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Chemical and molecular tools to probe biological
sex differences at multiple length scales

Nicole E. Félix Vélez, †ab Rayyan M. Gorashi †ab and Brian A. Aguado *ab

Biological sex differences are observed at multiple different length scales and across organ systems.

Gaps in knowledge remain regarding our understanding of how molecular, cellular, and environmental

factors contribute to physiological sex differences. Here, we provide our perspective on how chemical

and molecular tools can be leveraged to explore sex differences in biology at the molecular,

intracellular, extracellular, tissue, and organ length scales. We provide examples where chemical and

molecular tools were used to explore sex differences in the cardiovascular, nervous, immune, and

reproductive systems. We also provide a future outlook where chemical and molecular tools can be

applied to continue investigating sex differences in biology, with the ultimate goal of addressing

inequities in biomedical research and approaches to clinical treatments.

Introduction

Biological sex plays a fundamental role in molecular and
cellular processes during health and disease and contributes
to patient responses to treatments.1,2 The term ‘‘sex’’ refers to
biological characteristics; in humans, sex refers to attributes

that distinguish female, male, and intersex individuals. Sex
may be defined according to genetic sex determination (e.g., sex
chromosomes), gametes/germ cell production, reproductive
organs, hormones/environmental factors, or primary sex char-
acteristics including internal reproductive organs and external
genitalia. Importantly, sex attributes may or may not be aligned
in any individual (e.g., external genitalia may not reflect inter-
nal genital sex). The term ‘‘gender’’ refers to sociocultural
identities, behaviours, and attitude; the terms sex and gender
are not interchangeable. Even though gender has significant
implications in regulating a person’s health,3 herein we will
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focus on the current work and future outlook on understanding
biological sex differences in health and disease spanning across
multiple different biological length scales.

Outside of the gonads, there are organs and organ systems
that exhibit sex differences (Fig. 1). First, for example, sex
differences in the heart have been observed at cellular and
molecular levels, where factors such as contractility of cardiac
cells, electrophysiology, and gene expression have been shown
to be sexually dimorphic.4 One such example is that females
express genes associated with ischemic events which correlates
with their higher risk of developing post-myocardial infarction
relative to males.5 Second, many neurological disorders also
exhibit sex differences in incidence, severity, or response to
treatment. For example, the hormone estrogen provides pro-
tective effects to the blood–brain barrier, making females less
susceptible to neuroinflammatory disorders relative to
males.6,7 Third, on a more systemic scale, sex has been shown
to affect immune responses to both self and foreign antigens,
with females exhibiting higher innate immunity than males,
contributing to their increased susceptibility to inflammatory
and autoimmune diseases.8 Despite current efforts, the mole-
cular and cellular mechanisms that give rise to these and other
sex differences in human health and disease need to be defined
to improve current therapeutic approaches for treating
patients.

In this perspective, we outline existing chemical and mole-
cular tools that may be used to investigate sex differences in the
heart, brain, inflammation, and reproductive organs at multi-
ple different length scales (Fig. 2). Numerous chemical tools
and techniques have been developed to help probe biological
processes at different length scales, yet by and large, they have
rarely been exploited to study sex-specific biology. Using var-
ious chemical tools, scientists have been able to elucidate
intracellular pathways, understand the relation between cells
and their microenvironment, and investigate the synergy that

exists within organ systems. As scientists uncover more sex
differences in diseases, it will become increasingly important to
use new and existing tools that can help determine biological
mechanisms as a function of biological sex.9–12

Chemical tools to probe molecular sex
differences

Chemical tools can be used to target specific biological macro-
molecules, act as effectors that alter cellular phenotypes, and
provide mechanistic insights into sex-specific biological pro-
cesses. Small molecule tools can also help determine localiza-
tion and function of key intracellular molecules. Small
molecules are defined as having a low molecular weight
(between 500 Da to 1 kDa13) and are used to probe the function
of individual molecules, including intracellular proteins and
hormones, and identify sex differences at the smallest length
scales. Some of the most common tools synthesized to probe
molecular sex differences are (1) antibody tags and fluorescence
resonance energy transfer (FRET) biosensors to help localize
molecules of interest and (2) drugs that inhibit function of
proteins or gene transcription. These techniques are coupled
with optical molecular imaging techniques to help visualize
molecular activity and localization within a cell.

