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Abstract

Precision medicine aims to better individualize healthcare. It requires that biomaterials be
designed for the physiological characteristics of a specific patient. To make this a reality,
biomaterials research and development must address differences of biological sex. More
specifically, biomaterials should be designed with properties optimized and appropriate for male
and female patients. In analyzing research articles from seven prominent biomaterials journals, sex
as a biological variable is missing from an overwhelming majority of /n vitro biomaterial studies.
From the survey, the reporting of the sex of primary cell cultures happened only 10.3% of the
time. Contributing to this trend is that commercial vendors bias cell lines toward one sex or
another by not disclosing information of cell line sex at the time of purchase; researchers do not
communicate this pertinent information in published studies; and many journal policies have little
to no requirements for reporting cell line characteristics. Omitting this valuable information leads
to a gap in the understanding of sex-specific cell-biomaterial interactions and it creates a bias in
research findings towards one sex or another. To curb this concerning trend and make precision
biomaterials a reality will require the biomaterials field to “talk about sex” by reporting cell sex
more broadly.
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Since 1999, sex has been recognized as a significant biological variable in biomedical research;
yet, 20+ years later it remains unreported in much of the biomaterials literature. Opportunities
exist for investigators, cell vendors, and journals to reverse this trend. To make precision
biomaterials a reality will require the biomaterials research community to actively address this
challenge by reporting cell sex more broadly.
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sex differences; precision biomaterials; hormones; patient-specific; cell-material interactions

1. Introduction

Over the last two decades material properties have increasingly been recognized as stimuli
capable of controlling cell fate. In no uncertain terms cells have been found to respond to a
multitude of material properties including a material’s mechanics, architecture, and surface
topography.[1-91 To take advantage of this additional mechanism for directing cell fate,
materials engineers have pursued creating material systems resembling the extracellular
matrix (ECM).110-13] But we ask, who’s ECM? Because ECM differs in males and females.
For both healthy and diseased tissue, it diverges in composition, structure, mechanics, and
remodeling behavior.[14-23] Have we missed designing our biomaterials for males or
females?

Biologically, humans are different from one another because of their genetics, environment,
and/or lifestyle. Biological sex is one of the most impactful manifestations of these
differences. The National Institutes of Health Office of Research on Women’s Health defines
“sex” as the biological differences between females and males related to chromosomes,
organs, and endogenous hormone profiles.[24] It is important to clarify that this is different
from “gender”, which is a social construct assumed from historical and cultural customs
across space and time. Nonetheless in medicine, sex and gender interact to both contribute to
health and disease.[2°]

In the clinic

The differences between females and males manifest as physiological differences, which
have major implications for health, disease, medicine and of course biomaterials.[26] From
the perspective of signaling, male and female hormone profiles are different.[27] Sex
hormone levels in males gradually decrease after adulthood whereas sex hormone levels in
females drastically drop later in life at menopause.l2”] Many diseases can occur and progress
due to changes in a patient’s endocrinology such as with osteoporosis, which afflicts females
more than males. This is largely in part to the significant drop of endogenous estrogen seen
in females after menopause.[28l. From an immunology perspective, male and female immune
systems develop differently.[2%] For instance, T cells activate and proliferate more in females
than in males.[29] While at the same time this protective feature of the female immune
system acts as a double-edged sword. 80% of autoimmune diseases occur in females.[2%] In
the context of cardiology, a troubling statistic is that cardiovascular disease is the number
one killer of both males and females. Yet, males suffer from cardiovascular disease
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throughout their lifetimes, while females show a significant prevalence for the disease
during and after menopause.[3%-341 For an oncologist, treating cancer can be a matter of sex.
Different cancers present at different frequencies in males and females and cancers use
different metabolic pathways between the sexes.[3%] These pathophysiological differences
then translate into treatment outcome disparities. Vaccine efficacy differs between the sexes.
[29] Females show more adverse reactions to vaccines and have shown equivalent antibody
titers when immunized with half a vaccination dose compared to males receiving a full
vaccination dose.[2°] Organ transplants from male donors are more successful than those
from female donors.[36] Drug and cell therapy potencies and responses are different for male
and female recipients.[37-3%1 This case is illustrated by the fact that at one point, 8 separate
drugs had to be removed from the marketplace because they led to significantly adverse
effects in females.[40] This list of important biological reasons to consider sex as a variable
continues to grow reinforcing that sex differences touch on every facet of medicine. The
most recent illustration of this has been with COVID-19. Strong evidence shows, across all
ages, males are more seriously afflicted by the disease than females.[42] Collectively, these
outcomes start to beg the questions: How can biomaterials sequester or release chemical
factors at relevant, sex-specific dosages? What needs to change (if anything) for a
biomaterial to take advantage/suffer from these immunological differences?? How should
biomaterials be designed for male and female tissue?

