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Human presence in space has uncovered several health concerns related to the space
environment that need to be addressed for future space missions. The hostile space
environment includes radiation and microgravity that cause various pathophysiological
effects. Among them are conditions related to the cardiovascular system. The
cardiovascular system shows a dysfunctional and deconditioning state, similar to
ageing on Earth, once exposed to the space environment. As we aim for longer space
missions to the Moon, Mars, and thus into deep space, better understanding, monitoring,
and development of countermeasures for these accelerated ageing processes are
necessary. Biomarkers and their integration into biosensors therefore become
important tools to understand the underlying mechanisms, develop countermeasures
and monitor accelerated cardiovascular ageing. In this review, we will provide a brief
overview of the space environment and its effects on the human cardiovascular system.
We list the known potential cardiovascular ageing biomarkers relevant to space along with
our current knowledge of the underlying mechanisms of cardiovascular ageing. We also
explore in more details about the various biosensors used, their specifications, and how
lab-on-a-chip systems are crucial to the development of these biosensors for tracking
cardiovascular ageing during upcoming space missions.
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1 Introduction

Exploration of our Solar System and beyond has been pursued by humanity for more than
60 years. Numerous societal benefits have been developed over the past decades from the research
conducted to enable space exploration, improving our life here on Earth. Solar panels;
meteorological forecasting; satellite communications; energy storage; recycling and waste
management; advanced robotics; as well as distant medical intervention and monitoring are just
a few examples of how space exploration has enhanced our everyday lives (ISECG, 2013; UNOOSA,
2022). Space exploration will continue to be an important driver for opening up new domains in
science and technology, providing immediate benefits to Earth. Although the space environment
enables innovations, it is also harmful to humans. One example of a health hazard encountered by
astronauts is the ageing-like effects of the cardiovascular system during long-duration spaceflights
(Baran et al, 2022). The presence of microgravity and ionizing radiation in space causes
inflammation, DNA damage, as well as remodeling of the human heart and circulatory system
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(Hughson et al., 2018; Baran et al, 2022). In future and longer space
missions, the impact of these factors will be important to consider. The use
of biomarkers and biosensors that allow pre-screening of individual
susceptibility preflight and monitoring of health effects during inflight
missions will be crucial for successful space missions (Roda et al., 2018). It
is therefore of importance to develop biosensors for monitoring
cardiovascular ageing before, during, and after these missions to
protect astronauts and gain a better understanding of the ageing
effects (ISECG, 2013; Thales Group, 2020).

On Earth, population ageing is one of the most important
demographic and social shifts observed in the last decade. Age is a
major risk factor for cardiovascular diseases, which are Europe’s
leading cause of death (17.9 million deaths, or 32 percent of all
deaths) (WHO, 2022). Ageing is a complex process of slowly
accumulating cellular and molecular events. Generally ageing is
characterized by the nine hallmarks of ageing including, genomic
instability, telomere attrition, epigenetic alterations, loss of
proteostasis, mitochondrial

dysregulated nutrient-sensing,

dysfunction, cellular senescence, altered intercellular
communication and stem cell exhaustion (Lopez-Otin et al,
2013). Each hallmark is associated with several intrinsic and
extrinsic factors and progression through each of these
hallmarks contribute to the ageing process. Leading to decreased
cellular fitness and eventually organ deconditioning and disease
(Lopez-Otin et al., 2013; Gude et al., 2018). Hence, biosensors for
monitoring of cardiovascular ageing would both be a benefit for

Earth and space exploration.

Frontiers in Sensors

In this review, we briefly introduce the space environment and
its effects on the human cardiovascular system. We summarize our
current understanding of the underlying mechanisms of
cardiovascular aging and the known potential biomarkers of
cardiovascular ageing relevant to space. We further discuss the
use of different biosensors, their requirements, and how lab-on-a-
chip systems are playing a major role in the development of these
biosensors for monitoring cardiovascular ageing during future

space missions.

2 Space environment

The term “space environment” refers to the expansive emptiness
that permeates the (relatively) barren regions of the cosmos that lie
beyond the atmosphere and surface of any planet or other celestial
body (Horneck et al., 2015). It is a vacuum where objects encounter
different radiation types and qualities as well as gravitational fields.
Gravity levels and radiation doses encountered in space around Earth

are indicated in Figure 1

2.1 Microgravity
Due to the mass of the Earth, objects experience a gravitational

force pulling them towards the center of the Earth. In low earth
orbit (200-2,000 km altitude) (Gheorghe and Yuchnovicz, 2015),
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such as on the international space station (ISS; 400 km average
altitude), astronauts are still subjected to approximately 90% of the
gravity force felt on the surface of the Earth (1 g) (Bambi, 2018).
However, due to the orbital position and the speed of the spacecraft
where the astronauts reside, this residual gravity force is
counterbalanced, = making  the  astronauts  experience
microgravity. The study of how cells are influenced by their
physical environment is known as mechanobiology. A process in
mechanobiology called mechanotransduction is the conversion of
mechanical signals into biochemical signals that trigger subsequent
signaling cascades. As humans have adapted and evolved to the
gravity level found on Earth, the cells and tissue homeostasis are
also dependent on that gravity. Hence, changes in gravity levels
(microgravity, 0.17 g on the Moon or 0.376 g on Mars) will affect
mechanotransduction which influences cellular function and
dysfunction (Demontis et al., 2017; Bradbury et al., 2020). An
example of microgravity’s impact on the cardiovascular system is
the fluid redistribution towards the upper body and head, leading
to cardiovascular deconditioning over time (Demontis et al., 2017),
similar to accelerated ageing (Gallo et al., 2020).