Tags and reporters

One of the most common techniques to label intracellular
molecules is antibody tagging. With antibody tagging, mole-
cules of interest can be isolated or visualized to understand
signaling activity within cells. The synthesis of highly-specific
antibody probes at the near infrared spectra has been a useful
tool in studying atherosclerosis to identify intravascular lesion
sites of coronary artery disease.14 Since atherosclerosis has well-
known but poorly understood sexual dimorphisms associated
with differing levels of testosterone and the presence of the Y
chromosome,15 this tool would prove useful in probing the
mechanisms that cause increased plaque burden and inflam-
mation observed in males relative to females with vascular
disease. Additionally, the ability to generate various isoforms of
antibody receptors has aided in studying hormone trafficking
within cardiac myocytes.16 Sex hormones are strongly corre-
lated with cardiovascular health in males and females. For
example, the presence of estrogen receptors (ERs) in the heart
confers protection of cardiovascular disease while loss of ERs
leads to increased risk of developing heart disease, as seen in
post-menopausal women.16 Synthesizing fluorescent antibody
tags for the different isoforms of estrogen receptor-a (ERa)
ERa66, ERa46, and ERa36 has shown the importance of ERa66
in transcriptional activation of cardiac myocytes and clarified
conflicting reports of ERa activity in the MAPK or PI3K signal-
ing pathway.16

FRET-based calcium biosensors can measure changes in
calcium concentration by quantifying changes in receptor
domain conformation once the ion is bound to the calcium
receptor.17 FRET biosensors has been used to monitor and
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study cell activation patterns in neurons, T lymphocytes, and
myofibroblasts.17,18 Batan et al. reported the use of FRET-based
calcium sensors to test the mechanosensitive role of Transient
Receptor Potential Vanilloid type 4 (TRVP4) during myofibro-
blast activation in aortic valvular interstitial cells (VICs).18 The
authors reported that TRVP4 partly regulates myofibroblast
activation via Yes-associated protein (YAP) nuclear localization
induction and identified this mechanism as a potential ther-
apeutic target for valve fibrosis. Since valve fibrosis is sexually
dimorphic, FRET-based calcium sensors may be particularly
useful to investigate sex dimorphisms in calcium shuttling in
contractile cardiomyocytes and other cardiac cells.19,20

Chemical inhibition

Small molecule drugs used to inhibit signaling pathways are
valuable chemical tools to elucidate mechanisms that give rise
to sex-specific cellular phenotypes by blocking expression or
function of messengers or receptors. For example, differential
gene expression is associated to sex differences in neuronal
activity in the brain, which often precedes the development of
neurodegenerative diseases.21 Previous work has mapped the

differential gene expression within the MAPK/ERK pathway in
neurons due to different induced activity patterns.22 Here, they
suppressed MAPK/ERK signaling using NMDA blockers and
found that neuronal activity patterns are dependent on activity-
regulated genes within this pathway. Sex differences of MAPK
expression have been observed previously, with female mice
showing lower levels of MAPK relative to males,23 indicating
that chemical inhibitors may be useful tools for probing sex-
specific signaling pathway activity.

RhoA/ROCK signaling, a mechanosensitive pathway that
regulates actin cytoskeletal formation and is associated with
several cardiovascular diseases, is uniquely enriched in male
fibroblast-like valvular interstitial cells (VICs).19 RhoA/ROCK
activation partly regulates the fibroblast-to-myofibroblast tran-
sition in VICs and inhibition of its signaling using RhoA/ROCK
inhibitors (Y-27632 and H-1152) exhibits sex differences, with
female myofibroblasts having a decreased response relative to
males due to increased expression of genes that escape
X-chromosome inactivation in female myofibroblasts.19

Additionally, using inhibitors to block lipoxygenase for-
mation has been useful in understanding the role signaling

Fig. 1 Examples of sex differences observed throughout the body. Created with biorender.com.
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molecules obtained by the oxidation of unsaturated lipids, such
as eicosanoids or prostaglandins, in the sex-dependent inci-
dence of inflammation in immune diseases. Previous work
using lipoxygenase inhibitors demonstrated that increased
production of prostaglandins in males leads to increased levels
of nuclear factor-kappa B activation, contributing to patholo-
gies such as sepsis and post-surgery infections which display a
higher incidence in males.24