At the bench

While work is underway to understand the epidemiology of disease and disease treatment,
sex-based differences manifest as observable differences at the bench, as well. /n vitro, male
and female cells will respond differently to biological, chemical, and mechanical stimuli
used by biomaterial researchers. Common metrics used to evaluate biomaterial performance
such as cell proliferation, cell morphometrics, cell migration, and cell response to stressors
are different for male and female cells.[#247] For instance, sex-based and age-based
differences in male and female primary osteoblasts translate into functional differences in
cell behavior at the bench that influence cell-biomaterial interactions.[48] Osteoblast
response to estrogen has been shown to be both sex-dependent and surface property-
dependent.[49:50] Similar differences have been observed for endothelial cells as a function
of sex and tissue source.[42] Mice show sex-dependent in vivo toxicity to gold nanoparticles
and sex-dependent blood-brain barrier permeability to polystyrene nanoparticles and
macromolecular tracers.[5152] These findings highlight one area (nanoparticles) in which the
response to a material is sex-dependent and such differences likely exist more broadly.
Important to tissue engineering and regenerative medicine, pluripotent stem cell
differentiation efficiency varies with cell sex such that the differentiation strategy needs to be
designed for both male and female cells.[53] In the context of mechanobiology, male and
female cells respond differently to the same mechanical stimulation (e.g. fluid shear stress).
[42,54] For instance, this has been observed for endothelial cells exposed to laminar fluid
shear stress resulting in a 1000+ difference in gene regulation between male and female cells
upon stimulation.[34! Clearly, biological sex impacts pre-clinical studies. Placed within the
design framework of tissue engineering, the cells are different, the signals are different, and
the matrices are different for males and females. So, we need to start asking ourselves: How
should scaffolds be designed for the differences in the composition of male and female
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tissue? What aspects of male and female physiology need to be captured for in vitro models?
What new design considerations need to be included in biomaterial research to account for
sex differences?

In the weeds of the biology

In this section we highlight some of the main genetic mechanisms owing to sex differences.
First and foremost, males and females are different chromosomally. Females have two X
chromosomes while males have a single X and a single Y chromosome. Because it is
thought that only one X chromosome is necessary for biological function, to equalize the
genetic dosage contributed by the X chromosome between females and males, female cells
undergo X inactivation. This means that one of the two X chromosomes in female cells is
randomly silenced. Inactivation takes place during the early stages of development and
continues for all subsequent cell divisions.[°] However; despite, inactivation some genes
can escape (~15%); a process that is variable among individuals and their cells.[5¢] The
implication of X inactivation is that female cells exhibit mosaicism in the use of their X
chromosomes i.e. female tissue is composed of two populations of cells distinct in their
active X chromosome. Clinically, this often manifests as a protection for females against
many X-linked genetic diseases as compared to males.[3758] This is because male cells have
only one copy of the X chromosome such that if their X chromosome carries a mutation it is
always expressed. Conversely, only male cells have a Y chromosome, which has primarily
been thought to be for sex determination.[5%] However, recent evidence suggests many of the
genes coded by the Y chromosome are involved in cancer, cardiovascular disease, and
Parkinson’s disease, among others.[59-631 |n fact, since the 1960s it has been known that
male cells; namely, in leukocytes, exhibit a loss of the Y chromosome with age and
smoking.[64-68] |oss of the Y chromosome in somatic cells leads to male cell mosaicism
and has been implicated with increased risk of pathogenicity and mortality.["] For both male
and female somatic cells, their sex chromosomes contribute a great deal to their expressed
phenotypes.