2.2 Space radiation

Space radiation contains ionizing radiation in the form of protons,
highly charged energy (HZE) nuclei, and electromagnetic radiation.
Forming a complex spectrum of both high- and low-linear energy
transfer (LET) radiation (Cucinotta et al., 2010; Baran et al., 2022). On
Earth, life is protected from harmful ionizing space radiation through
particle deflection due to the Earth’s magnetosphere and shielding by
the atmosphere. The ISS is still under the protection of the
geomagnetic field but is no longer shielded by the atmosphere.
Therefore, the average dose rate measured inside the ISS is
considerably higher than on Earth but still smaller than 1 mSv/day.
The resulting biological effects are thus small, even for longer-term
missions (Durante and Kronenberg, 2005). Beyond low earth orbit
(LEO), space radiation is characterized by a constant, isotropic flow of
galactic cosmic rays (GCR) and occasionally high dose rate of solar
particle events (SPEs) (Boerma et al., 2015).

GCR is mainly composed of hydrogen (H; 87%), helium (He;
12%), and small fractions of neon (Ne), silicon (Si), calcium (Ca), and
iron (Fe) (Durante and Kronenberg, 2005). Ne, Si, Ca, and Fe manifest
as HZE nuclei that move at relativistic speed. He and HZE nuclei are
high-LET radiation types with energies ranging from 10 MeV/n to
50 GeV/n (Norbury et al., 2016; Patel, 2020). The average nuclei can
penetrate tens to hundreds of centimeters of water or aluminum and
thus cannot be stopped by any reasonable shielding of a typical
spacecraft (Zeitlin et al., 2013). Two different types of GCR can be
distinguished: primary and secondary ions. When a primary GCR ion
hits a target nucleus, a nuclear interaction causes a lighter secondary
product to lose energy as well. This makes the secondary product able
to penetrate even deeper into the material. In deep space, particle
fluxes or tissue doses are between 0.3 and 0.6 mGy/day or 1 and
1.8 mSv/day (Norbury et al., 2016). The current recommendation for
occupational exposure is limited to 20 mSv/year (Vetter, 2008). Thus,
GCR forms a major health threat to future human exploration
missions that go beyond LEO as GCR accounts for a significant
portion of the radiation dose astronauts
(Chancellor et al., 2014).

accumulated by
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SPEs occur when protons emitted by the Sun get accelerated
due to a solar flare or coronal mass ejection shock. These events are
responsible for unpredictable, large plasma clouds of heavy ions
and highly energetic protons that cause sudden bursts of radiation
in and outside of a spacecraft (Chancellor et al., 2014; Patel, 2020).
Besides protons, SPEs can contain smaller fractions of He nuclei
and HZE particles. The energies of the flow of protons can extend
to a few hundred 100 MeV with speeds between 450 and 700 km/s
(Miroshnichenko, 2015). However, the energy and speed varies
considerably from event to event. Particle fluxes can fluctuate
between 0-100 mGy/h and 0-0.5 Sv/h over hours to a few days
(Boerma et al.,, 2015; Norbury et al., 2016). These particles have,
compared to GCR, lower energies and LETSs, allowing shielding to
be more efficient against SPEs than GCR (Zeitlin et al., 2013).
Although rare, five SPEs were recorded by the Mars Science
Laboratory on its 253-day mission to Mars (Zeitlin et al., 2013).
These findings raise concerns about human-rated missions to Mars
and the permanent establishment on the Moon.

Furthermore, a spacecraft can also experience radiation from the
Van Allen Belts when passing through them. The Van Allen belts
consist of an inner and an outer belt. The inner belt (altitude of
1,000 to 9,650 km) is composed of high-energy protons and electrons
produced by the Sun. The outer belt (altitude of 13,000 to 60,000 km)
contains particles originating from cosmic rays that are trapped in
those belt by the geomagnetic field (Li and Hudson, 2019).

The National Aeronautics and Space Administration (NASA) and
the European Space Agency (ESA) have identified four of the most
serious biomedical risks that humans face when exposed to space
radiation. These main risks include degenerative tissue effects
(including cardiovascular diseases), carcinogenesis, hereditary
effects, and acute radiation syndrome (Chancellor et al, 2014;
Nelson, 2016; Patel, 2020).

3 Ground-based analogs to simulate the
space environment

As outer space is difficult and very costly to reach, ground-based
analogs are crucial for space research. Several ways to simulate
microgravity on Earth are available, such as bed rest, dry
immersion, drop towers, parabolic flights, clinostats, and random
positioning machines (RPM) (Baran et al.,, 2022). Bed rest allows for
prolonged exposure to reduced gravity on a human body through
weight unloading and fluid shift using a head-down incline of the bed
(Pavy-Le Traon et al., 2007; Lipnicki and Gunga, 2009; Tomilovskaya
et al.,, 2019). During dry immersion, participants are immersed in
water while avoiding wetting by using plastic sheets. These studies
typically range from 5 to 56 days. Through weight unloading, this type
of study can quickly and accurately induce most of the physiological
effects experienced by astronauts during short-term flights (Neufeld
and Charles, 2015; Tomilovskaya et al., 2019). However, bed rest and
dry immersion do not exactly simulate microgravity as the human
body merely experiences a type of “weight unloading.” A way to truly
simulate microgravity is by using drop towers or parabolic flights as a
spaceflight analog. The drop tower at the Center of Applied Space
Technology and Microgravity in Bremen can offer a free fall period of
5s from its 110 m height (Selig et al.,, 2010). Parabolic flights can
obtain slightly longer periods of microgravity ranging from 20 to 25 s.
Here, an aircraft flies repeated parabolic trajectories resulting in short-
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duration periods of hypergravity phases (1.8 g) and free fall phases
(0 g) (Shelhamer, 2016). For relatively slow-responsive living objects,
such as plants, microorganisms or cells, a longer periods of
microgravity is possible which is provided with clinostats and the
RPM. The RPM produces a continuous random change in the
orientation. In this way, the average gravity vector experienced by
the organism, over time, can reach 0.001 g (Borst and van Loon, 2009).
Similarly, 2D and 3D clinostats work on the same principle, but they
rotate in one or two axes (Russomano et al., 2005).

