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risk assessment of radiobiology
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Organ-on-a-chip devices have been widely used in biomedical science and technology, for example for

experimental regenerative medicine and precision healthcare. The main advantage of organ-on-a-chip

technology is the facility to build a specific human model that has functional responses on the level of

organs or tissues, thereby avoiding the use of animal models, as well as greatly improving new drug

discovery processes for personal healthcare. An emerging application domain for organs-on-chips is the

study of internal irradiation for humans, which faces the challenges of the lack of a clear model for risk

estimation of internal irradiation. We believe that radiobiology studies will benefit from organ-on-a-chip

technology by building specific human organ/tissues in vitro. In this paper, we briefly reviewed the state-

of-the-art in organ-on-a-chip research in different domains, and conclude with the challenges of

radiobiology studies at internal low-dose irradiation. Organ-on-a-chip technology has the potential to

significantly improve the radiobiology study as it can mimic the function of human organs or tissues, and

here we summarize its potential benefits and possible breakthrough areas, as well as its limitations in

internal low-dose radiation studies.
Introduction

Organ-on-a-chip systems are in vitro cell culture models in which
the microenvironment of human organs or tissues is mimicked
on articial microstructures built on a microuidic chip.1 Organ-
on-a-chip technology integrates concepts from microfabrication,
chemical science, cell biology, medical science and biotechnol-
ogies, and is expected to have major applications in biomedical
science,2 therapy development,3 drug discovery,4 and regenerative
medicine.5 An increasing number of studies have demonstrated
that organ-on-a-chip systems can be successfully applied in the
aforementioned research scenarios. We believe organ-on-a-chip
also has great potential in risk estimation of internal radiobi-
ology studies, as organ-on-a-chip can provide human-specic,
tissue-level and organ-level data in vitro. Despite this potential,
only a few studies have focused on this application domain, as far
as we know.6–9 The exposure to low-dose internal irradiation is an
important issue, since it is unavoidable in nature and in the
, China Academy of Engineering Physics

E-mail: tanzhaoyi@caep.cn

aces, School of Physical and Technology,

i'an, Shaanxi 710072, China. E-mail:

tution for Nanotechnology, University of

s

logies, University of Twente, 7522 NB

is work.

f Chemistry 2020
accidents of nuclear plants, as well as in radiation therapy. In this
paper, we will briey review the state-of-the-art in organ-on-a-chip
studies, analyze the key points in low-dose internal radiobiology
studies, and discuss the possible breakthroughs when applying
organs-on-chips in radiobiology in the near future.
Organ-on-a-chip

The concept of “organ-on-a-chip” as microuidic in vitro cell
culture systems that emulate the physiology of the key func-
tional units of an organ, was established rst by Huh et al., in
their publication of a “lung-on-a-chip” in 2010.10 This eld was
then developing rapidly and organ-on-a-chip is becoming
a popular technology for biological research, due to the high
expectations of simulating key aspects of the human physiology
environment and the potential for replacement of animal
models. Applying organs-on-chips in drug development might
save years for therapeutic compounds to enter clinical trials,
because it would relieve the predominant reliance on animal
tests to assess the kinetics, efficacy and safety of drug candi-
dates.11 Besides, culturing human cells on chips enables studies
of pharmacokinetics in specic individuals.5 Here, we will
briey summarize the state-of-the-art and possibilities for
organ-chip technology in different applications areas (Fig. 1).
Biological mechanism studies

Organ-on-a-chip technology enables studies of the structure
and function of a specic organ, as well as the interactions
RSC Adv., 2020, 10, 39521–39530 | 39521

http://crossmark.crossref.org/dialog/?doi=10.1039/d0ra05173j&domain=pdf&date_stamp=2020-10-28
http://orcid.org/0000-0001-9019-933X
http://orcid.org/0000-0002-8761-4077
http://orcid.org/0000-0002-0358-9426
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra05173j
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA010065