Chemical tools to probe intracellular
sex differences

Chemical tools used to probe intracellular molecular mechan-
isms can be used to evaluate sex differences in genetic and
epigenetic activity between cells. Although sex disparities are
often attributed to the actions of sex hormones, increasing
evidence demonstrates that sex chromosomes also contribute
to sex differences independently of gonads, affecting different
organs and biological processes such as cardiovascular disease
and metabolism.25–27 The chemical tools to probe intracellular
mechanisms described here consist of chemical assays or
methods that can analyze protein interactions within the cell
membrane, elucidating how sex can alter intracellular activity.
Genomic tools can also help probe the regulation of gene
expression via epigenetic modifications. Specifically, we outline
methods that can be used to understand how sex chromosomes

are responsible for the sex dimorphisms observed at a
cellular level.

Epigenomic tools

Epigenetic mechanisms are important regulators of cell iden-
tity, and chromatin structure is considered a developmental
cell type-specific filter of genomic sequence information and
expression.28 Moreover, epigenetics of cells have been shown to
be key regulators of sex differences in the brain, such as
increased methylation in developing females brains allowing
for increased synaptic functions.6 The Assay for Transposase-
Accessible Chromatin with high-throughput sequencing (ATAC-
seq) is a valuable tool that can be used to interrogate the overall
epigenetic profile of a cell population. Since the study of
epigenetic sex differences is a new field, ATAC-seq can be
implemented to identify changes in chromatin accessibility
based on cell sex.

Other, more specific, genomic tools can complement ATAC-
seq to identify specific transcription factors and genes that are
differentially expressed between males and females. For exam-
ple, chromatin immunoprecipitation (ChIP) assays can help
identify transcription factors or DNA binding domains of
interest associated with the different chromatin structure
observed across the whole genome. ChIP has been useful in
understanding how demethylation of histone H3K27 induced
by the expression of X chromosome inactivation escape genes
kdm5c and kdm6a caused upregulation of inflammatory

Fig. 2 Chemical and molecular tools used (or may be used) to study sex differences in the brain, heart, inflammation response, and female reproductive
health at different length scales. Created with biorender.com.
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interferon regulatory factors (IRFs) in microglia.29 The sexually
dimorphic upregulation of IRFs contributes to the activation of
microglia during post-stroke neuroinflammation and plays a
role in secondary neuronal damage caused by a persistent
immune response from microglia.29

Histone modifications have been shown to play an impor-
tant role in fibroblast activation and fibrogenesis in the heart,
lungs, and kidneys.30,31 Thus, evaluating the activity of histone
modifiers can provide more information on how sex can drive
epigenetic alterations. Histone deacetylase (HDAC) fluoro-
metric assays performed on fibroblasts of the aortic heart valves
have revealed increased deacetylation in pathogenically acti-
vated myofibroblasts relative to healthy fibroblasts.30 Similarly,
DNA methyltransferase assays are used to evaluate the epige-
netic landscape of the developing brain, demonstrating that, in
developing mammals, masculinization is induced by decreased
DNA methylation of the preoptic area of the brain.32

Transcriptomic tools

Transcriptome sequencing, or RNA-seq, can provide data on
the transcriptionally active elements within genomes.33 In
aortic valve stenosis (AVS), RNA-seq was used to evaluate
valvular myofibroblast activation pathways in male and female
porcine valvular interstitial cells.19 Aguado et al. observed
differential gene expression between male and female myofi-
broblasts and identified signaling pathways that contribute to
sex dimorphisms in AVS. In a similar form, using global
transcriptome sequencing in T cells of mice revealed a sex
dimorphism associated with increased autoimmune suscepti-
bility in females relative to males.34

RNA-seq coupled with fluorescence in situ hybridization
(FISH) can help localize transcriptomic data onto the epigenetic
landscape. This is especially useful for tracking transgenes
created to separate sex hormones from sex chromosomes, as
reported by Itoh et al. Having created a mouse model with a
deletion of the Sry gene from the Y chromosome and expressed
and Sry transgene in an autosome, the authors were able to
identify the location and number of copies of the transgene.35

Thus, transcriptome sequencing in conjunction with visualiza-
tion techniques and chemical probes can be a powerful tool in
mapping sexually dimorphic intercellular activity.