In pursuit of precision medicine

With the ever growing body of research on sex differences, to consolidate the field’s
knowledge, in November 1999, the Institute of Medicine (now the U.S. National Academy
of Medicine) formed a committee for “Understanding the Biology of Sex and Gender
Differences,” that produced the final report Exploring the Biological Contributions to
Human Health. The report compiled our understanding of sex and gender in human health
and enumerated recommendations for the biomedical research enterprise to adopt for
studying sex as a biological variable.[89 Many of the ideas expressed in the previous
paragraphs were highlighted in the report. Specifically, the tenth recommendation of the
report stated,

“Determine and disclose the sex of origin of biological research materials. The
origins and sex chromosome constitutions of cells or tissue cultures used for cell
biological, molecular biological, or biochemical experiments should be stated when
they are known. Attempts should be made to discern the sex of origin when it is
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unknown. Journal editors should encourage inclusion of such information in
Materials and Methods sections as standard practice.

(The committee acknowledges that inclusion of people, animals, or cells and tissues
of or from both sexes in all studies is not always feasible or appropriate. Rather, the
committee is urging researchers to regard sex, that is, being male or female, as an
important basic human variable that should be considered when designing,
analyzing, and reporting findings from studies in all areas and at all levels of
biomedical research. Determining and disclosing the sex of origin of biological
research materials are important steps in that direction.)”

Not reporting this information can lead to non-reproducible experiments, data that is not
translatable to the unincluded sex, advancements in technology that benefit one sex over the
other, and/or pharmaceuticals that illicit sex-specific side effects.[25:38.70.71]

To start addressing these challenges facing biomedical research, in 2015 the NIH changed its
policy requiring all NIH-funded pre-clinical studies to include sex as a biological variable.
[72] This policy change paralleled the growing pursuit for precision medicine fueled by our
knowledge of sex-based differences in the clinic and at the bench. Precision medicine looks
to cast aside a “one-size fits all” approach to disease treatment and prevention in exchange
for an individualized approach that considers a patient’s genetic, environmental, and lifestyle
variability. Formally, in 2015 precision medicine was initiated by former President Barack
Obama and is championed by the ongoing National Institutes of Health (NIH) A// of Us
program. In essence it aims to individualize healthcare and improve our understanding of
sex-based differences in medicine, which has historically been underrepresented.[26.70.73.74]
To accomplish the goals of precision medicine requires precision biomaterials—biomaterials
designed with the biology of the individual patient in mind for eliciting desired and
predictable outcomes.[”>-84] This includes considering a patient’s sex, age, and ancestry in
developing a precision biomaterial.

Now some 20 years after the committee convened, in light of the push for precision
medicine, the NIH policy change, and the increasing appreciation for sex differences in the
literature, we asked, “Are biomaterials scientists and engineers following recommendation
#10 outlined in the Institute of Medicine report? Do they know the sex of the cells used for
their /n vitro studies? Is the sex of the cells being reported? And are they investigating sex-
based differences in cell-biomaterial interactions?” In writing this essay and answering these
questions we hope to compel the field to include sex as a biological variable and more
importantly to always report the sex of their cells.

2. Biological Sex is Underreported in Biomaterial Studies

We took a snapshot of the current biomaterials literature by surveying the articles published
during December 2019 in 7 prominent biomaterials journals: ACS Biomaterials Science &
Engineering, Acta Biomaterialia, Biomaterials, Biomaterials Science, Journal of Biomedical
Materials Part A, Macromolecular Bioscience, and Advanced Healthcare Materials. \We
reviewed the main text and supplementary files of all communications and full articles
published (Supplementary Information), which totaled to 303 journal articles that described
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in vitro cell culture experiments (Table 1). To be clear, the studies surveyed were not
necessarily focused on reporting sex-based differences (in fact we found none focused on
this). All studies that reported the use of any cells were included in the survey regardless of
the nature of the biomaterial study.

For every cellular assay reported to be used in the study, we recorded its: cell source
(commercial, harvested/isolated, unknown), commercial vendor or supplier, the cell type,
sex of the cells, and if the cells were transformed, immortalized, or established (TIE) cell
lines or primary cell lines. After the fact, we investigated the TIE cell lines for their sex,
tissue, and species. This information was collected from cell line product pages available
from American Type Culture Collection (ATCC) and/or the Cellosaurus database.[8] For
our survey, in the category of cell sex we recorded whether the cells used were male, female,
or if the sex went unreported. For those articles that did not report the sex of the cells, we
further noted that a large fraction (27%) of those did not provide enough information for the
reader of the article to look up the sex information on either the vendor’s product page or a
cell resource such as Cellosaurus. This later observation highlights the importance of
researchers providing adequate information so that readers interested in sex-based
differences have context even when sex-based differences were not the direct focus of the
published work.