Fig. 1 Application areas of organ-on-a-chip technology. (A) Biological mechanism – lung-on-a-chip. Reprinted with permission from ref. 10
(Copyright© 2010, American Association for the Advancement of Science). (B) Disease model – pulmonary edema and lung cancer model –
could be established by organ-on-a-chip. Reprinted with permission from ref. 16 (Copyright© 2012, American Association for the Advancement
of Science) and ref. 28 (Copyright© 2017, Cell Press) (C) organ-on-a-chip has ability to accomplish new drug discovery and toxicity tests.
Reprinted with permission from ref. 37 (Copyright© 2017, John Wiley & Sons) and ref. 31 (Copyright© 2013, Royal Society of Chemistry) (D)
regenerative medicine such as neuron recovery and stem cell differentiation. Reprinted with permission from ref. 37 (Copyright© 2018, Royal
Society of Chemistry) and ref. 46 (Copyright© 2017, Springer Nature). And (E) the great potential in radiobiology studies is developing. Bone
marrow-on-a-chip and gut-on-a-chip has been proved their strength. Drawn refering to ref. 9 and reprinted with permission from ref. 6
(Copyright ©2018, Springer Nature).
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between organs.12 For example, to conrm the regulating ability
of Transforming Growth Factor (TGF)-b1 to a four-tissue/organ-
system including liver, lung, kidney and adipose tissue, an
elementary “human-on-a-chip” was reported by Zhang, et al.,13

providing a possibility to mimic the real human microenvi-
ronment in vitro. Huh et al. built the rst “organ-on-a-chip”,
reconstructing the lung function with cyclic mechanical strains
of the alveolar capillary interface, which led to an increased
uptake of external substances into epithelial and endothelial
cells and transportation of these substances to the
39522 | RSC Adv., 2020, 10, 39521–39530
microvascular compartment, similar to how uptake takes place
in a real lung alveolus.10 A key example of the application of this
system was shown by the increased absorption of nanoparticles
when the lung alveolus interface was exposed to mechanical
strain. Besides the reaction of organs and tissues to the external
environment, the interactions between organs also can be
studied. Sances et al. proved the auxiliary action of brain
microvascular endothelial cells in the maturation of human
neurons by co-culturing these two cell types on a chip.14 In
addition, a multi-organ-chip system established by Skardal and
This journal is © The Royal Society of Chemistry 2020
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his team members considered the inter-organ responses, to
obtain a more accurate therapeutic reaction.15

Models for disease and cancer

Organ-on-a-chip technology offers an excellent platform for
disease modeling, like pulmonary edema,16 protein-induced
lung inammation,17 central nervous system disease18 and
type 2 diabetes.19 For example, Benam et al. studied chronic
obstructive pulmonary disease on a chip and developed the
potentials to identify new biomarkers of the disease progres-
sion.20 Another example is the application of blood–brain
barrier (BBB)-on-chip systems to study the effect of inamma-
tion on barrier function, and how to interfere with this
process.21–24

As the second largest risk of death with a high global fatality
rate,25 tumor and cancer biology are a major area of interest to
study in organ-on-a-chip systems. Based on the bioprinting
technology, three-dimensional tumor model with spheroids'
shape has been established in vitro.26,27 Hassell, et al. recreated
a lung-on-a-chip with non-small-cell lung cancer and observed
the growth of tumor cells in a controlled microenvironment.
They observed clinically relevant processes like tumor
dormancy and the response to therapeutical tyrosine kinase
inhibitors. Moreover, beneting from the mechanical move-
ment on the chip, the role of mechanical strain in affecting the
sensitivity of cancer to therapeutics was revealed. It was found
that signal transduction of epidermal growth factor receptor
and MET protein kinase may affect the sensitivity.28 In addition,
organ-on-a-chip systems have also been applied in anti-cancer
drug screens in a breast ductal carcinoma in situ model,29 as
well as in studies on the mechanism of metastasis of breast
cancer cells by an in vitro 3D bone-on-a-chip model.30

Drug discovery and toxicity tests

As organ-on-a-chip technology develops, models are increas-
ingly being used for drug screening. A heart-on-a-chip model
built by Agarwal et al. recapitulated a curative effect of isopro-
terenol.31 Besides, an intestine-chip,32 liver-chip,33 kidney-chip34

andmany other types of organ-chips were used to test substance
toxicity and to screen drugs. Furthermore, a multi-organ-chip
platform integrating intestine, liver, skin and kidney was
established by Maschmeyer, et al. to test repeated dose systemic
toxicity.35 Recently, multi-organ-chips were built to identify anti-
angiogenic and anti-tumor drugs,36 and to demonstrate anti-
cancer activity of a avonoid luteolin with integrated liver and
cancer tissues.37

