased sharing of more affordable but important equipment types, such as
spectrophotometers, microscopes, biosafety cabinets, nanodrops, centrifuges, thermocyclers, etc., leads to
avoided equipment duplication, more efficient use of space, and utility savings. Furthermore, RR&T still
benefits from an SRR director or staff member with expertise overseeing equipment upkeep, providing advice
on experimental design, ensuring quality of stocks, and training users on proper techniques and effective use of
equipment. Additionally, as institutions elevate interdisciplinary research, widespread access by researchers to
more basic equipment resources and experts in different disciplines is becoming increasingly important to

support scientists with research projects bridging traditional discipline boundaries.

Because the investigative focuses of research groups will often change over time, and therefore so can the
research equipment needs of the research group, it is not uncommon for equipment in lower to mid-cost ranges
procured by individual principal investigators to become underutilized or unused within individual research
laboratories, turning laboratory space into storage space for that equipment. This common inefficiency problem
is avoided with SRR facilities, where it does not matter if the direction of an individual research group changes
because that SRR equipment is serving many different research groups. Research institutions can often find
underutilized equipment resources in individual research group laboratories. Through the engagement of
research scientists, the BioCore Shared Instrumentation Program at University of Colorado Boulder (CU
Boulder) is an example of a successful effort working to migrate underutilized resources into managed, shared
equipment that many scientists can access. In the BioCore model, some equipment is moved to a shared
laboratory space, while others remain in individual laboratories where access to equipment is coordinated

and/or communicated by the BioCore manager.

CASE STUDY: CU BOULDER LARGE SHARED CELL CULTURE FACILITY

In the Department of Biochemistry at CU Boulder is a large, shared cell culture facility used by researchers
throughout the department as well as some outside department laboratories. This facility is composed of
equipment needed for cell culture that individual research groups could have afforded to procure for their
individual laboratories but have chosen not to, such as biosafety cabinets, incubators, cryo-storage units,
refrigerator/freezer units, centrifuges, and light microscopes. A manager of the shared facility oversees all the

logistics of upkeep of the shared equipment, the training of new users, the autoclaving of waste, and the

1
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ordering of supplies for the users. A white paper case study available online analyzes and calculates the cost
avoidance ($195 000 in avoided direct costs/year and $58 000 in avoided overhead costs/year) and includes a
discussion of the benefits to researchers and the institution that is realized through the use of this shared facility
rather than individual cell culture setups in each different research group’s laboratories. The biggest financial
savings calculated is in terms of researcher time. Having a manager available to consolidate the tasks necessary
to keep cell culture going for 16 laboratories (or research groups) greatly reduces the time to complete those
tasks and enables researchers to instead stay focused on science. At the time of the white paper, 16 laboratories
were utilizing the shared facility for a total of 70 users and has continued to grow since that time. Through a
reduced need for equipment as a result of sharing, this SRR facility achieves 30% space savings over
conducting cell culture in individual laboratories and also ventilation and electricity savings. Furthermore,
because the facility is serving a large number of scientists, this enables bulk purchasing of supplies, which is
also documented in the case study. In terms of RR&T, there are also numerous actions taken and services
offered by the facility director, which benefits research quality and rigor, such as ensuring timely biosafety
cabinet certifications and filter replacements, conducting periodic mycoplasma contamination testing on behalf
of all users, the use of an alarm system on shared liquid nitrogen freezers, implementation of a manifolded
carbon dioxide system with backup tanks for incubators, testing of fetal bovine serum for consistency between

stocks, and consistent training of all users of the facility on proper cell culture technique.

While there are other examples of shared cell culture facilities at other universities, the results of a survey
(included in the case study) of 35 Association of American Universities institutions found that cell culture
setups in individual laboratories are by far more common at US universities.[28] As a result, there is large
untapped potential to shift to more equipment sharing for cell culture in the United States. The NIH awards
approximately 50 000 competitive grants per year.[29] If the assumption is made that just 5% of those NIH
grants are for research groups that will need to conduct cell culture for some aspect of the proposed research
and that those research groups conduct cell culture with individual laboratory setups where a shared cell culture
facility could fit the need instead, then shifting to a shared facility model for these 2500 grant-funded research
laboratories, using numbers calculated in the case study, would translate to a cost avoidance of approximately
$30.5 million/year in direct costs and approximately $9 million/year in overhead costs, in addition to reduced

needs to purchase cell culture equipment and reduced needs for laboratory space.