From the 303 articles we surveyed, there were 352 different cell cultures (Figure 1). 11 cell
culture studies (3.7%) reported the sex of the cells used in the study, of which 4 were
reported as male and 7 were reported as female. Meaning that 96.3% of the cell culture
studies did not report the sex of the cells used in the study. Of those 11 cultures, sex was not
considered as a variable; it was only reported. Only 1 of the 303 articles reported using both
male and female cells. However, there was no reference to the sex of the cells in the author’s
analyses of their data. After removing the transformed, immortalized, or established (TIE)
cell lines from the total number of different cell cultures the statistic did not greatly
improve—89.7% of primary cell cultures used in studies did not report the sex of the cells. In
effect, this suggests that there remains a tremendous opportunity and need in the field to
study the sex differences of cell-biomaterial interactions.

Given the growing evidence demonstrating that male and female cells respond differently in
culture, this is a concerning outcome. Like our findings, a 2017 analysis of 40 non-
reproductive organ-on-a-chip technologies reported that 62% did not specify sex and that of
those that did specify sex they were predominantly male. In response to these findings, the
authors of the review stated, “These data highlight that it is of upmost importance for the
organ-on-a-chip field moving forward to at least report the sex of utilized tissues and cells as
well as to use sex-balanced systems when studying drug effects and disease mechanisms.”
[86] The author’s commentary echoes our own and those of the U.S. National Academy of
Medicine’s some 18 years earlier. Though this trend of underreporting is not exclusive to the
biomaterials community. To a slightly lesser degree it has also been seen in leading
cardiovascular journals, whose articles did not report the sex of cells 72-80% of the time.
[31.87] Overall, similar findings have been reported across the span of biomedical and
biological research.[36.:88-911 Though our survey is a snapshot of a single month, and only
includes 7 journals, it is likely consistent across the field. Indeed, few investigators report the
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sex of the cells under investigation or any of the other demographic information relevant to
developing precision biomaterials. This is not to say that all studies must include sex as a
biological variable. It may not be appropriate for all studies; but rather, it should be reported
in all cases to provide context to the data being presented. Through consistent reporting of
cell sex, advancements can be made in developing biomaterial technologies that address sex-
based health disparities in disease onset, progression, and treatment. With the goal to
understand why sex is missing in biomaterials research, raise awareness for its importance,
and share opportunities that exist to change this trend, we took a deeper look at the source of
cells used in research, the challenge investigators face, and the guidelines provided by
journals.

3. Let’s Start Talking— Opportunities to Reverse This Trend

3.1. Cell Vendors

We start our discussion with the origin of the cells used in biomaterial studies, either
commercially available primary cells, commercially available cell lines, or primary isolated
or harvested cells. For all cell lines, commercial vendors provide certificates of analysis.
This document should include basic demographic information such as sex, age, and ancestry
for single donor primary cells. Likewise, demographic information for “in-house” lab-
specific harvested or isolated primary cells is either unrestricted for animal-derived cells or
codified for human-derived cells following institutional review board procedures.
Surprisingly, our results indicate that in both instances, whether the primary cell lines are
purchased or isolated “in-house”, the reporting of cell sex was near zero (Figure 1). We
identified only 10 cell culture studies from the pool of 352 that reported the sex of their
isolated primary cell lines. In contrast, we identified only 1 cell culture study that reported
the sex of their commercially sourced primary cell lines. Overall, reporting the sex of cells
goes largely unreported for both purchased and isolated primary cell lines.

Cell vendors can play a role in reversing this trend by providing sex information on their
cells at the time of purchase. Many vendor websites organize their products by cell type
without readily providing lot-specific information for each cell line of a given cell type. For
some vendors, in addition to lot information, the sex of the cells and other demographic
information is not readily available, but rather available upon request. While making a
request for this information is not inhibitory on its own, the need for taking the additional
step to get it reinforces the notion that sex as a biological variable in cell culture is still
largely missing. In our work to study sex-based differences in the mechanoresponsiveness of
vascular cells, we sought to purchase both male and female vascular cells. We found that
there was a significant bias towards one sex or the other for vascular cells from two vendors,
depending on the vascular cell type and vendor, either Lifeline Cell Technologies or Cell
Applications, respectively (Figure 2).