As the doses of radiation in LEO are very small (<1 mSv/day), the
biological effects due to space radiation on space laboratories such as
the Space Shuttle and the ISS are small and even below the detection
threshold for some experiments (Durante and Kronenberg, 2005). For
this reason, most of the current knowledge about the biological effects
of space radiation is based on experiments performed at ground-based
accelerators. Such accelerators are capable of generating particle
beams of protons, ions, neutrons, and photons (Hidding et al,
2011). With ground-based accelerators, it is possible to produce
high-energy (<2 GeV/n), low-energy (>15MeV/n) ions, and X-ray
(<6 Gy/min) radiation (Durante et al., 2010). Other devices able to
generate low-LET radiation such as gamma or X-rays further play a
vital role in simulating space radiation in biological experiments (Delp
et al., 2016; Norbury et al., 2016).

Although the impact of microgravity and ionizing radiation on
living objects has been extensively studied in the past decades,
simultaneous exposure to both, and especially chronic low dose
exposure, is limited. We previously described such an experimental
set-up using a **’Cf neutron source and a RPM (Pani et al., 2016), a
concept further developed by Takahashi et al. (2020). Through the use
of the hindlimb model as an analog for microgravity (Globus and
2016),
microgravity and radiation is also emerging (Bellone et al., 2016;
Sadhukhan et al., 2021).

Morey-Holton, simultaneous exposure of rodents to

4 Cardiovascular ageing

Ageing is a natural and multi-factorial process that includes the
progressive deterioration of almost every organ system inside the
human body over time (Sprott, 2010; Wagner et al., 2016). Therefore,
ageing lies at the bottom of nearly every non-communicable disease,
such as cancer, diabetes, neurological diseases, and cardiovascular
diseases, the latter being the leading cause of disease burden in the
world (Sprott, 2010; Wagner et al., 2016).

Cardiovascular diseases are the main causes of death in the
industrialized world. In the elderly population, the prevalence of
cardiovascular diseases and the rate of cardiovascular mortality
rises exponentially. This suggests that age is a key risk factor for
cardiovascular diseases (Dai et al., 2012a). Moreover, the worldwide
decline in fertility is commonly believed to increase the life span due to
energetic and metabolic costs during reproduction in combination
with reproductive genes increasing mortality later in life (Kuningas
et al., 2011). Together with an increase in longevity coupled to an
improvement of diagnostic and therapeutic procedures, the world
population is getting older 2017).
Consequently, the worldwide prevalence of cardiovascular diseases

(Steenman and Lande,

is increasing (Lakatta, 2003). Cardiovascular ageing is defined as a

slow, gradual structural change and functional decline of the heart
with age (Dai et al., 2012b; Yan et al,, 2021), brought on by both
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extrinsic (environmental and way of life) and intrinsic (e.g., genetic)
factors (Lopez-Otin et al,, 2013). Since there is a clear link between age
and cardiovascular diseases, a better insight into the biological
mechanisms and processes behind cardiovascular ageing may help
prevent and treat age-related cardiovascular diseases. In this way, it
can help in extending the lifespan and lowering the increasing burden
due to cardiovascular diseases experienced by the elderly population
(Steenman and Lande, 2017).

Cardiovascular ageing seems to be specific to biological sexes (Keller
and Howlett, 2016; Rodgers et al, 2019). For example, biological sex
disparities in ageing are already evident in life expectancy, where
women have on average an additional 4.8 years compared to men.
Indeed, men and women have different physiological systems that
regulate vascular function and sex hormones are responsible for the
most pronounced endocrine alterations associated with ageing. It is well
known that men display an increased amount of adverse cardiovascular
events compared to pre-menopausal women. However, this statistic inverts
after menopause due to the fall of protective female sex hormones such as
estrogen (Dela Justina et al, 2021). Despite this observation, the
mechanisms of biological sex-specific cardiovascular ageing remain unclear.

Intrinsic processes of cardiovascular ageing, inducing loss of
homeostasis, are driven by chronic inflammation and oxidative
stress, which exacerbate telomere shortening, epigenetic drift,
senescence, mitochondrial dysfunction, stem cell exhaustion, and
genomic instability (Gude et al., 2018) (Figure 2).

Chronic inflammation, which typically manifests itself in a low-
grade manner for a prolonged period, is associated with dysregulated
pro-inflammatory mediators, cytokines, and chemokines, as well as
changes in the cellular redox state and cell death signaling pathways
(Chung et al., 2006). While the immune system is a key component of
the inflammation process (Ferrucci and Fabbri, 2018), sterile
inflammation also has an important role. The term “sterile
inflammation” refers to inflammation that occurs in the absence of
microorganisms and results from physically or chemically produced
cellular injuries but can also originate from autoimmune diseases and
exposure to allergens (Rock et al., 2010). Hence, sterile inflammation
occurs when damage-associated molecular patterns (DAMPs) are
released into the extracellular environment as a consequence of cell
death (apoptosis or necrosis) (Chen and Nufez, 2010).

