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Biomaterials--from implanted iron teeth in the second century to intraocular

lenses, artificial joints, and stents today--have long been used clinically. Today,

biomaterials researchers and biomedical engineers are pushing beyond these

inert synthetic alternatives and incorporating complexmultifunctional materials

to control biological interactions and direct physiological processes. These

advances are leading to novel strategies for targeted drug delivery, drug

screening, diagnostics and imaging, gene therapy, tissue regeneration, and

cell transplantation. While the field has survived ethical transgressions in the

past, the rapidly expanding scope of biomaterials science, combined with the

accelerating clinical translation of this diverse field calls for urgent attention to

the complex and challenging ethical dilemmas these advances pose. This

perspective responds to this call, examining the intersection of research

ethics -- the sets of rules, principles and norms guiding responsible

scientific inquiry -- and ongoing advances in biomaterials. While

acknowledging the inherent tensions between certain ethical norms and the

pressures of themodern scientific and engineering enterprise, we argue that the

biomaterials community needs to proactively address ethical issues in the field

by, for example, updating or adding specificity to codes of ethics, modifying

training programs to highlight the importance of ethical research practices, and

partnering with funding agencies and journals to adopt policies prioritizing the

ethical conduct of biomaterials research. Together these actions can

strengthen and support biomaterials as its advances are increasingly

commercialized and impacting the health care system.
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Introduction

Research ethics encompasses the set of rules, principles, and

norms that guide responsible, morally acceptable, scientific

research not just in biomaterials but across diverse fields of

inquiry. Like almost all fields, biomaterials research has been

caught up in research misconduct from time to time (Fanelli,

2009; Cyranoski, 2015). Minimizing these violations is important

for the field if scientists and engineers are to maintain public

trust. Rather than focusing on these issues, which are often driven

by larger systematic considerations, this perspective focuses on

research ethics questions driven specifically by the nature of

ongoing advances in biomaterials research itself. These include

biomaterials research using animal models, clinical research

engaging human research subjects, and research using other

emerging and contentious techniques. Our examples do not

encompass every relevant research ethics principle, but rather

illustrate those especially relevant to biomaterials. We hope this

approach illuminates some of the tensions inherent in modern

biomedical and bioengineering research and helps practicing

biomaterials scientists and engineers navigate these challenges.

Ethical considerations in preclinical animal
research

Animals are indispensable to thedevelopment of biomaterials,

especially in the context of clinical translation (Liguori et al., 2017),

yet theuseofanimalsraisesethicalconcerns formanystakeholders.

Key ethical principles for animal research, articulated by Russell

and Burch in 1959 (Russell and Burch, 1959), focus on replacing,

reducing and refining animal use. Biomaterials scientists should

draw on these principles—known as the 3Rs—in their

experimental designs, utilize strategies (including those listed

below) to comply with them when possible and be aware of

biomaterials’ important role developing additional strategies

that can help reduce or replace animal use in research over the

longer term (Tannenbaum and Bennett, 2015).

In Vitro Replacement of Animals: The complex immune,

mechanical, and cellular factors that animal models provide

cannot be mimicked with in vitro assays when assessing host-

biomaterial interactions. However, recent advances in tissue-/

organ-on-a-chip technology, microfluidics, and bioprinting are

being used to explore isolated physiological systems by

mimicking highly complex microenvironments (Gibbons

et al., 2012). Many of these biomaterial-based platform

technologies provide enhanced spatial and temporal control

compared to in vivo animal models and are, thus, positioned

as potential alternatives to animal models, future cost-reducers in

preclinical development, and valuable time-saving preclinical

models (Huh et al., 2010). While cell monolayers have long

been used for drug screening or toxicology (Davila et al., 1998),

biomaterials have enabled multi-dimensional, physiologically

similar construction of tissues that are more capable of

predicting in vivo tissue functions and drug activities (Bhatia

and Ingber, 2014; Shuler, 2017). Combining biomaterials and

microfluidics has played a pivotal role in allowing precise

manipulation of chemical gradients, fluid dynamics, three-

dimensional tissue architecture, and cell behavior in vitro

models (Kobel and Lutolf, 2011; Oliveira and Mano, 2014).

Microfluidics are also being used for high-throughput

screening of nanoparticles, further accelerating clinical

translation and replacing animal models for arguably more

effective and time-efficient models (Valencia et al., 2012).

State of the art biofabrication and bioprinting are also being

used for complex in vitro models of biomaterial-cell interactions

(Bajaj et al., 2014; Seol et al., 2014).