When investigators purchase cells from some commercial vendors and a specific sex is not
requested, additional challenges exist. For instance, our data suggests that when purchasing
from Cell Applications in August 2019 if a specific cell sex was not requested, there was a
~75% chance of receiving a vial of male human aortic endothelial cells compared to a vial of
female human aortic endothelial cells. This means that there is an inadvertent bias in studies
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when cell sex is not considered as a biological variable, and that bias may be cell type
specific and/or vendor specific. Moreover, because the information on cell sex then goes
unreported almost exclusively in published work there is no way for the biomaterials
community to know if the advancements we are making are biased towards one sex or the
other.

For studies whose focus is on studying sex differences additional challenges exist in
obtaining enough cell populations with which to complete a statistically robust study. A
follow-up several months later with Cell Applications revealed continual bias toward one sex
or the other depending on the cell type. More importantly, the number of separate cell
populations was in the single digits with some cell types having only 1 population of a
specific sex (Figure 3). Similar biases and insufficient descriptions of cell sex have been
reported for the cell banks American Type Culture Collection (ATCC), European Collection
of Cell Cultures (ECACC), and Japanese Collection of Research Bioresources (JCRB).[92]
In the case that the sex of a cell line is not provided on its certificate of analysis, it can be
recovered by subsequent confirmation with the vendor. However, internal verification of
each cell line’s sex is recommended and can be determined by polymerase chain reaction
(PCR) for sex-specific genes.[5487] Overall, vendors can help to increase the reporting of
cell sex by disclosing cell donor information such as sex, age, and ancestry at the time of
sale.

Investigators and Cell Lines

We briefly explored the lack of cell sex reporting by researchers in the field of biomaterials
(Figure 1). Many of the cells used by for the studies included in our survey were
transformed, immortalized, or established (TIE) cell lines. These cells almost always have
their sex recorded in the Cellosaurus database. Because of this, we further investigated the
heavy use of TIE cell lines. We found that there is a bias in biomaterials research towards
one sex or another for a given tissue when using TIE cell lines. As an example of this bias,
consider the existing collection of TIE cell lines catalogued. Performing a simple search
within the Cellosaurus database (Version 34, March 2020) using the search phrases, “male
Homo sapiens,” “female Homo sapiens,” “male Mus musculus,” and “female Mus
musculus” provided 42,456 instances of male human cell lines, 38,029 instances of female
human cell lines, 12,193 instances of male mouse cell lines, and 1,026 instances of female
mouse cell lines, respectively. The results of this search provide evidence of a slight bias
towards male human cell lines, but a very significant bias towards male mouse cell lines
used by the research community. Among the 303 articles analyzed in our survey, TIE cell
lines were the most prevalent class of cell used (222 instances of distinct cultures of the total
352 cultures). From our findings, it appeared that male and female TIE cell lines were used
at the same frequency (Figure 4). However, this is an artifact of sex-specific tissues (female
breasts, ovaries, cervix, male prostates, etc.) in that they can only have cell lines derived
from either male or female specific tissues. When comparing across non-specific tissues,
there was a significant bias towards male cells (Figure 4).

Our analyses showed that the amount of bias for one sex or another was a function of the
tissue being studied. There was reduced bias towards human blood, bone, brain, eye, and
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pancreatic derived TIE cell lines in the biomaterials literature. Male and female cells were
used at approximately the same frequency (Figure 5). In the case of human colon, kidney,
liver, lung, and skin derived human TIE cell lines there was a bias toward one sex over
another. Worse yet, mouse TIE cell lines showed complete bias toward a single sex for each
type of tissue. There was an overall bias toward male cell lines (Figure 5). The sex bias that
we observed for these types of mouse cell lines is likely the product of there being nearly 12
times more male mouse cell lines than female mouse cell lines. Additionally, there are
several TIE cell lines with their sex unreported in the Cellosaurus. For instance, this is the
case for MC-3T3s, the commonly used cell line for bone studies. When these cells of
partially unknown origin are used it is unclear to which sex the study results would be
relevant, if at all. Moreover, in the process of making immortalized cell lines these cells may
develop abnormal gene expression, “The large number of malignant immortal cell lines
available from the American Type Culture Collection and similar sources are rarely
identified by sex, but even if they were it would be extremely difficult to interpret
differences among donor lines, as the expression of many genes is presumably abnormal by
virtue of the malignant transformation process.”[69] This can be the case for male-derived
cell lines, which after immortalization and heavy passage have been shown to lose
expression of genes contained on the Y-chromosome.[%3] Such chromosomal instabilities can
make it impossible identify or confirm the sex of TIE cell lines.[94] At the same time, cell
lines have been misidentified as “female” until after the fact PCR analyses were used to
verify their sex.[9] These issues make it challenging to assess sex differences between male
and female TIE cell lines without careful characterization of the sex of the cell line by the
investigator. Overall, researchers should be mindful to know, confirm, and report the sex of
their primary and TIE cell lines to reduce bias, increase reproducibility, and enable their
research results to be contextualized for sex.