Oxidative stress is defined as the increased production of reactive
oxygen species (ROS) relative to the bioavailability of antioxidant
defenses (Donato et al., 2015; Wray et al, 2017). These ROS have
strong oxidizing traits, are highly unstable, and can easily react with
other molecules within a few microseconds (Schmitt et al., 2014).
Therefore, ROS causes damage to cellular components and the
accumulation of damage is thought to be the main process that
drives ageing (Dai et al., 2012a). Cellular antioxidant systems that
counteract ROS include superoxide dismutase (SOD), catalase, and
glutathione peroxidase. However, these systems are very complex, and
genetic manipulation of these system components has resulted in
many inconsistent results (Dai et al, 2012a). Still, through
overexpression of catalase in the nucleus, peroxisome, or
that
overexpressing mitochondrial catalase had a prolonged lifespan

mitochondria of transgenic mice, it was seen mice
compared to control mice. As ROS are mainly produced in
mitochondria, mitochondrial dysfunction as a result of free radical
damage plays a central role in ageing (Schriner et al., 2005). Although
low concentrations of ROS may be beneficial for cells by stimulating

cell defense mechanisms to decrease cell damage, high levels of ROS
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Interaction between the main cellular and molecular changes that causes cardiovascular ageing. Created with BioRender. Abbreviations: ROS, Reactive
Oxygen Species; SASPs, Senescence Associated Secretory Phenotype; DAMPs, Damage-Associated Molecular Patterns.

lead to serious cell injury and inflammatory responses (Yun and
Finkel, 2014). The heart is known to have a higher basal oxygen
consumption and generate more ROS compared to other tissues
(Goffart et al., 2004). Therefore, oxidative stress plays a crucial role
in cardiovascular ageing (Wray et al., 2017).

Production of free radicals is a common source of oxidative stress.
Production of free radicals leads to lipid peroxidation, generating a complex
mix containing many electrophilic side products (Marnett, 1999). One of
these products is malondialdehyde (MDA), which has commonly been
used as a biomarker of lipid peroxidation and in extension, ageing (Jové
et al, 2020). MDA has been shown to be genotoxic and mutagenic and
further shown increased levels in patients with age related diseases
(Mohanty et al, 2022), including cardiovascular ageing (Isola et al,
2019). MDA production has been shown to increase in hearts of mice
experiencing myocardial dysfunction due to tail suspension (Liang et al,,
2019; Liang et al., 2020) as well as in blood serum of rats experiencing
radiation induced damage to the myocardium (Kura et al., 2019). Cellular
senescence has also been associated with ageing in general, including
cardiovascular ageing (Campisi, 2013). The function of cellular
senescence is to induce tissue remodeling to remove unwanted cells.
This is typically achieved through first, proliferative arrest followed by
recruitment of immune cells through secretion of senescence associated
secretory phenotype (SASP). Sequentially, progenitor cells mobilize and
remodel the tissue (Munioz-Espin and Serrano, 2014). Cellular senescence is
therefore a normal and necessary defense mechanism after tissue damage to
combat disease. However, during late stage disease senescent cells are not
efficiently cleared, leading to a buildup of unwanted less functional cells over
time, promoting disease (Campisi, 2013; Munoz-Espin and Serrano, 2014).
Cellular senescence can be induced by various factors. Among the most
common ones are DNA damage (Zglinicki et al, 2005), telomere
shortening (Bernadotte 2016), CDKN2A expression
(Krishnamurthy et al., 2004), reactive oxygen species induced stress

et al,

(Chen et al., 1995), oncogene activation (Serrano et al., 1997) and as
previously mentioned SASP secretion (Kuilman and Peeper, 2009).
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Cellular senescence is often associated with the misfolding of proteins
and dysfunction of cellular organelles, leading to oxidative stress, cell
death, and inflammation (Mufoz-Espin and Serrano, 2014). As
mentioned above, mitochondrial dysfunction is one of the common
causes and pathological features of cardiovascular ageing. The
mitochondrion is the major site of aerobic respiration and the
production of energy in the form of ATP (van der Bliek et al,
2017). Both stimuli
mitochondria to get damaged or mtDNA to become mutated.

endogenous and external can cause
Because mitochondria are a major source of intracellular ROS and
the SASP, mitochondrial dysfunction leads to an increase in ROS
production (Schriner et al., 2005; Correia-Melo et al., 2016).
Consequently, this results in increased levels of oxidative stress.
Further damaging more mitochondria, leading to a vicious circle
driving cardiac cell senescence (Muioz-Espin and Serrano, 2014).

In addition, another molecular mechanism of cardiovascular
ageing is impaired autophagy. Autophagy is known as a biological
process responsible for the degradation and recycling of damaged
organelles and misfolded proteins. It aides cell survival by removing
damaged cell components. Excessive levels of autophagy can, on the
other hand, promote cell death (Shirakabe et al., 2016). Cardiovascular
ageing is associated with an impaired level of autophagy. Therefore, an
ageing heart is characterized by an accumulation of misfolded proteins
and mitochondrial dysfunction (Taneike et al., 2010).

As mentioned above, telomere shortening is a known biomarker of
ageing. Telomeres are positioned at the ends of chromosomes in
eukaryotic cells and consist of short DNA repeats. This forms a
special cap that provides genome stability and protection from
degradation (Blackburn, 1991). Telomeres shorten when cells divide,
eventually leading to permanent DNA damage and cellular senescence,
consequently contributing to ageing (Zhan and Hagg, 2019). However,
cardiomyocytes are known to be postmitotic, meaning they have little
ability to divide during the lifespan of the organism, suggesting that
telomere shortening does not contribute vastly to cardiomyocyte ageing
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(Woodcock and Matkovich, 2005; Baran et al., 2022). Nevertheless, it was
found that oxidative stress causes single-strand breaks in telomeres and,
furthermore, accumulates with age and contributes to cardiovascular
ageing (von Zglinicki et al., 1995).