Consolidation of Preclinical Animal Testing: In many

circumstances, animal testing should not be replaced with

in vitro tests; however, well-designed large animal studies can

effectively consolidate in vivo testing requirements in order to

reduce the number of animals used (Hampshire and Gilbert,

2019). The U.S. Food and Drug Administration (FDA) and the

Center for Devices and Radiological Health (CDRH) have

recently implemented guidance that promote replacement,

reduction, and refinement in vivo biocompatibility testing

with International Standard ISO 10993–1 (Biological

evaluation of medical devices). As summarized (Hampshire

and Gilbert, 2019), this guidance recognizes that the large

animal model studies can provide robust biological data that

can be leveraged to replace small animal models, especially in

tests for systemic toxicity, chronic implantation, and in vivo

thrombogenicity. By acknowledging potential improvements in

efficiency of medical device testing, the FDA and CDRH have

contributed to reduced animal burden and a reduction in

economic resources for biocompatibility testing of

biomaterials. Biomaterial researchers should continue to

cooperate across academic, industry, and regulatory bodies to

address the 3Rs when conducting in vivo biomaterial testing.

Ethical considerations in clinical human
Research

As biomaterials progress from preclinical research to clinical

research, key ethical considerations for human subjects research

must be heeded (Emanuel et al., 2000). These considerations

derive from the three ethical principles (respect for persons,

beneficence, and justice) outlined in the 1979 Belmont Report

(National Commission for the Protection of Human Subjects of

Biomedical and Behavioral Research, 1978). In this section, we

discuss examples of how biomaterials research poses some

unique challenges when adhering to these requirements.

Voluntary Withdrawal: Respect for human subjects enrolled

in research studies requires that participation be voluntary,

including the ability to withdraw from research at any time.
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However, biomaterials pose a considerable challenge to this

stipulation because of their often permanent and integrative

nature. Many new biomaterials are being engineered for

maximal integration with the host tissue (Wang et al., 2004;

Moroni and Elisseeff, 2008) or designed to promote endogenous

repair and regeneration (Editorial, 2009; Wu et al., 2018;

Christman, 2019), thus complicating or eliminating the ability

for participants to withdraw. Other products are designed to

elicit minimal host-biomaterial interaction but remain

permanent. In deep brain stimulation (DBS), for example,

which is used to treat a variety of neuropsychiatric conditions,

regions of the brain require permanently implanted wire leads,

optical fibers, or magnetic nanoparticles that are designed for the

lifetime of the subject (Chen et al., 2015; Lozano et al., 2019).

However, strategies such as designing the biomaterial to be

retrievable, are being employed, especially within the context

of cell transplantation. For example, retrievability is a key

consideration in islet transplantation for diabetes (Weaver

et al., 2018; Weaver et al., 2019), and encapsulation of the

islets within a single retrievable device is performed to ensure

rapid and complete removal in case of an emergency. In the

realm of nanoparticles for imaging and therapeutics, current

research is focusing on improving clearance kinetics of the

potentially toxic heavy metals and fluorophores (Longmire

et al., 2008). Researchers should support voluntary withdrawal

whenever feasible and clearly indicate during the consent process

when the experimental approach does not allow such withdrawal

and why such a design is required.

Research after Traumatic Injury: Some biomaterial products

pose unique ethical challenges for informed consent because the

target population might comprise patients with recent traumatic

events who require placement of irreversible biomaterials. For

example, can a patient with traumatic compound bone fractures

be afforded enough time and harbor the mental faculties to make

a fully informed decision regarding the use of a novel biomaterial

fixation device (Stevens, 2008)? As this example illustrates,

severely injured trauma patients can seldom provide

appropriate informed consent for clinical research, hindering

the effectiveness of novel biomaterial development designed for

trauma cases (Dutton et al., 2008; Miskimins et al., 2019).

However, the FDA does provide narrow guidelines for

exceptions to informed consent in emergency research under

21 CFR50.24 (Biros, 2003). In addition, in some cases, patients

with traumatic injuries can be viewed as having diminished or

limited autonomy and the decision for them to participate in

research can be made through alternative means, such as proxy

or deferred consent (Biros et al., 1995; Levine, 1995).

Inclusion of Pediatric Population: In many biomaterial

applications, the pediatric population is at risk of being

overlooked due to increased regulatory hurdles associated with

conducting research on pediatric populations and technical

challenges associated with designing growth-accommodating

implants (Dunn, 2008; Williams and Guldberg, 2015).

Multiple efforts are underway to address these issues, from

decellularized xenograft tissues specifically for pediatric

populations, to “living biomaterials” that alter their properties

at multiple length and time scales, such as growth-

accommodating implants that expand and grow over time

(Patel and Fisher, 2008; Feins et al., 2017; Hofferberth et al.,

2020). These new approaches provide an example of technical

advances potentially promoting more just research by facilitating

inclusion of pediatric populations in the development of

biomaterials. In most cases, neither analogous regulatory nor

technical challenges are as acute in geriatric populations.