3.3. Journal Editors

Opportunities exist for the journals that publish biomaterials research to reverse this trend in
underreporting. At the time of this writing, the journals, ACS Biomaterials Science &
Engineering, Acta Biomaterialia, Advanced Healthcare Materials, Biomaterials,
Biomaterials Science, the Journal of Biomedical Materials Research Part A, and
Macromolecular Bioscience did not have requirements for reporting the sex of cell lines
used in studies. Only Biomaterials attempted to account for sex differences in animal
studies. Biomaterials outlined this requirement within their editorial policy stating, “The sex
of animals must be indicated, and where appropriate, the influence (or association) of sex on
the results of the study.”[%6] A comparison of several high impact biomaterial focused
journals revealed that the reporting of cell sex is not a requirement (Figure 6) and provides
an opportunity for journals to make this change.

This absence in reporting is not exclusive to the journals surveyed. In fact, in other high
impact publications such as Science journals, we saw similar editorial policies. Like
Biomaterials, their policy only concerned animal studies and required of their authors’ to
state the, “species, strain, sex, and age of laboratory animals ... in the main text or
Supplementary Materials.”[%”] Nonetheless, this is slowly changing as researchers are
increasingly raising awareness and attention to treating sex as a biological variable some 20
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years following the U.S. National Academy of Medicine’s original report, which made the
original case for it.[98.99.108-112,100-107] Aa1re journals have begun requiring for a
Reporting Summary document to be provided with research article publications, which
includes line items for cell line specifics. However, their instructions are general, and there is
no standard to which this must be held. The detail of this reporting is at the discretion of the
researcher, and documents exemplifying underreporting have been identified.
Comparatively, journals published by the American Physiological Society have more explicit
reporting guidelines for cell lines requesting that authors disclose the, “source of cells
utilized (species, sex (for vertebrates), strain, race, age of donor, whether primary or
established and associated Research Resource Identifiers (RRIDs)).”[113] To raise awareness
and heighten the relevance of biomaterials research in the coming era of precision
biomaterials will require journals to incorporate guidelines for reporting cell sex. Even in the
case where the study is not primarily focused on reporting sex-based differences, the
reporting of cell sex provides context to the reader for the data presented and should be
included in an article’s methods section.

4. Conclusions and Future Outlook

Clearly, cell sex goes largely unreported in biomaterials research. Luckily, this trend can be
easily flipped with specific actions taken by commercial cell vendors to diversify their cell
populations and make cell demographic information readily available. In addition, journal
editorial policies can and should require reporting the sex of cells used for /n vitro studies,
regardless of the primary focus of the article. This is not to say that every study published
requires the inclusion of both male and female cells, simply that if cells are used, the sex
(male/female/both or mixed/pooled populations) be included. Finally, the burden of this task
primarily falls upon the biomaterial investigators conducting research. Within the
biomaterials field there is consensus that sex-based differences exist; therefore, we should
include sex as a biological variable and continue to advance the goals of precision medicine.
At a minimum, in all accounts of /n vitro studies, cell sex should be reported. We believe the
universal reporting of this valuable piece of information by investigators can be a first step
for them to consider and include sex as a biological variable in their research.