Chemical tools to probe extracellular
sex differences

Chemical tools can also be utilized to gain knowledge about
how extracellular factors impact sex-specific biological mechan-
isms within cells. These mechanisms include extracellular
signaling molecules that can influence signal transduction
pathways and direct short-term cell response through gene
activity regulation. Biomaterials can be leveraged to model
microenvironments with physiologically relevant biological
and mechanical properties. Proteomic techniques allow us to
identify proteins of interest that could be upregulated due to
specific signal transduction pathways. Together, biomaterial

and proteomic tools have contributed to our collective progress
in the study of sex differences.

Biomaterial tools

Biomaterials are versatile tools where different chemistries may
used to synthesize or modify materials, which can significantly
alter their mechanical and biological properties.36 When eval-
uating sex differences in the extracellular space, polyethylene
glycol (PEG)-based hydrogels and gelatin hydrogels have most
commonly been employed as chemical tools to recapitulate key
aspects of the extracellular matrix.

At the extracellular level, female reproductive health has
been studied using both PEG and gelatin hydrogels. 3D PEG-
based hydrogels have been leveraged as tools to culture endo-
metrial organoids to study dynamic processes involved in
growth, differentiation, and breakdown due to fluctuations in
sex hormone levels during endometriosis.37 Endometriosis is
defined as endometrial tissue growth in the peritoneal region
outside of the uterus.38 Of particular interest is the dependency
of estrogen and resistance of progesterone on the pathology of
the disease, leading to chronic inflammation, pain, and
infertility.39 Sex hormone levels have been implicated in classi-
fication and severity of immune response.8 In their model,
epithelial–stromal cell interactions were studied as crosstalk
between these cells drives the endometrial response to sex
hormones. PEG vinyl sulfone (PEG-VS) gels were designed using
fibronectin-derived peptides (e.g., RGD), collagen-I derived
peptides (e.g. GFOGER), peptides with affinities for fibronectin
and collagen IV, and a dithiol crosslinking peptide with a
matrix metalloproteinase (MMP)-sensitive sequence. All of the
conjugated peptides represent proteins integral to the develop-
ment and maintenance of the extracellular matrix (ECM) in the
endometrium. By tuning the hydrogel stiffness to that of native
endometrial tissue, the hydrogel-cell constructs mimicked
menstrual specific reproductive events.

3D biomaterials have also been used to investigate inflam-
mation- and stromal cell-induced dysregulation of epithelial
proliferation. Methacrylamide-functionalized gelatin (GelMA)
hydrogels were employed to delineate the signaling pathway
during trophoblast invasion for the establishment of
pregnancy.40 In particular, GelMA provided the hydrogel net-
work necessary to study the motility of trophoblasts and the
signaling mechanisms of pregnancy-specific glycoproteins
(PSG) such as PSG9 and PSG1. They identified PSG9 and
PSG1 as key regulators of trophoblast motility where PSG9
reduces motility and PSG1 increases motility. The encapsulated
spheroids used in this study provided the researchers with the
tool necessary to understand trophoblast motility and remodel-
ing response in the presence and absence of soluble factors and
extracellular matrix cues.

In the study of aortic valve stenosis (AVS), 3D PEG-based
hydrogels with conjugated peptides have been used to char-
acterize valve cell interactions, particularly that of valvular
interstitial cells (VICs) and valvular endothelial cells (VECs).41

Given that AVS is a sexually dimorphic disease,20 and VICs have
been shown to have sexually dimorphic transcriptomes,19,42
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advanced biomaterial strategies to enable co-culture of VICs
with other cell types would be desirable for further probing sex-
specific cellular behaviours. In this study, arginine–lysine–
arginine (RKR) and arginine–glycine–aspartate (RGD) were
incorporated into the PEG hydrogel. RKR is a laminin-derived
syndecan binding peptide sequence and RGD is a fibronectin-
derived integrin binding peptide sequence, both of which can
support valve cell adhesion to the hydrogel matrix. 3D PEG-
based hydrogel models of AVS allow for the spatial arrangement
of VICs and VECs to mimic that of an in situ aortic valve.
Homeostatic functions were maintained using this model and
VEC monolayer formation was introduced using both RKR and
RGD binding peptides. The next generation in vitro models of
VIC–VEC interactions may involve sex-separation of these cell
types to investigate potential sex differences in co-culture
environments.