Finally, genomic instability comprises three main alterations
resulting from: 1) DNA damage; 2) mutations; and 3) epigenetic
changes, which modify gene activity without affecting DNA sequence
(Paneni et al,, 2017). Hence, changes in gene expression (Herman
etal., 2021) as well as non-coding RNAs have been linked to causes of
cardiovascular ageing (Jusic et al., 2022).

4.1 Ageing and spaceflights

Ageing and spaceflight affect human physiology in a similar way.
Ageing and prolonged exposure to microgravity cause a decline in
functionality of almost every human organ system, including cardio-
vascular deconditioning. Suggesting that astronauts, when in
spaceflight, age quicker than on Earth (Nicogossian et al., 2016;
Hughson et al., 2018). For example, 6 months of spaceflight
increased the carotid arterial stiffness in astronauts, consistent with
one or twodecades of ageing observed on Earth (Patel, 2020).
However, astronauts rapidly recovered from those symptoms after
returning to Earth (Nicogossian et al., 2016). Though, the rate of the
observed decline in functionality and recovery was highly individual
and depended to a large extent on genetics, lifestyle, gender and
metabolism (Vernikos and Schneider, 2010).

Exposure to space radiation is a well-known factor that increases the
chances of developing cancer or even acute radiation illness when passing
beyond the Earth’s magnetosphere (Nicogossian et al,, 2016). The 24 lunar
Apollo astronauts are the only humans that have traveled beyond Earth’s
protective magnetosphere. Their health inspection revealed increased
mortality due to cardiovascular disease (43%), compared to astronauts
that resided in LEO (11%) or humans that never took part in any
spaceflight (9%) (Delp et al, 2016). The increased mortality is
potentially due to a higher exposure to GCR, radiation from which
astronauts in LEO are protected by the Earth’s magnetosphere (Patel,
2020). To investigate the underlying mechanisms, mice were exposed to
simulated microgravity and radiation. The results indicated that exposure
to HZE particles (and not weightlessness) caused sustained vascular
endothelial cell dysfunction, likely as a result of the genetic changes
and perturbations to the redox metabolism caused by the HZE nuclei,
which lead to an increased level of oxidative stress (Delp et al., 2016; Patel,
2020). Again, increased oxidative stress levels have been demonstrated to
stimulate degenerative tissue changes, generally associated with ageing
symptoms such as cataract formation and cardiovascular disease
(Chancellor et al., 2014). Furthermore, it raises awareness of the
importance of performing long-term studies concerning the effect of
radiation on the cardiovascular system. Especially when considering that
the most detrimental effects on the heart and blood vessels are only
observed years or even decades after exposure to ionizing radiation
(Boerma et al, 2015). A detailed review of how the cardiovascular
system is impacted by space is described by Baran et al. (2022).

4.2 Biomarkers of cardiovascular ageing

A biomarker of ageing is defined as a biological parameter that,
alone or as part of a multivariate panel, can monitor an underlying
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age-related biological process rather than the development of a
disease. Biomarkers of ageing also have the ability to predict ageing
rates better than the chronological age of an organism and the capacity
to test the presence of the biomarker repeatedly without affecting the
organism (Sprott, 2010; Justice et al., 2018). In this way, disease-free
subjects can be tested for single parameters in a reasonable period (less
than the lifespan of that organism). However, the quest for biomarkers
of ageing is not always easy as they need to be separated from
biomarkers of disease. Furthermore, as ageing affects almost every
body system, a single biomarker that can predict the physiological age
of an organism will presumably not be found. It is more likely that a
panel of biomarkers will be needed (Sprott, 2010). Wagner et al.
reviewed a panel of possible biomarkers, including ones related to
physical function such as Body Mass Index and standing balance of the
person as well as blood-based markers such as interleukin-6 and
thyroid hormones, and molecular or DNA-based markers including
telomere length or DNA repair (Wagner et al.,, 2016). Furthermore,
Justice et al. investigated 258 blood-based candidate biomarkers for
ageing to use in an experiment to target ageing with metformin. Some
of the suggested biomarkers included IL-6, TNF-a receptor I or II,
GDF15, and CRP (Justice et al., 2018). On the other hand, senescent
cells secrete cell-type specific molecules (SASPs). For instance,
senescent fibroblasts secrete epithelial growth factors, inflammatory
cytokines and several matrix metalloproteinases (Krtolica and
Campisi, 2002). While cardiomyocytes and endothelial cells are
also known to secrete some cell-specific inflammatory cytokines
(Bochenek et al.,, 2016; Tang et al., 2020; Mehdizadeh et al., 2022).
A list of potential biomarkers can be found in Table 1.

5 Biosensors

A biosensor is defined as a self-contained integrated device which
is capable of providing specific quantitative or semi-quantitative
analytical information using a biological recognition element
(biochemical receptor) which is retained in direct spatial contact
with an electrochemical transduction element (Thevenot et al,
1999). Therefore, the two main components of a biosensor are a
biochemical recognition system and a physicochemical transducer.
The biochemical recognition system translates input from the
biochemical domain (e.g., ionophores, enzymes, antibodies and
cytokines, amongst others) into a chemical or physical output
signal. The transducer transforms the information from the
biochemical receptor into a signal that is proportional to the
amount of analyte present in the sample. The different types of
transducers are based on electrochemical principles (amperometric,
potentiometric, or conductometric), optical principles (absorbance,
reflectance, fluorescence), mass-sensitivity (piezo-electric), or thermal
1999)
(Figure 3). Biosensors are an important diagnostic tool already in

principles (calorimetric, pyroelectric) (Thevenot et al,
use nowadays (e.g., pregnancy tests, rapid antigen tests for COVID-
19) and have received increased interest for non-invasive wireless
point of care applications (Arumugam et al., 2020; Heidt et al., 2020).