Regenerative medicine

The reconstruction of organs can be of great use in regenerative
medicine, which has a great potential to cure or replace directly
damaged tissues and organs without the existing complications
of using organ allogras.38 Organ-on-a-chip technology provides
a broad platform to understand key aspects of how various
fabrication strategies affect cell viability and tissue function in
the context of regenerative medicine. For example, a neuron
recovery study was carried out on a microuidic chip before the
This journal is © The Royal Society of Chemistry 2020
emergence of the organs-on-chips concept.39 Neurons were also
cultured on a 3D chip to assess the response to medicine and
the regeneration of injured central nervous system neurons.40

With the help of 3D bioprinting technology,41 a heart-chip
model was printed and constructed with endothelialized
human myocardium for regenerative medicine to substitute an
unhealthy heart.42

Organ-on-a-chip systems allow stem cell culture and differ-
entiation, and the targeted differentiation of stem cells has
created high expectations on the regenerations of organs.43,44 A
microuidic chip as a primary organ chip was designed by Park
et al. to explore the different osteogenic capacity of human bone
marrow- and adipose tissue-derived mesenchymal stem cells.45

In another work, Musah et al. realized the differentiation of
induced pluripotent stem cells to functional human podocytes,
resulting in the regeneration of kidney glomerular-capillary-wall
function on-chip.46
Radiobiology

The application of organ-on-chip technology in radiobiology is
still a newly developed area. In 2011, a microuidic chip with
liver tissue was used for the rst time in this research eld by
Snyder et al. to conrm the liver tissue injury from space-like
radiation and to evaluate treatment effects by the pro-drug
amifostine.7 Then Torisawa et al. validated the effects of g-
radiation on the hematopoietic function of bone marrow in
a bone marrow-on-a-chip system. This system was used to
conrm the benecial effects of Granulocyte-Colony Stimu-
lating Factor (G-CSF) and bactericidal/permeability-increasing
protein (BPI) to recovery from radiation separately in 2014
and 2016.8,9 Very recently, Jalili-Firoozinezhad et al. applied the
“gut on chip” for radiobiology studies. Their results indicated
that g-ray radiation exacerbates the generation of reactive
oxygen species, cytotoxicity, apoptosis and DNA fragmentation,
and damages the tight junctions and integrity of the intestinal
barrier, as well as blunts the villus-like morphology. In addition,
this gut model proved that dimethyloxaloylglycine (DMOG) may
help to prevent the aforementioned damage caused by
radiation.6

Overall, although the organ-on-a-chip technology has not
been widely used in clinical studies, it showed success poten-
tials in studies of disease mechanisms, drug screening and even
experimental regeneration studies. Similar to its success in
pharmacological studies, we think organs-on-chips will also
become of great use in the eld of radiobiology, particularly by
enabling the development of protective therapies aer radiation
exposure and by stimulating the optimization of personal
radiotherapy.
Review of radiobiology studies

In the 1900s, it took a decade for people to realize the danger of
radiation effects on any type of living being including humans,
as exemplied by the application of radium in objects for
everyday use.47 Nowadays, understanding the bio-effects
induced by radiation is still a critical question, although the
RSC Adv., 2020, 10, 39521–39530 | 39523
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exposure to radiation in people's lives is limited to specic
occasions, such as biomedical diagnosis, treatment and even
including the leaking of nuclear power plants.

In this paper, we focus on the internal low-dose radiation
and we discuss the opportunities of using organs-on-chips in
radiobiology studies. Internal low-dose radiation is dened as
the radiation from inside of the body when nuclides have been
inhaled or ingested, as a consequence of which nuclides can
exist in the body for long periods, producing persistent radia-
tion damage to organs. Radiotherapy is another typical way in
which radiation nuclides are introduced in the body. On the one
side, the release of energetic photons, ions, electrons and the
resulting radiolysis of water are helpful to kill cancer cells. On
the other side, the side-effects of radiation therapy are clearly
being seen, such as inducing salivary gland swelling and pain
when the radioactive iodine targets thyroid gland for treating
differentiated papillary and follicular cancers.48,49 Still, the
radiation doses are moderate or low in these scenarios.