In other cardiovascular applications, modulation of shear
stress (0.5–1.5 Pa) and substrate stiffness (10–100 kPa) has been
shown to result in sexual dimorphisms human umbilical vein
endothelial cell (HUVEC) behavior.43 This study was conducted
in the previously developed MechanoBioTester system that
includes a chamber with a tunable polydimethylsiloxane
(PDMS) elastomer substrate for cell culture.44 To facilitate cell
adhesion, the PDMS substrate was coated with collagen I. In
this study, yes-associated protein 1 (YAP-1) nuclear localization
was shown to increase in male HUVECs in response to the
combination of increasing shear stress and substrate stiffness.
In female HUVECs, however, YAP-1 nuclear localization was not
significantly changed in response to the same conditions.
Collectively, multiple studies suggest several different cell types
exhibit sexually dimorphic responses to engineered microen-
vironments, suggesting biomaterials may serve as useful tools
for recapitulating sex differences in cellular responses to fluid
flow in vivo.

Proteomic tools

Proteomics involves the analysis of protein expression in a
target microenvironment, such as serum, cerebrospinal fluid,
urine, or cell lysates. Proteomic tools are used to compare
protein abundances in different samples using mass spectro-
metry methods.45 An especially relevant proteomic tool to study
sex-specific biology is the SOMAscan DNA aptamer array (Soma-
Logic). The basis of the technology for the SOMAscan array lies
in its chemically modified SOMAmers, which are synthetic
molecular recognition elements. These SOMAmers have func-
tional groups that allow for high-affinity interaction with spe-
cific protein surfaces. The key innovation in the SOMAmers is
the wide variety of chemical modifications that allow for a
library of over 7000 proteins to be identified within the target
fluid. Additionally, the selection of SOMAmers with slow dis-
sociation rates ensures a higher affinity through the disruption
of nonspecific binding interactions.46

In the study of AVS, SOMAscan DNA aptamer arrays have
been employed to develop a sex-specific profile of serum factors
before and after a transcatheter aortic valve replacement
(TAVR).47 TAVR is the current standard of care for surgical

replacement of the aortic valve in patients with severe AVS. Sex
differences in pre and post TAVR serum factors were identified
using SomaLogic proteomic analysis techniques. In males, 347
proteins had altered changes in abundance, whereas only 39
proteins had abundance changes in females. Through the use of
patient-specific sera and physiologically relevant biomaterials-
based models of the valve ECM, sex-specific outcomes in post-
TAVR cardiac remodeling observed in vivo (e.g., males experience
more improved left ventricular remodeling after TAVR relative to
females) were recapitulated in vitro.

Chemical tools to probe tissue/organ
scale sex differences

Chemical tools can also provide insight into biological mechan-
isms that guide health and disease involving the whole tissue or
organ. These mechanisms involve elements such as varying cell
types, extracellular matrix proteins, cytokines, and their inter-
actions with the tissue. Several groups have leveraged chemical
tools as a means to investigate tissue responses to innovations
such as nanomaterials, biomaterials-based vaccines, and bio-
materials for sex-specific tissue regeneration. Additionally,
existing chemical tools can also be repurposed in future studies
to investigate sex-specific pathology in tissue and organ
behavior.

Nanomaterials

Nanomaterials carry unique physicochemical properties, such
as shape, size, porosity, and surface charge, that can be
optimized for different tissue microenvironments.48 Nanoma-
terials tools can also be composed of polystyrene, liposomes,
and metals,49 are on a size range of 1–100 nm, and may take
shapes such as spheres, rods, and tubes.48 Sex-based differ-
ences at the tissue scale have been observed through the
utilization of these nanomaterials in many in vivo studies, from
drug delivery to disease modeling.

In the brain, sex differences have been observed in brain
tissue stiffness across different regions, such as the temporal
and occipital lobes.50 The differences in stiffness are predicted
to be 0.23 kPa and 0.09 kPa between females and age-matched
males. For procedures involving surgical interventions of brain
tissue, such as surgical resection, nanoparticles can be utilized
as a potential therapeutic delivery vehicle. However, nanopar-
ticle (NP) deposition to peri-resection brain tissue following
surgical resection is not well-characterized. An in vivo study
delivered polystyrene NPs (PS-NPs) with surface chemical mod-
ifications intravenously to the brain of a mouse.51 Here, a
resection model to mimic surgical injury was developed where
C57BL/6 mice had a section of their frontal lobe physically
removed by a vacuum apparatus. Though the exact mechanism
of adhesion remains unclear, PS-NPs were found to be present
only in the vasculature of the brain. The chemical modifica-
tions for this NP system included N-hydroxysuccinimide and 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide to allow for the
covalent attachment of methoxy-PEG-amine to the surface of
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PS-NPs. These chemical modifications facilitate binding of the
PS-NPs to the surface of cells to ultimately increase uptake in
the tissue. In this study, the NP deposition profile for males did
not have temporal dependence.