5.1 Biosensors for cardiovascular ageing

Early detection of age-related diseases for early treatment, in
particular related to cardiovascular ageing, has received rising
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TABLE 1 Potential biomarkers to measure space-induced cardiovascular ageing.

Selected
biomarker

Interleukin-6 (IL-6)

Secreting cells

SASP secreted by fibroblasts,
endothelial cells and
cardiomyocytes (Tang et al.,
2020; Mehdizadeh et al.,
2022)

General description

Multifunctional cytokine
produced by both lymphoid
and non-lymphoid cells. Tt
has a role in regulating
immune reactivity,
inflammation,
carcinogenesis and
hematopoiesis (Cronstein,
2007; Son et al., 2017)

Detection inside a biosensor

-Microfluidic immunoassays (Zhao et
al., 2017; Bernotiene et al., 2020)
-Electronic taste chip (ETC) assay
system, bead-based immunoassays
(Christodoulides et al., 2007)
-Graphene oxide biosensor (Huang et
al., 2015)

10.3389/fsens.2023.1015403

Expression after

Radiation

=/ (Tapio, 2016;
Baselet et al., 2017)

Microgravity

-/ (Versarietal., 2013;
Dittrich et al., 2018;
Kriiger et al., 2019;
Basirun et al., 2021)
=\ (Maier et al., 2015)

Chemokine C-X-C
motif ligand-1
(CXCL1)

Vascular endothelial
growth factor (VEGF)

Metalloproteinase-1
(MMP-1)

SASP secreted by fibroblasts

(Mehdizadeh et al., 2022)

SASP secreted by endothelial

cells (Tang et al., 2020;
Mehdizadeh et al., 2022)

SASP secreted by endothelial

cells (Mehdizadeh et al.,
2022)
Molecule linked to Ang II

signaling cascade (Strait and

Lakatta, 2012)

CXCL1 is a chemokine with
arole in the recruitment and
activation of leukocytes,
important in the regulation
of immune and
inflammation responses of
multiple tissues (Wu et al.,
2021)

VEGEF is an important
protein in the regulation of
angiogenesis, both
physiologically and
pathologically (Ferrara,
2009)

MMP-1 has a role in the
regulation of physiological
and pathological tissue
remodeling (Pardo and
Selman, 2005). Its main
function is to degrade
collagen types 1 and 3 (Yunt
et al,, 2019)

-CXCLI1: Multiplex assays-based
studies: pro-human cytokine
multiplex assay (Bernotiene et al.,
2020)

=Pro-human cytokine multiplex assay.
Myriad human inflammation MAP
multiplex immunoassay (Bernotiene
et al., 2020)

=Porous silicon resonant microcavity
biosensor (Krismastuti et al., 2014)
=Piezoelectric immunosensor
(Soumetz et al., 2009)

-/ (Tapio, 2016)

- (Tapio, 2016;
Wang et al., 2016)

=/ (Tapio, 2016)

-/ (Versarietal., 2013;
Fuentes et al., 2015;
Dittrich et al., 2018)

=/ (Versari et al,,
2013)

Transforming growth
factor-beta 2
(TGF-f2)

SASP secreted by
cardiomyocytes (Tang et al.,
20205 Sithara and Drosatos,
2021; Mehdizadeh et al.,
2022) and endothelial cells
(Sato et al., 1990)

TGF- B2 has a role in the
proliferation, recognition,
differentiation, and cell
death (D’Amore et al., 2006)

-Fluorescent microbead-based sensor
(Son et al., 2017)

=/ (Tapio, 2016)
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TABLE 1 (Continued) Potential biomarkers to measure space-induced cardiovascular ageing.

Selected
biomarker

Secreting cells

SASP secreted by senescent
cardiomyocytes (Tang et al.,
2020). Produced by
endothelial cells and
fibroblasts (Yadav et al.,
2010)

Monocyte
chemoattractant
protein-1 (MCP1)

General description

MCP-1 also referred to as
chemokine (C-C motif)
ligand 2 (CCL2), is a
chemokine known to have a
role in the recruitment of
dendritic cells, memory T-
cells, and monocytes
towards sites of tissue injury
and infection (Yadav et al.,
2010)

Detection inside a biosensor

=Silicon photonic microring resonator
biosensing platform (Valera et al.,
2016)

10.3389/fsens.2023.1015403

Expression after

Radiation

=/ (Tapio, 2016;
Baselet et al., 2017)

Microgravity

-/ (Dittrich et al.,
2018)

Superoxide
dismutase (SOD)

Mitochondrial manganese
superoxide dismutase
(MnSOD) is secreted after
mitochondrial disfunction
and exposure to ROS in all
cells (Siddique et al., 2013;
Yan et al.,, 2021)

Glutathione
peroxidase (GPx)

Found in the cytoplasm of
nearly all mammalian tissues
(Lubos et al., 2011)

Produced in fibroblasts but
stimulated by endothelial
cells (Kuruvilla et al., 2007)

Collagen

SOD is a group of enzymes
that aids in the cellular
defense response against
ROS. SOD stands for the
dismutation of superoxide
radicals (O,") into molecular
oxygen (O,) and hydrogen
peroxide (H,0,) (Siddique
et al,, 2013)

Just as SOD and catalase,
GPx has a role in the defense
response of the cell against

ROS (Peoples et al., 2019)

The collagens are a family of
proteins that is the main
structural component of all
extracellular matrices
(Linsenmayer and Hay,
1991). Total collagen
proteins are mostly type I.
This type is increased with
age (de Souza, 2002)

-A visual electrochemiluminescence
biosensor based on CulnZnS$ quantum
dots (Yang Liu et al., 2020)

-A photocatalytic biosensor for visual
detection of SOD based on Pt-doped
graphite phase carbon nitride
(gC3N4) (Yuan et al,, 2020)

-/ after low dose
gamma radiation; \
after high dose gamma
radiation (Vieira Dias
et al,, 2018)

-/ after low dose
gamma radiation; \
after high dose gamma
radiation (Vieira Dias
et al., 2018)

=/ (Remy et al,, 1991)

=/ (Cazzaniga et al.,
2019)

-/ (Cazzaniga et al,
2019)

-/ (Infanger et al.,
2006)
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TABLE 1 (Continued) Potential biomarkers to measure space-induced cardiovascular ageing.