The epidemiological studies demonstrated the deterministic
effects of damage and diseases correlated to the dose absorbed.
For example, the minimum detectable dose of radiation
inducing leukemia and solid cancers are 100 and 200 mSv.50,51

While, under the low dose domain (<100 mSv), the dose–
response and disease relationship for doses below 100 mSv are
not completely clear yet.52 However, it unavoidable for us to be
exposed to natural and articial sources, like radionuclide in
our food supply, medical diagnostics, clinical treatment and
industrial radiography. Therefore, it is especially important to
study the dose–response relationship of correlated diseases and
their relevant biological mechanisms. Here we summarize some
unsolved key issues in low-dose radiobiology studies.
Fig. 2 Schematic representation of different model used to estimate
radiation risks down to very low dose.
Linear non-threshold model of risk estimation

Risk estimation under low-dose radiation is extrapolated from
a linear non-threshold (LNT) model, obtained from epidemio-
logical data at doses higher than 100 mSv.52 However, the LNT
model encounters challenges at low-dose radiation due to the
unclear dose–response relationships, as both adverse effects
(“bystander” effects and genomic instability) and benecial
effects (adaptive effects and low dose-hypersensitive) were
found to be induced by doses lower than 100 mSv.53–57 Low-dose
radiation induces bystander effects, in which the response of
cells to radiation is greater than the volume that is actually
irradiated; this effect may contribute to increase cancer risk of
low dose radiation.57–59 In contrast, radiation hormesis, repre-
sented as repair stimulation at low doses and repair inhibition
at high doses, is considered to be a benecial effect.60,61 It
includes adaptive protection response in mammalian cells aer
single or protracted exposures to low doses of X- or g-radiation.
Molecular studies demonstrated the relevant mechanismmight
be associated with the detection of DNA damage, subsequent
transmission of DNA damage signals and activation of DNA
repair pathways.62,63 Adaptive effects can keep cells alive
through preventing and repairing DNA damage or by removing
damaged cells via apoptosis to reduce genomic instability and
eliminate mutated cells.64,65
39524 | RSC Adv., 2020, 10, 39521–39530
The current LNT model used in radiation protection assumes
that the cellular response of low-dose radiation is linear with
dose and the same as at the high dose. The mechanism of health
risks related to low-dose radiation is not completely clear; as we
can see several different models have been proposed as candi-
dates for replacing the LNT model as shown in Fig. 2.

Individual susceptibility

Various individual responses were continuously reported from
the rst decade of the 20th century,66 which show signicant
variation in the response to radiotherapy. Individual differences
in the radiosensitivity of human skin were found in breast
cancer patients receiving radiotherapy because the tumor
originated from different defections in genes.67 A genotype
dependent genomic instability was triggered by bystander
effects aer radiation of human lymphocytes.68 Therefore,
a biomarker used to distinguish individual radiosensitivity is
helpful for optimizing the normal tissue tolerance dose in
radiotherapy or an acceptable dose in radiation protection.
Although, G2 chromosomal radio-sensitivity assay,69,70 micro-
nucleus (MN) yields71 and DNA misrepair assays72 are
commonly used to analyze cancer proneness aer radiation
exposure, these indicators are also changed when the organism
is under other toxicant stress. The integration of ‘-omics’
approaches such as genomics, proteomics, metabolomics may
facilitate the goal of understanding the variation between
individuals in radio-susceptibility to cancer.73

Linear energy transfer difference

Different sources of radiation generate different kinds of
particles with different radiation effects. The energy absorption
This journal is © The Royal Society of Chemistry 2020
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of radiation with low linear energy transfer (LET) such as X-rays
or gamma-rays decreases exponentially with the penetration
depth. In contrast, most of the high LET radiation deposits
energies at the end of penetration depth forming a Bragg peak.74