In contrast, another study used PS-NPs with similar carbo-
diimide surface chemistry in a traumatic brain injury (TBI)
model and observed sex-dependent increases in nanoparticle
accumulation in males, but not females. Males were observed
to have temporal dependence for the NP deposition profile,
where a secondary uptake peak could be observed days after the
initial injection.52 While the studies employed nearly identical
PS-NPs, they each yielded different results. This observance
underscores the need to expand upon these results and study
PS-NP uptake in varying regions of the brain tissue. As such,
parameters such as regional brain tissue stiffness, an estab-
lished sexual dimorphism, need to be accounted for in experi-
mental design.

Some groups have investigated sex differences in inflamma-
tory responses using nanomaterials to induce respiratory dis-
ease in in vivo mouse models. Nickel NPs can be used to mimic
respiratory disease as a result of chronic nickel exposure from
an occupational hazard. C57BL/6 mice were exposed to nickel
NPs via oropharyngeal aspiration either once (acute exposure)
or over a twenty-day time frame (subchronic exposure).53 Sex
differences in both the acute and subchronic timepoints were
observed. After acute exposure, males experienced an enhanced
inflammatory status as determined by elevated inflammatory
chemokines (C–X–C motif ligand 1, CXCL1) and cytokines
(interleukin-6, IL6). In addition, a higher population of neu-
trophils was present in the bronchoalveolar lavage fluid (BALF).

After subchronic exposure to nickel NPs, lung tissue in female
mice was found to have increased expression of signal transducer
and activator of transcription 1, STAT1. Another study investi-
gated sex bias for the development of respiratory diseases using
multiwalled carbon walled nanotubes (MWCNTs) and crystalline
silica (cSiO2).54 MWCNTs had a 27 nm diameter, 5–15 mm length,
and made up of 5.54% of nickel.55 After acute exposure to
MWCNTs, female mice experienced a greater eosinophilic
response and increased type 2 inflammatory cytokine production
in the lung lavage fluid relative to males. In contrast to females,
subchronic exposure to cSiO2 NPs resulted in severe alveolitis
accompanied with an increased presence of dendritic cells. These
studies leveraged nanomaterials to induce respiratory disease
and examine sex dimorphisms in inflammatory responses.
Future applications of these nanomaterials can delineate roles
of inflammatory chemokines and cytokines between the sexes
and investigate the influence of long-term pathology on immune
responses.

Biomaterials-based vaccine delivery and immune response

Biomaterials with different surface chemistries are useful for
modulating immune responses and inducing immunity to
pathogens. Common biomaterials for vaccine delivery include
lipid-based delivery vehicles, natural polymer-based particles,
and synthetic polymer-based particles.56 Sex differences in
vaccine delivery come into play in the immune response to

the foreign biomaterials. For example, sex differences in innate
immunity can be attributed to Toll-like receptor 7 (TLR7) gene
escaping X chromosome inactivation.57 Elevated expression of
TLR7 in conjunction with increased interferon-gamma produc-
tion results in a higher innate immune response in females
relative to males. Increased interferon-gamma production can
be attributed to the downstream effect of TLR7 on increased
inflammatory cytokine production.58 One study cited androgen
response elements and oestrogen response elements as key
promoters in genes involved in the innate immune response,
leading to a potential mediator in sex dimorphisms.59

Sex differences in outcomes of the novel coronavirus disease
(COVID-19) caused by severe acute respiratory syndrome cor-
onavirus 2 (SARS-CoV-2) have also been identified. Male bias in
the mortality of the ongoing COVID-19 pandemic has been
observed worldwide.60–62 In fact, sex differences in COVID-19
pathogenesis and mortality is congruent with other viral infec-
tions. One group utilized a natural polymer-based particle to
study vaccine uptake in an in vivo model of SARS-CoV-2.63 The
natural polymer-based vehicle for COVID-19 vaccine was fabri-
cated through a redox-induced free radical cryo-polymerization
of hyaluronic acid glycidyl methacrylate (HAGM). The HAGM
cryogel vehicle containing the COVID-19 vaccine was then
injected into the mouse along with a booster dose 3 weeks
after. Results were promising as immunomodulatory effects of
the HAGM cryogel led to B cell stimulation and recruitment as
well as CD4+ and CD8+ T cell responses. A major limitation of
this study, given prior knowledge of immune responses, is the
lack of sex disaggregation in data collection. Future work
seeking to investigate biomaterial-based vaccine delivery and
immune response must consider sex as a biological variable.