After recognizing sex as a biological variable, certain practices common to cell culture
should be reconsidered when studying sex differences. Many of these center around sex
hormones to which male and female cells respond differently.l27] One such practice is
limiting the use of phenol red in cell culture media.[*14] This chemical has an estrogenic
effect that can differentially influence male and female cells.[115:116] Many cell culture
media formulations are sold supplemented with phenol red and in fact even polystyrene can
have an inadvertent weak estrogenic effect from leached phenolic compounds.[117] When
dealing with sex, it becomes that much more important to recognize external influences on
our systems. At the same time, serum is a black box added to cell culture media to introduce
the necessary hormones for culturing cells.[*18] Unsurprisingly, expressed differences have
been observed in culture when using fetal bovine serum versus human-derived serum.[119]
Recently, there has been a consensus to use human-derived serum or serum-free media in
cell culture, especially in the development of cell-based therapies to limit xenogenic
contamination.[120-122] More importantly, the use of these supplements improves cell

Adv Healthc Mater. Author manuscript; available in PMC 2022 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

James et al.

Page 11

performance. For instance, human-derived serum has been shown to enhance 3D culture.
[123] This is significant as biomaterial design strives to emulate the 3D microenvironment
and as such using human-derived serum or serum-free media could lead to more promising
and relevant /7 vitro results for organoids and tissue models.[124-127] Recent work has shown
that male and female sera following transcatheter aortic valve replacement elicits sex-
specific cellular responses from vascular interstitial cells cultured on soft and stiff substrates.
Especially fruitful was that results from this /n vitro model corroborated with clinical
outcomes illustrating the immediate translational benefit to including sex as a biological
variable.[128] Pertinent to biomaterial development is that cells respond to sex hormones
with extracellular matrix specificity and dose-dependency.[*2%] This means that common
ECM proteins used to coat culture surfaces to promote cell adhesion (collagen, fibronectin,
laminin, etc.) can lead to cells exhibiting differential hormone interactions. In fact, even
common biomaterials can influence the hormone composition of our cell cultures. PDMS is
the main offender, capable of releasing and absorbing small, hydrophobic molecules,
including sex hormones to and from solution.[130.131] To realize active, dynamic precision
biomaterials for male and female patients, it is imperative to understand these chemo-
mechanical interactions. With the appropriate combination of sera/media, cells, and
biomaterials clinically relevant /n vitrotissue and disease models can be made that
recapitulate sex differences.[86.99.128,132-134] However, these advances rely on knowledge of
sex-specific cell-biomaterial interactions and cannot be made without them. Biological sex
has been lauded as potentially being, “the most impactful of any of the individual differences
between humans and it is certainly the most universally relevant.”[13%] As we increase the
complexity of our biomaterials, we cannot forget the basic characteristics and properties of
the cells we use when designing them. So, as a community, let’s talk about sex and start
reporting it.
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The comparison of the number of male and female primary cell lines (A) HUVEC = Human

Umbilical Vein Endothelial Cell; (B) HAEC = Human Aortic Endothelial Cell; and (C)
HA0SMC = Human Aortic Smooth Muscle Cells available from two commercial vendors
for three vascular-derived cell types. LCT = Lifeline Cell Technologies. CA = Cell
Applications. This is a snapshot from August 2019.
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Figure 3.
Comparison of the number of male and female primary cell lines (A) HUVEC = Human

Umbilical Vein Endothelial Cell; and (B) HA0SMC = Human Aortic Smooth Muscle Cells
available from Cell Applications at two separate times of year.
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Comparison of the number of male and female immortalized/established/transformed cell
lines derived from sex-specific tissue (female breasts, ovaries, gonads, cervix, male prostates
etc.) and non-specific tissue (all other tissue).
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Comparison of the number of male and female transformed/immortalized/established cell
lines reported in the 303 journal articles that described /n vitro cell culture experiments from
7 prominent biomaterials journals (See Table 1). Cell lines have been separated by non-
specific tissue for those cell lines derived from (A) humans and (B) mice.
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Figure 6.
Breakdown of cell sex for all the cell cultures recorded for each journal surveyed for articles

published in December 2019.
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Table 1.

Breakdown of articles published by each journal surveyed

Journal

ACS Biomaterials Science & Engineering

Acta Biomaterialia

Advanced Healthcare Materials

Biomaterials

Biomaterials Science

Journal of Biomedical Materials Research Part A

Macromolecular Bioscience

Journal Abbreviation
ACS Biomater. Sci. Eng.
Acta Biomater.
Adv. Heathcare Mater.
Biomaterials
Biomater. Sci.
J. Biomed. Mater. Res., Part A

Macromol. Biosci.

Number of Articles
43
38
25
90
78
18
11
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