High LET radiation is likely to produce high ionization along its
trajectories and induces complex and irreparable clustered DNA
damage.75,76 The foci levels of the phosphorylated histone,
gamma-H2AX, a marker of DNA double-stranded breaks (DSB),
remain signicantly higher in a-irradiated cells than in gamma-
irradiated cells,77 since the repair of DSB is inhibited as a func-
tion of LET (up to 200 keV mm�1). The cellular response to
genetic damage shows differences between high-LET and low-
LET radiation, for instance the Activating Transcription Factor
3 (ATF3) was upregulated and remained at a high level only in
a group exposed to high-LET irradiation.78 Theoretical studies
also point to the same conclusion of the differences between
high and low radiation damage to molecules.79 However, the
prediction of radiation effects on large scale (such as cells,
tissues, organs) and the associated temporal evolution is
a major challenge for theoretical studies.
Internal exposure

Most of the exposure to low-dose radiation is internal, whichmay
cause serious health problems. As reported, excess of childhood
leukaemia was found in the Cumbrian coastal village nearby the
Sellaeld nuclear installations.80 An increased risk of leukaemia
and liver cancer were manifested in patients who were injected
with medium Thorotrast containing 232Th.81 Besides the ionizing
effects due to the particle emitted from radionuclide, the chem-
ical properties of the specic radionuclide also contribute to the
damage effects of organisms. Lanthanum, which has a similar
chemical characteristic of the radionuclide actinide, but no
radioactivity, can impair memory and learning ability via altering
DNA concentration, protein/DNA ratios and inhibition to activi-
ties of antioxidant enzymes in the brain.82,83 To acquire the health
risk of radionuclide, it is essential to identify the metabolism,
translocation of radionuclide between tissues and the underlying
mechanism related to its dysfunction aer it is absorbed by
human body. However, non-human organisms are commonly
and directly used as models to study the metabolism of radio-
nuclides. For example, in risk estimation of inhalation of
uranium, animal models do present with numbers of cancers per
radiation dose that is comparable to the rates in human beings,
but they have different preferential cancer occurrence for local
sites.84 The difference might be attributed to the different
distribution of doses in the lung airways because of the structural
differences in the lungs of human versus, for example, rat.85–87

Recently, to overcome the challenge of species differences when
using animal models, organs-on-chips have emerged as a new
platform to assay radio-biological effects, as we discussed above.
Moreover, as the effective doses in tissues are difficult to be
measured directly in live organs, it is not easy to build an precise
model to estimate the dose–response relationships for internal
exposure. Thus, it is critical, but also is a challenge to clearly
understand the risk of internal exposure in low-dose radiation-
induced bio-effects.
This journal is © The Royal Society of Chemistry 2020
Challenges in radiobiology studies

Although the safety of low-dose radiation has been studied for
decades, many important questions still remain unanswered.
The major challenges in the risk estimation are summarized
below, to establish a deep insight into the response of cell,
tissue, organ and individuals to ionizing irradiation, based on
the current methods of in vitro cellular experiments and in vivo
non-human models.

The environment of cell culture. Cell cultured in multiwall
plates, asks and Petri dishes is standard biotechnology.
However, compared to traditional 2D culture, 3D cell cultures
help to preserve normal cell function and lead to suppression of
transformed phenotypes.88,89 As an example, chondrocytes
cultured in 3D collagen gels showed greater suppression of
collagen type I (COL1) and retention of collagen type II (COL2)
than those cultured in monolayers.90 Analogously, 3D collagen
sponge cultures with medium perfusion increased the viability
of the GPIa stromal cell line.91 Such differences induced by cell
culture conditions can also be observed in the cellular response
to ionizing radiation. The apoptosis of human mammary
epithelial cells was four times lower in 3D cultures versus 2D
cultures aer the same dose of X-ray irradiation,92 complex DNA
lesions induced by iron particles were more irreparable in 3D
cultures,93 and 3D cultured cells had a higher mutation
frequency than 2D cultured samples when irradiated by iron
charged particles at all radiation doses (from 0.1 to 2 Gy).94

These signicant differences caused by the mode of cell
culturing illustrates the importance of building in vitro models
that can more effectively mimic the microenvironment of
tissues and organs for radiobiology studies.