Cost-Effectiveness of Precision Biomaterials: Technologies

such as precision biomaterials elicit concerns of cost-

effectiveness and accessibility. Personalized or “precision”

medicine is emerging as a contributor to skyrocketing costs of

medicine, with a predicted market size of $100 billion by 2025

(Collins and Varmus, 2015). Among these “precision”

technologies is precision biomaterials, which are being

engineered to address the limitations of a “one-size-fits-all”

approach to medicine (Aguado et al., 2018). As biomaterials

are designed with increasing sophistication (Place et al., 2009),

however, the costs of such complex products threaten to widen

disparities in access. Estimating these costs is challenging given

heterogeneity among products under development and the

nascent state of the field. Stem cell-based tissue engineered

tracheas, where a small case study of transplants provided

under compassionate use in the United Kingdom found costs

ranged from approximately $174,000 to $740,000 provides one

example (Culme-Seymour et al., 2016). Autologous chimeric

antigen receptor T (CAR-T) cell therapies approved in the

U.S. and other jurisdictions for the treatment of certain

hematologic malignancies provides another. The first CAR-T

cell therapy (Tisagenlecleucel) was approved in the U.S. in

2017 with a list price of $475,000 (Imbach et al., 2018) and

more recently approved products have been marketed with list

prices ranging from $373,000 to $465,000. However, not all

technologies are growing costlier and more complex. Novel

strategies are also aiming to simplify biomaterial products,

instead using acellular, off-the-shelf biomaterials that unlock

the body’s own power for organization and endogenous self-

repair (Weber et al., 2013; Christman, 2019; Kirkton et al., 2019).

Developing approaches that minimize cost, when possible, and

ensuring that the population of research subjects is well-aligned

with the potential patient population are important components

of just and equitable distribution of these technologies.

Emergent technologies carry ethical
challenges

Biomaterial engineers are increasingly exposed to

interdisciplinary research that cuts across a wide array of fields,

including cell biology, drug development, and gene editing. In this
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section,webrieflyreviewethicalchallengesinsomerelatedfieldsthat

regularlyintersectwithbiomaterialresearchandare, thus, important

for the conduct of ethical biomaterials science and engineering.

Embryonic and Fetal-Derived Tissue: Biomaterials are

frequently incorporated with ethically contentious materials,

such as fetal tissue or human embryonic stem cells (hESCs),

to aid in immunoprotection and immunoregulation, provide

biological signals, and improve cellular retention in the body

(Kraehenbuehl et al., 2011; Marquardt and Heilshorn, 2016;

Vegas et al., 2016; Abdeen and Saha, 2017; Mitrousis et al.,

2018). Fetal tissue and hESCs are highly controversial and elicit

powerful debates and public engagement (Hyun, 2010). These

debates have led to intermittent cuts and moratoriums in public

funding - most notably, the Bush-era restrictions on federal

funding for hESC research (Robertson, 2010) and Trump

Administration restrictions on federal funding for fetal tissue

research in the United States (Reardon, 2019). They have also led

to the development of state-level research funding within the

United States (Karmali et al., 2010; Alberta et al., 2015) and

prompted individual scientists to seek these alternative, more

stable, funding sources or shift to less ethically contentious

materials, such as induced pluripotent stem cells (iPSCs) or

umbilical cord blood stem cells (Levine, 2011a; 2011b).

Indeed, iPSC technology has made tremendous progress in

the past decade, and iPSCs are now widely used with

biomaterials in disease modeling, drug discovery, tissue

engineering, and organoid development (Shi et al., 2017).

Gene Therapy: The pursuit of efficient delivery of gene-editing

systems, such as CRISPR technology, has exposed the biomaterials

community to the world of gene-editing ethics. CRISPR offers the

potential to eradicate multiple diseases through molecular surgery

of the human genome, and biomaterials are being implemented to

assist in delivering this gene-editing payload to appropriate target

cells (Glass et al., 2018). In particular, nanoparticles, such as lipid

nanoparticles and gold nanoparticles, have emerged as an

innovative solution to encapsulate or tether the CRISPR DNA,

mRNA, or ribonucleoprotein complexes to achieve more targeted

gene therapy (Givens et al., 2018; Tenchov et al., 2021). Most

notably, Moderna’s and BioNTech/Pfizer’s COVID-19 mRNA

vaccines (while not gene therapy) employed these lipid

nanoparticles to deliver the mRNA payload, demonstrating

remarkable efficacy and unprecedented development speed in

the fight against SARS-CoV-2 (Shin et al., 2020). In clinical

gene editing applications, safety concerns include the risk of

off-target effects and the possibility of heritable germline

editing, in which a patient could pass genetic changes to his/

her descendants (Brokowski and Adli, 2019).