Biomaterials for tissue regeneration and drug delivery

While we previously discussed biomaterials as a tool for the
investigation of extracellular mechanisms, we can also consider
the injection or implantation of biomaterials as a tool for local
tissue regeneration. Such biomaterials can be prepared hydro-
gels or electrospun fibers for a variety of women’s reproductive
health applications.64

Pelvic floor muscle dysfunction can often be attributed to
muscle atrophy and the development of fibrosis from an acti-
vated inflammatory state.65 To mediate these dysfunctions, a
hydrogel comprised of skeletal muscle extracellular matrix (SKM)
was used in an in vivo model of simulated birth injury in rats. The
SKM hydrogel was fabricated from the decellularized longissimus
dorsi muscle of pig and underwent characterization to measure
protein fragment molecular weights through liquid chromato-
graphy with tandem mass spectrometry. SKM hydrogel injection
following simulated birth injury decreased collagen deposition in
the pelvic floor muscle tissue.65 This study exemplifies the
therapeutic potential of hydrogels composed of decellularized
extracellular matrix. Future applications can leverage the decel-
lularization technique to promote regeneration of other tissue
within the female reproductive tract.

Electrospun fibers have also been utilized as a tool for
sexually transmitted disease prevention, contraception, and
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treatment of infection. These fibers are prepared from polymer
solutions that are subjected to an electric field and thus pulled into
a fiber shape.66 As with other biomaterials discussed earlier,
properties such as porosity, stiffness, and size can still be tuned
for the target tissue microenvironment. In the reproductive tract,
electrospun fibers have been applied in the treatment of bacterial
vaginosis and fungal candidiasis (yeast infections). Mucoadhesive
electrospun fibers composed of polyvinyl alcohol were loaded with
Fluconazole, a common drug for the treatment of yeast infections.
These fibers were able to selectively target Candida albicans fungal
population in the treatment of candidiasis.67 The group found that
their fibers ranged between 150–180 nm and allowed for sustained
drug release of Fluconazole over a period of 6 hours. The advance-
ment of mucoadhesion extends the application of this biomaterial
for female reproductive tract applications, improving efficacy of
drug delivery. Future researchers can incorporate this property into
their studies to achieve similar success.

Conclusions and future outlook

Incorporating the chemical tools outlined in this perspective into
sex differences research, particularly in a pathophysiological
context, will aid in bridging the gap in current health disparities
that affect the female population.68 A thorough understanding of
the pathways and mechanisms involved in sex dimorphisms
would enable the development of targeted and improved thera-
pies as a function of sex. At the molecular level, the use of
antibody tags, FRET biosensors, optical molecular imaging, and
chemical inhibition can all be used to help illuminate pathways
and construct sex-specific networks of cell types across different
tissues. Considering the ubiquitous presence of sex hormones
around the body, it is important to consider sex hormone path-
ways and how these can affect transcriptional activity in cell types
across the body. Understanding at the smallest scale how male
and female cells regulate their processes provides insight for
more specific and effective therapeutic targets. At a larger scale,
precision biomaterials,69 proteomics, and nanomaterials allow us
to understand the extracellular mechanisms that lead to sex
dimorphisms in disease. Each of these chemical tools can
elucidate cell–cell, cell–tissue, and tissue–organ system interac-
tions that regulate sex differences in biology. Although we high-
light important advances in using chemical and molecular tools
to study sexual dimorphisms, opportunities exist to investigate
additional biological features (e.g., hemodynamics) that have not
yet been explored using these tools. As sex-specific mechanisms
are better characterized using various chemical and molecular
tools, we posit the development of future sex-based therapies will
help achieve improved treatment outcomes for patients of differ-
ent biological sex.
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