DISCUSSION

Interest in laboratory sustainability appears to be growing generally, and the implementation of “green labs”
programs are becoming increasingly prevalent at research intensive institutions. These programs are often
collaborative endeavors, with scientists, students, trainees, and other campus stakeholders working together to
identify and implement sustainable solutions that can support research goals while also reducing the
environmental impact of research. The University of Virginia (UVA) Smart Labs Program, for example, is

enabling more sustainable laboratory space by targeting laboratory ventilation inefficiencies. Once fully
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implemented, this Smart Labs Program envisions saving UVA an estimated $5 million per year in energy
savings.[30] On the “bench side,” UVA laboratory members are encouraged to make more efficient and
sustainable choices through participation in the UVA Green Labs Program, which offers the UVA Green Lab
Certification, the International Freezer Challenge, and other initiatives. During a recent “Shut the Sash” contest
at UVA, the Office for Sustainability team reported saving $34 000 in energy costs in 1 month through the
efforts of 21 laboratories closing their fume hood sashes when not in use, concluding that “maintaining those

behaviors could result in energy savings of over $400 000 annually.”[31]

The connection between SRRs and sustainability within scientific research has also become a topic of interest
over the past ~7 years for the green laboratories and laboratory sustainability movements. The CU Boulder
Green Labs Program, discussed in more detail below, has been actively working to elevate awareness of SRRs
as agents for improved environmental sustainability locally, regionally, nationally, and internationally through
the International Institute for Sustainable Laboratories (I2SL). As a natural outcome of these efforts, new and
productive relationships have also formed between I2SL and organizations such as FASEB and ABRF that
have a strong SRR focus. ABRF-CCoRRe efforts to elevate the connection SRRs and best practices for RR&T

have also begun to promote the more complex interplay between SRRs, RR&T, and sustainability.

Collaborative engagement across the broader research community can result in new calls to action for
improved laboratory sustainability that could also lead to better support of SRRs and staff for SRR facilities.
The CU Boulder Green Labs Program, working with scientists, SRR staff, and other stakeholders, has grown a
campus-wide culture of equipment sharing at CU Boulder that provides one blueprint for how other institutions
could accomplish similar goals. For example, a list of the many positive benefits of managed SRRs (Figure 2)
has been promoted across CU Boulder by the Green Labs Program to the scientific community and those who
touch the research enterprise in others ways such as campus planners, facilities management, institutional
administrators, and senior leaders. This has been accomplished through the Green Labs Program’s day-to-day
interactions, partnership efforts with scientists, including core directors, and campus outreach activities
organized by the program. The latter also serve to raise awareness of SRRs, providing tours of SRR facilities
and posters promoting the benefits of SRRs, incorporating SRRs into new student and faculty orientations,
providing presentations on the intersection between SRRs and sustainability to a wide range of stakeholders,
and writing white papers on how to leverage institutional strategic visioning and goals. CU Boulder Green
Labs has also led development of the CU Boulder Shared Instrumentation Network and obtained initial campus
funding to start the BioCore Shared Instrumentation Program. These efforts have resulted in the growing
support of SRRs at CU Boulder for new institutional priorities that align with recommendations from the
FASEB “Maximizing Shared Research Resources Part III” report.8 The institutional synergy enabled by the
CU Boulder Green Labs Program continues to strengthen SRRs through the establishment of new research
space allocation guidelines that support SRRs, the consideration of SRRs during lab renovation and

construction projects, and the creation of a new Director of Cores and Shared Instrumentation position.
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Nationally, such heightened awareness at academic research institutions can help these institutions respond

productively to the global climate crisis by better meeting energy and greenhouse gas reduction.
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The many benefits of managed SRRs.

Decision makers now have a road map to how the large environmental footprint of individual laboratories can
be mitigated by strengthening and promoting the integration of SRRs into the research enterprise as a more

efficient way of conducting science that can yield more sustainable and rigorous research.

As scientific RR&T as well as environmental sustainability receive additional scrutiny by taxpayers and
funding agencies, early adopters of best practices may develop competitive advantages when seeking funding
and successfully completing research. As noted above, SRRs are uniquely positioned to disseminate and
amplify these practices, and thus implementation within SRRs is more efficient than attempting to implement
one Principal Investigator (PI) per laboratory at a time. With SRRs as the effector mechanism, an institution
can employ a holistic strategic planning process to align new initiatives to RR&T and/or environmental
sustainability goals based on the opportunity and still achieve synergistic gains across both domains. While

there is a cost to implement TQM or improved environmental standards, there is also a cost to falling behind
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the curve and missing future opportunities. ISO 14000/LEED certification, both discussed earlier, may open
access to new sources of capital from environmentally responsible investment funds and an additional
customer base that values environmental sustainability when making purchasing decisions.[18] From a first
principles standpoint, reusing equipment as well as reducing waste, the use of toxic chemicals, and energy
lowers costs of production and reduces both costs of production and the risk of long-term costs for
environmental remediation. While these benefits may be associated with added costs for development,
increased bureaucracy, and potentially expensive operations, SRRs provide an efficient agent for distributing
these costs over many users and projects, thus minimizing financial impact while maximizing quality and

sustainability.