A path forward

Biomaterials scientists and engineers, especially those

engaging in translational work, face competing pressures as

they design and conduct their research. These challenges are

present in the context of ethically justified animal research

(where scientists must, for example, balance a desire to

minimize the number of animals used with a desire to

generate sound data and meet funder mandates), as well as

clinical research using human subjects (where the decision to

expose human subjects to unknown risks with, for example, a

novel biomaterial, can be especially challenging). These

competing pressures can also arise at the intersection of

biomaterials and other contentious research tools or topics.

Ultimately, the extent to which biomedical research complies

with or deviates from relevant ethical norms depends on both

individual and group decisions as well as institutional and

societal factors. We will never eliminate unethical behavior in

science, but we can and should strive to minimize it. Accordingly,

adopting strategies to encourage ethical research is an important

task for the scientific and science policy communities.

Fortunately, compliance with ethical norms can be

encouraged through a variety of approaches. These include

training, the use of institutional ethics committees, the

adoption of voluntary guidelines, or rules, requirements, or

restrictions adopted by journals and/or funding agencies. We

briefly review these approaches below, focusing on examples

relevant to biomaterials research.

Research Ethics Training: Driven in part by mandates from

funding agencies, research ethics training is now a common

approach to raise awareness of ethical issues in research and

promote more ethical behavior (Eisen and Berry, 2002; Berry

et al., 2016). Although training in the responsible conduct of

research is widespread, the methods and goals of this training

vary (Plemmons and Kalichman, 2013). Research ethics training

can be effective, but concerns have been raised that it is

sometimes treated more like a compliance activity than an

opportunity to reflect on and support ethical research

practices (Anderson, 2016). Furthermore, research ethics

training developed in response to broad funder mandates

often focuses on general principles and is not tailored to the

concerns of specific fields, such as biomaterials. Individual

institutions and programs can develop and require more

customized training on ethical issues relevant to specific fields

and biomedical engineering and other programs with significant

biomaterials-related content should consider adopting this

approach.

Institutional Ethics Committees: Institutional ethics

committees also play an important role encouraging

compliance with ethical norms. Although the specific

committees vary by country and research topic, the U.S.

context where research using human subjects must typically

be approved by an Institutional Review Board (IRB) and

research using most non-human animals typically requires

approval by an Institutional Animal Care and Use Committee

(IACUC) are illustrative. IRBs review research protocols with the

ethical principles for human subjects research in mind and can
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help ensure research protocols use appropriate informed consent

procedures, strive to balance benefits and risks of the research,

and select subjects justly. Similarly, IACUCs help ensure animal

research proceeds in compliance with key ethical norms.

Biomaterials scientists and engineers should, of course,

comply with these committee’s rules. They should remember,

however, that some key issues fall outside the scope of these

committees and that they also miss some concerns (Heimer and

Petty, 2010; Steensma and Kantarjian, 2014). Thus, compliance

should be viewed as a minimum bar that scientists should exceed

as they strive to ensure their research is designed and conducted

ethically.

Scientific Societies: Compliance with ethical norms can also

be encouraged or enforced by scientific societies, which are often

well positioned to provide field-specific guidance. We enumerate

six ethics-related activities (see Table 1) that various societies

have undertaken to engage their members and the broader public

in ethics-related discussions: 1) publicly available Code of Ethics,

2) suggested voluntary guidelines, 3) membership ethics pledge,

4) standing ethics committee, 5) ethics session at annual

conference, and 6) accessible online archive of published

ethics and policy documents (e.g., patient advisories,

published commentaries, etc.). The International Society for

Stem Cell Research (ISSCR) and International Society for Cell

& Gene Therapy (ISCT), for example, have taken an active role

articulating ethical concerns surrounding the direct-to-consumer

marketing and provision of unproven cell-based therapies (Hyun

et al., 2008; Dominici et al., 2015). These societies require

members to agree to follow their specific guidelines as a

condition of membership and reserve the right to terminate

the membership of individuals who do not comply. Other

academic societies have adopted broader Codes of Conduct to

encourage ethical and appropriate conduct by their members,

both at society events (such as annual conferences) and more

broadly in their research and professional activities. These

codes have an important signaling role, raising awareness of

ethical considerations and highlighting the importance of

ethical behavior to the broader academic community.