Selected
biomarker

Secreting cells

General description

Sirtuin-1 (SIRT-1) SIRT-1 aids in the cellular
response to metabolic,
inflammatory, and oxidative
stress (Hadar et al., 2017). Its
concentration decreases with
age as it has been proven that
SIRT-1 prevents ageing
phenotypes in several
tissues, thus increasing the
lifespan of several organisms
(Dai et al., 2012b)

SIRT-1 is primarily located in
the nucleus of most cell types
(Bor Luen, 2016)

Detection inside a biosensor

-Immunoassay approach based on
TiO,-Au label and hyperbranched
polymer hybrid (An, 2016)

Expression after

Radiation Microgravity

=\ (Hu et al, 2018) =\ (Liu et al,, 2020)

Abbreviation: SASP, Senescence-associated secretory proteins.
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Components of a biosensor - Typically, biosensor is made up of a biological component (a biochemical receptor like an enzyme, antibody, cell, nucleic
acid, or aptamer), a transducer (like a semi-conducting material or nanomaterial), which is a physical part that takes the biochemical signal from the detector,
amplifies it, changes it into an electrical signal, and shows it in a way that people can understand, and an electronic system with a signal amplifier, processor,

interest due to the population ageing shift that is currently observed
worldwide. Present biosensors of cardiovascular ageing focus on non-
invasive procedures that uses physical function (such as blood
pressure, body mass index, and electrocardiogram analysis) (De
Canniere et al, 2020; Zhu et al, 2022) or physiological fluids
(mostly blood-based) (Falk et al., 2020; Ouyang et al., 2021) that
are coupled to a machine learning algorithm for predictive
cardiovascular risk assessment (Arpaia et al, 2021). Blood-based

Frontiers in Sensors

biomarkers for biosensors of cardiovascular diseases that are
currently available have recently been extensively reviewed by
Ouyang et al. (2021) and are therefore not further elaborated here.
Although the described biosensors are promising and allow partial
monitoring of cardiovascular diseases in patients, there is still a need
for novel biomarkers and sensor technology for sensitive, specific,
easy-to-use, real-time monitoring and affordable biosensors (Wagner
etal., 2016). Furthermore, biosensors that are specific to the induction
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of cardiovascular ageing due to exposure to microgravity and/or
radiation have not yet been extensively developed and warrant
further research (Kanapskyte et al, 2021). In Table 1, a summary
of potential biomarkers for space-induced cardiovascular ageing can
be found, together with available detection methods and biological
induction by ionizing radiation and microgravity.

6 Lab-on-a-chip

Lab-on-a-chip systems are integrated micro-electro-mechanical
systems used to miniaturize biological and chemical processes. Lab-
on-a-chip platforms typically use microfluidic networks to enable
miniaturization and integration of complex functions that allow for
automation and replacement of bulky lab equipment (Abgrall and
Gué, 2007). Furthermore, the use of small volumes in microfluidics
allows for reduced sample consumption and shortened transport
times, leading to faster reaction times. Moreover, the physically
smaller footprint of the device simplifies point-of-care applications
and enables field applications. Microfluidic networks are composed of
channels in the range of a few micrometers to a few hundred
micrometers (Abgrall and Gué, 2007). Commonly, these devices
are made of a combination of glass, polymers, and silicon. Their
fabrication uses cleanroom facilities and microchip fabrication
techniques. As a result, complex micro- and nano-scale structures
can be incorporated into the design. However, recently the use of more
widely available techniques such as 3D printing has been used to
fabricate micro-devices (Ren et al, 2013). Through integration of
pumps, valves, sensors, and optics, to name a few, complex systems
can be put together that can be used for numerous purposes.

6.1 Biosensors and lab-on-a-chip

Lab-on-a-chip systems have been extensively used in biomedical
research for several different purposes (Dittrich and Manz, 2006;
Neuzil et al., 2012). Miniaturization allows for parallelization and
combination of many processes while also facilitating small volume
handling, proving highly useful for biological processes. Therefore,
lab-on-a-chip systems were originally used for applications like
electrophoresis, where decreased sample volume was desirable
(Dittrich and Manz, 2006; Neuzil et al., 2012). As lab-on-a-chip
systems were more frequently integrated into biomedical research,
their applications expanded and are today frequently used for
screening, cell sorting, cell encapsulation, and single cell analysis,
among others (Gupta et al., 2016). Biosensors are one specifically well-
suited application of lab-on-chips (Luka et al., 2015; Sengupta et al.,
2019). For cardiac applications, immunological assays have been
for the detection of
biomarkers of cardiovascular disease (Mohammed and Desmulliez,

incorporated into microfluidic devices

2011; Wu et al,, 2017). Standard immunoassays can be automated on a
lab-on-chip and have been used for the detection of several cardiac
markers such as myoglobin, cardiac troponin I and CRP (Mohammed
and Desmulliez, 2014; Weng et al, 2016; Wu et al, 2017). By
incorporating optics into the devices, detection can be added onto
the same chip. Furthermore, lab-on-a-chip systems can be utilized to
further simplify standard immunoassays. Blocking free and label free
immunoassays of cardiac biomarkers can be realized using lab-on-a-
chip devices (Pekin et al., 2011). Another application case of lab-on-a-
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chip systems is based on the detection of certain cell types as
biomarkers. As an example, coronary disease can be predicted
from an increasing white blood cell count (Grimm et al, 1985).
Using a paper-based platform, Zhang et al. (2015) quantified pre-
stained white blood cells using colorimetric intensity, allowing for
substantially smaller sample volumes to be used compared to standard
detection methods.