Given the data available in the industry discussed above, one can ask why academic laboratories are not more
consistently adopting best practices regarding RR&T and environmental sustainability. Critically, in the
industrial model, all costs roll up to a single entity, while in the academic model, financial interests are
distributed among scientists, research institution administrators, and grant funding bodies (government and
nongovernment) that may have various priorities and requirements. This can lead to decisions that are wasteful
in terms of capital investment, operational expenses, space allocation, and natural resource use, as the
equipment purchased for single projects may be used for only a short period and then stored away rather than
making the equipment broadly available to other groups with overlapping technical needs. More accessible but
less well-documented alternatives to the entrenched ISO and other standards do exist, which may be more
appropriate for implementation in research environments, such as AGILE[32] or EQUIPD.[33] SRRs are
uniquely positioned to enable and support a transition to these and/or more industry-inspired life cycle and
quality models (as SRRs already repurpose older instruments to perform more basic experiments as new
technology becomes available), make equipment broadly available to minimize redundancy and waste
generation, and centralize energy-intensive infrastructure needed to support complex instrumentation and
process flows. If funding agencies were to consider the total life cycle of equipment, funded projects, and real
costs to maintain equipment, the US taxpayer may be able to benefit from levels of financial performance that
corporations have enjoyed in adopting rigorous quality standards while reducing waste and energy use in

academic institutions.

The responsibility for the development of programs and practices that enhance RR&T and environmental
sustainability need not be limited to the SRRs and their home institutions. The manufacturers and vendors of
instruments and reagents used by SRRs and across academic research can also play a role. Working with
vendors that offer green and recyclable packaging and/or instrumentation that incorporates energy-efficient
practices such as automatic shutdown after the completion of a run can contribute to improved environmental
sustainability. SRRs also have opportunities to work more directly with and leverage their vendors’ expertise
and resources, engaging them as partners to develop new protocols for more efficient instrument operations
and training on technology platforms. A manufacturer/vendor’s field application staff and technical support

staff are focused on specific instrument platforms and applications and have both a deep knowledge and a
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vested interest in the successful use of their instrument platforms. Often these individuals hold advanced
degrees, have multiple years of laboratory experience, and have access to well-established training and
technical resources. The collaboration by SRRs with these experts to use vendor-generated educational
resources can provide a consistent foundation of knowledge that can also potentially enhance the knowledge of
SRRs and their client/users. In particular, clients of SRRs often have minimal training and knowledge of the
technologies being utilized; this is especially true for early-stage scientists. Whether an SRR client is the
operator of the instrument or not, there is always a need to provide training on proper experimental design,
sample preparation, equipment usage, and data visualization tools associated with a given instrument. Proper
training on instrument operation and the critical factors that impact experimental success will help avoid failed
experiments and irreproducible results that waste time and resources. A successful implementation of a vendor-
sponsored training program does involve close consultation with the SRR to define the needs and expectations
for a given training, and it is important to ensure that trainings are not commercially focused and, most
importantly, structured in a manner that focuses on building user knowledge and understanding of a technical
platform. However, SRRs, their users, and vendors can all benefit from such collaboration, which may spark
improvements in reagent and consumable use, energy consumption, and instrument maintenance that all

support the advancement of RR&T and environmental sustainability.

In summary, it is critical to note that environmental sustainability is a value in its own right, and many
academic institutions are developing specific initiatives to adopt principles of waste avoidance, energy
efficiency, and carbon neutrality. While much of this necessarily begins with the low-hanging fruit of general
waste streams and energy use, the resource-intensive conduct of research presents a much greater challenge.
Recently, the US Department of Health and Human Services (HHS), the parent to the NIH, issued the HHS
Climate Action Plan (CAP), stating that “sustainability goes hand-in-hand with the HHS mission to protect the
health of all Americans.” A priority in the HHS CAP is to “Develop Climate-Resilient Grant Policies” and
identifies equipment sharing as a specific action that researchers and research-intensive institutions can take to
improve climate resilience. It is also of note that the recently published NIH-wide Strategic Plan calls for NIH-
supported research to be “...conducted efficiently, responsibly, ethically, and with integrity.” As part of that
goal, NIH restates its commitment to enhance scientific RR&T through promotion of more rigorous and
transparent research practices. As argued throughout this article, these RR&T principles should be seen in
natural alignment with, and connected to, those of environmental sustainability; the rigorous conduct of science
can lead to more reproducible results and so is logically conserving of finite resources. Furthermore, SRRs
have the inherent efficiency, scientific capabilities, and the institutional reach in many cases to advance
knowledge and understanding, change practices at an enterprise scale, and steward technological and energy
resources for broad research impact and ultimately societal benefit. By more comprehensively adopting
learnings from industry around quality improvement and technological advancement and by thoroughly

embracing their central role as disseminators of best scientific research practices, already efficient SRRs can
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become the unique catalyst that will make a truly rigorous, reproducible, transparent, and sustainable research

enterprise possible.
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