Lack of data at low-dose radiation. The major object of
epidemiological study on the dose–response for cancer induced
by ionizing irradiation are the survivors of the Second World
War, who were exposed to intermediate or high dose.95 These
studies clearly show a positive correlation of dose and carci-
nogenesis in high-dose radiation (Fig. 2). However, this data is
not applicable for the estimation of the effects of low-dose
radiation, as the sparse loss of cells and repair of cells, do no
longer follow the same linear, deterministic trend. The lack of
plenteous data on the effects of low-dose radiation from human
poses a barrier for the design of clear predictive mathematical
models.

Species differences. Non-human organisms are the most
widely used models for investigating the underlying biological
mechanisms and for estimating the health risk of low-dose
radiation.96 However, the differences between species is
a barrier for the extrapolation of metabolic data from non-
human animal models to humans,97 which might induce
errors in the specic risk estimation for humans. As for internal
exposure, the solubility and speciation of radionuclides such as
uranium changes signicantly depending on the composition
of the biological uid (such as ionic strength and pH),98 which
are different among species. This is important, because the
speciation of a radionuclide directly inuences its distribution
in target tissues.99 Therefore, the different microenvironment
parameters between human and animals might inuence the
RSC Adv., 2020, 10, 39521–39530 | 39525
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speciation and distribution of radionuclides, and then result in
a variation of toxicity.
Discussions and conclusions
Benets from organ-on-chip

The emerging of organ-on-a-chip technologies provides new
platforms for radiobiology studies, which can be very useful for
new drug discovery and might also be a possible solution in
studies of the effects of internal exposure with low dose. This
latter application domain is possibly evenmore helpful than the
new drug discoveries, since radiation experiments cannot be
performed directly in humans, in contrast to the clinical testing
of drug candidates. Below we summarize several advantages of
using organ-on-chip technology in studying radiobiology. A
comparison of features between traditional methods and organ-
on-a-chip in radiobiology studies is summarized in Table 1.

Mimicking the micro-environment of tissue and organs.
Compared to traditional 2D cell culturing, organ-on-a-chip
systems allow the controlled co-culture of different cells to
mimic various structures and functions of tissues and organs,
such as blood–brain barrier, lung and heart.10,100,101 By
mimicking the microenvironment of cells in terms of physical
and chemical signals, organs-on-chips allow cells to maintain
specic tissue characteristics, which might be modied in
traditional 2D cell culture.

Avoidance of using animal models. Organs-on-chips can
directly culture human cells for radiobiology studies, avoiding
the use of animals and the inherent species barriers discussed
above. The species-to-species variations in genetic expression
proles such as transporter proteins are expected to be
avoided.97
Table 1 Comparison of features between traditional methods and orga

Features

Traditional method

2D culture in vitro

Advantages Mimicking the micro-
environment of tissues and
organs

No

Internal kinetics and
distribution of the
radionuclide in tissue and
organs

Limited

Personal radiosensitivity and
radiotherapy

Limited

Data availability for human
health risk estimation by
radiations

Limited. Cellular proper
varies aer long culture
vitro

Limitations Study on chronic diseases
induced by internal
radionuclide

No

Investigation on cognitive
impairment

No

39526 | RSC Adv., 2020, 10, 39521–39530
Personal-precision estimations. The bio-effects such as
oncogenesis upon exposure to low-dose radiation are complex
and dependent on the dose, rate of radiation, length of expo-
sure, age, susceptibility of organs for malignant transformation
aer irradiation, and so on.95,102 These factors might induce
variation in the response to low-dose radiation, which need to
be understood in order to optimize the LNT model in the low-
dose radiation regime. Besides, a meta-analysis of a system-
atic data search demonstrated low dose radiation indeed
increases breast cancer risk among high-risk women such as
BRCA1/2 mutation carriers.103 The engineering of personal
organ-on-chip models will also be helpful in the development of
personalized radiotherapy treatments.