Engagement of members with relevant ethical concerns can

also be achieved at annual meetings. For example, the Society

for Biomaterials (SFB) hosted a panel discussion on biomaterial

ethics at its 2018 annual meeting, and the ISSCR and ISCT

routinely host sessions devoted to ethical considerations at their

meetings.

Journals and Funding Agencies: In addition, both funding

agencies and journals can promote ethical research through

influencing what research is conducted and disseminated. The

influence of funding policies have been well documented for

human embryonic stem cell research (Levine, 2008; Alberta et al.,

2015) and similar effects may be seen for other areas where

funding restrictions have been enacted, such as fetal tissue and

human-animal chimera research (Reardon, 2016; Reardon,

2019). Journals can also influence the research enterprise by

determining if, how, and under what conditions research can be

disseminated. Journals can, for example, refuse to publish

potentially problematic articles or refer them to other

authorities for review, as has been the case for some high

profile examples of dual-use research (Frankel, 2012). More

common and arguably more important are the norms that

journals enforce through submission or publication

requirements. Journal requirements to post genomic sequence

data to public databases, publicly archive research data, or report

only on pre-registered clinical trial outcome measures, for

example, can facilitate follow-up research, promote

reproducibility and reduce bias in research (Vines et al., 2013;

Warren, 2018).

Discussion

Modern biomaterials research offers substantial promise to

improve human health, yet the expanding scope of biomaterials

TABLE 1 Strategies for scientific societies to promote ethical research practices.

Strategy Description

Member Code of Ethics Develop and publish a set of expectations for members to follow. These could cover scientific conduct broadly or be more narrowly
tailored toward society events (e.g. appropriate behavior at an annual meeting)

Voluntary Guidelines Develop and publish voluntary guidelines for both members and other stakeholders (e.g., patients, clinicians, industry, etc.)
articulating norms for ethical behavior across all levels of biomaterial research (from basic science to clinical trials)

Membership Pledge Require members to pledge compliance with code of ethics or other member guidelines. Refuse new membership or cancel current
membership for non-compliance

Standing Ethics Committee Create a standing ethics committee consisting of members (and potentially non-members) to advise society leadership and
members on emerging ethical issues, and publicly comment on policy, regulatory, or ethical issues within the biomaterial field

Ethics Activities at Annual Meetings Dedicate time at society meetings to raise awareness and promote discussion of ethical issues by, for example, inviting ethics
speakers to present, organizing ethics-focused sessions and panel discussions, offering pre-/post-meeting workshops, etc.

Accessible Online Archive Maintain a publicly available and accessible archive of ethics-related guidelines, legal commentary, advisories, and statements from
other scientific societies adjacent to biomaterials with the potential for cross-cutting emergent ethical issues, and ethics activities to
provide a resource to members and non-members

Frontiers in Bioengineering and Biotechnology frontiersin.org05

Hunckler and Levine 10.3389/fbioe.2022.949280

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.949280


research and the increased clinical translation of diverse

biomaterials calls for attention to the ethical questions these

advances pose. The field could, for instance, benefit from relevant

academic societies (e.g., Society for Biomaterials, TERMIS,

BMES, etc.) updating and adding specificity to their Codes of

Conduct to more fully address biomaterials-specific concerns.

Such codes could highlight key ethical considerations relevant to

preclinical and clinical biomaterials research and clarify the

expectations for ethical conduct by biomaterials researchers.

The field could also prioritize improved ethics education

within biomaterials training programs. Examples for

developing ethics pedagogy for stem cell scientists already

exist (Master et al., 2016), and could be used as a framework

for developing biomaterials ethics courses, seminars, or

workshops. These educational events could be organized at a

variety of levels, such as individual biomedical engineering clubs,

departmental efforts within institutions, funded graduate

training programs, or scientific societies. Furthermore,

additional panel discussions or focus sessions at annual

conferences could engage researchers, policymakers, and

industry leaders in the discussion of biomaterial ethics,

especially as it pertains to interdisciplinary and emerging

technologies. All of these are relatively low-cost steps that

would raise awareness of the importance of ethics to the field

and provide knowledge about best practices as well as resources

and strategies to address potential research ethics issues as they

arise.

Attention to research ethics is often reactive with

policymakers or scientific societies responding to ethical

lapses or scandals. The biomaterials community is not at

this point. Rather the community has the opportunity to

proactively engage with emerging and current ethical issues

affecting the field. Given rapid progress toward clinical use of

advanced biomaterials either alone or in combination with

other novel therapeutic approaches, now is the time for the

biomaterials community to engage proactively with these issues

and prepare for the responsible translation of biomaterials

research.
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