6.2 Organ-on-chip (heart-on-chip)

Organ-on-chip systems are micro-physiological systems that
can mimic organ functions and can thus be used as in vitro models
of the human organ. Allowing for e.g., more accurate disease
modeling and drug testing (Zhang et al., 2018). Biosensors can
be integrated onto the organ-on-chip similarly as on lab-on-a-
chips, allowing for real time monitoring of organ function and
response (Kratz et al., 2019). Commonly integrated biosensors can
measure oxygen, glucose, lactate, cytokines, trans endothelial- and
epithelial resistance, electric- and mechanical activity (Kratz et al.,
2019). Heart-on-chips have been used as a model of the human
microenvironment of the heart, as it allows for exposure of several
physiological cues (Agarwal et al., 2013; Wang et al., 2014; Marsano
et al., 2016; Zhang et al., 2016; Zhao et al., 2020). Biosensors are
commonly integrated into heart-on-chips to monitor the
contractility or electric activity of the cardiac construct. Lai
et al. (2017) used a force probe to measure the deflection of a
cantilever based heart-on-chip to record the cardiac activity
Likewise, Chen et al. (2019) modified polydimethylsiloxane
(PDMS) cantilevers in a heart-on-chip with a color changing
material that would change color upon exposure to strain
Furthermore, using a hydrogel based chamber specific heart-on-
chip, Zhao et al. (2020) investigated the chamber specific response
to different drugs by monitoring the displacement of an anchoring
electrode using fluorescence microscopy.

7 Discussion

Exposure to the space environment causes several negative
effects on the human body. Among many other organs, the
heart affected
(Hughson et al., 2018). Exposure to chronic microgravity and

and cardiovascular system are especially
space radiation causes ageing of the cardiovascular system,
substantially negatively impacting human health (Baran et al,
2022). Forty years after the Apollo program, Delp et al. (2016)
showed in their study that the cardiovascular disease mortality rate
was 4-5 times higher among Apollo lunar astronauts than in non-
flight and LEO astronauts. Astronauts showed “aged-like”
deconditioning, including loss of physical fitness, arterial
stiffening and development of insulin resistance. This is further
strengthened by epidemiological studies, which have shown that
doses of >0.5 Gy significantly increase the risk of both stroke and
heart disease without the mitigation of possible adverse effects at
lower doses (Hughson et al., 2018). Therefore, to keep future
astronauts healthy, it will be crucial to be able to predict and
monitor the effects of exposure to the space environment through
biomarkers of cardiovascular ageing before, during, and after flight.

Considering the continuously changing radiation environment in

frontiersin.org


https://www.frontiersin.org/journals/sensors
https://www.frontiersin.org
https://doi.org/10.3389/fsens.2023.1015403

Rehnberg et al.

space, monitoring of these biomarkers during flight may prove
especially important to be able to properly diagnose and protect
astronauts during flight (Cucinotta et al., 2010; Boerma et al., 2015;
Demontis et al., 2017). Therefore, sample collection and analysis are
required to be as straightforward as possible. Many of the current available
biomarkers of cardiovascular ageing are therefore not ideal candidates for
in-flight monitoring, as they either require complex sample collection or
difficult analysis (Durante, 2005). These could, however, be evaluated pre-
flight to predict individual susceptibility more accurately. During flight,
though, blood or saliva based biomarkers are of higher interest because of
simple sample collection and high availability (Zuidema et al., 2022). SASPs
therefore become interesting candidates because of their close association
with the ageing phenotype and ease of detection. Non-invasive biomarkers,
such as blood pressure, body-mass index, and electrocardiogram analysis,
may also be important, as they would allow for frequent monitoring (De
Canniére et al, 2020; Zhu et al, 2022). Although we listed potential
biomarkers that are sensitive to microgravity and radiation, care should
be taken during interpretation. These biomarkers are based on experiments
conducted on Earth under conditions that partially simulate the space
environment. Selection of adequate biomarkers should be therefore
validated in experiments on the international space station.

Another important aspect to consider is the biosensor used for
detection and analysis. Ease of use and portability will be highly
prioritized characteristics of the device as point-of-care testing will be
necessary on the space station and future space missions to the Moon
and Mars (Roda et al., 2018). Rapid antigen tests and lab-on-a-chip
systems minimize the use of equipment and facilitate automation and
point-of-care testing (Gubala et al., 2012; Heidt et al., 2020). Therefore,
fulfilling many of the requirements. Development of these types of
platforms for space purposes will have high potential. Also, motivated
by the need to sustain astronaut health, numerous biomedical and
human physiological studies in space have provided significant
discoveries, including a better knowledge of basic physiological
processes, the creation of novel medical technologies and protocols
that are now in use on Earth. At current, there is still a need for the
development of novel and specific biosensors for cardiovascular
ageing. Research and development of a specific and sensitive
biomarker (set) and accompanying biosensor will be highly
beneficial and crucial for future space missions as well as on Earth
(Wagner et al., 2016). However, due to the scarcity of in-flight human
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