High level of integration and in vivo characterization. As
known, organ-on-chip technology uses similar microuidic
systems as is used in the eld of lab-on-a-chip. This offers the
possibility of the direct integration of organ-on-chip cell culture
systems with lab-on-a-chip systems that allow physiochemical
characterization. Optical, chemical, biological and electro-
chemical information of cells can be derived inline next to the
radiation chamber, possibly providing a way of studying the
kinetics of radionuclides and a high temporal resolution in
tracking the mechanism of radiation disease in tissues.101 The
low-dose radiation may kill some essential cells inducing severe
diseases in embryos, which is currently not detectable.
However, with the help of organ-on-chips, early embryos and
stem cell-derived embryonic tissues can be cultured and radi-
ation disease can be studied.16,104
Potential and limitations

As organs-on-chips can provide a unique platform for the study
of radiobiology, we now list some key points of the potential
n-on-a-chip in radiobiology studies

Organ-on-a-chipAnimal model

Yes Yes
High level of integration and
in vivo characterization

Limited Yes
Require less radionuclide
materials and generates less
contaminated experimental
wastes

No Yes
Dependent on the advance
of biological materials used
for building tissue in vitro

ty
in

Limited. Species differences
barrier its direct application

Yes

Yes Limited

Yes No

This journal is © The Royal Society of Chemistry 2020
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impact these systems may have in the research on low-dose
radiobiology.

The internal kinetics and distribution of the radionuclide in
tissue and organs. As described above, the current studies on
the dose–response relationship of internal radiation rely on the
metabolism and retention of radionuclide in tissue. Since there
is no clear knowledge of the kinetics of radionuclides in
humans, it is difficult to accurately calculate the effective doses.

The migration and metabolism of radioactive elements in
tissues and organs is an important issue that determines where
the radionuclide accumulates and acts aer ingested by the
body. The characterization of the dynamic migration is a chal-
lenge, however it can possibly be done by multi-organ-chip and
body-on-chip technology. By using biomarkers or other visual-
izing techniques, it may be possible to perform characterization
of the migration of radionuclides based on their temporal
distribution in various articial tissues/organs. A clear model of
the metabolism/migration of radionuclides is also crucial to
calculate the effective dose in tissues and organs and predict the
morbidity risk. The accuracy of mimicking the internal micro-
environment will be important, which might directly determine
the metabolism of radioactive elements and the resulting bio-
effects.

Personal health risk estimation by radiations. The radiation
effects on the individual person are inuenced by the age,
gender, and genetic background, so studying the individual
radiobiological effects is of signicance.105–107 For example, it
can be used to optimize the dose of radiotherapy or radiation
diagnosis to reduce the risk of subsequent malignant
neoplasms.

Organs-on-chips enable the culture of primary cells origi-
nated from persons or specic group of people, to perform
studies of personal damage response. This is not only valuable
for understanding the mechanisms of how low-dose radiation
induces bio-effects, but could also be used to improve the
personal chemotherapies. Judging the level of radiation damage
on the chip, and the correlation between cellular responses in
the chip to the real organs are technical key points.
Biomarkers,10 genomic analysis108 and physiological
responses109 can be helpful for the analysis of radiation damage,
which can be integrated in the chip.

Chronic diseases and complex systems are not recom-
mended. It is known from their application in disease modeling
and drug research that organs-on-chips are currently not suit-
able to study long-term effects, in which a disease may progress
for years. Typical culture times for organs-on-chips are currently
limited to weeks,35 which is not enough to study the chronic
diseases induced by low-dose radiation. The chronic diseases
induced by low-dose radiation, such as heart disease and
neoplasms, are thus not recommended to be investigated in
organ-on-chip systems. In addition, as we described above, low-
dose radiation may induce cognitive impairment, which can
currently not be studied in organ-on-a-chip systems. However,
the physical measurement of neuronal activity may possibly be
investigated in the presence of radiation.

Organ-on-a-chip technology has found successful applica-
tion in multiple research elds. We strongly believe it can also
This journal is © The Royal Society of Chemistry 2020
provide unique and innovative tools for radiobiology studies,
based on its mimicry of human organ functions, its potential
for microuidic integration and the compatibility with multiple
endpoint assays, thereby paving the way for the next generation
of precision radiobiology studies.
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