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A B S T R A C T

The role of Reactive Oxygen Species (ROS) on biological media has been shifting over the years, as the knowl-
edge on the complex mechanism that lies underneath their production and overall results has been growing. It
has been known for some time that these species are associated with a number of health conditions. However,
they also participate in the immunoactivation cascade process, and can have an active role in theranostics.
Macrophages, for example, react to the presence of pathogens through ROS production, potentially allowing the
development of new therapeutic strategies. However, their short lifetime and limited spatial distribution of ROS
have been limiting factors to the development and understanding of this phenomenon. Even though, ROS have
shown successful theranostic applications, e.g., photodynamic therapy, their wide applicability has been ham-
pered by the lack of effective tools for monitoring these processes in real time. Thus the development of innova-
tive sensing strategies for in vivo monitoring of the balance between ROS concentration and the resultant immune
response is of the utmost relevance. Such knowledge could lead to major breakthroughs towards the develop-
ment of more effective treatments for neurodegenerative diseases. Within this review we will present the current
understanding on the interaction mechanisms of ROS with biological systems and their overall effect. Addition-
ally, the most promising sensing tools developed so far, for both in vivo and in vitro tracking will be presented
along with their main limitations and advantages. This review focuses on the four main ROS that have been stud-
ied these are: singlet oxygen species, hydrogen peroxide, hydroxyl radical and superoxide anion.

1. Introduction

Reactive Oxygen Species (ROS) is actually a collective term that is
used to describe oxygen-derived small and highly reactive molecules.
Those can be divided into two main categories. The first group is free
radicals and include superoxide anion (O2-), hydroxyl radical (OH·),
peroxyl radical (ROO·) and alkoxyl radical (RO·). These species are free
radicals that contain one or more unpaired electrons. The second group
is the nonradicals which do not contain unpaired electrons. These in-
clude singlet oxygen, (1O2), hydrogen peroxide (H2O2), organic perox-
ides (ROOH) and Ozone (O3) (Fig. 1). These non-radical species can di-
rectly induce oxidation and/or can be converted into free radicals ac-
cording to their environmental conditions [1]. ROS lifetime in biologi-
cal conditions is different for each species and dependent on external
conditions, namely, temperature; light; reducing agents and metal ions,
among others [2–4] (Fig. 1).

The presence of radicals in biological media is not synonymous with
the presence of ROS. For example, the presence of Reactive Nitrogen
Species (RNS) should not be neglected [5]. Nitrogen monoxide (NO·), is
a RNS radical that is capable of diffusion through cell membrane sys-
tems. In a similar manner to its oxygen based counterparts, (ROS), this
specie can be biologically synthesised from the amino acid l-arginine
by a family of different nitrogen monoxide synthases. Its effect on the
body is largely dependent on the local environment. In body fluids, for
example, small percentages of NO· reacts with O2 to form nitrogen diox-
ide (NO2·), which is a more unstable radical:

However, the majority of NO· is oxidised to nitrite ion (NO2−) or re-
acts with heme groups of oxyhemoglobin to form metahemoglobin and
nitrate (NO3). In fact, one of the most common methods for assessing
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Fig. 1. Schematic representation of the two main categories of ROS and the bio-
logical factors that affect their lifetime.

the formation/synthesis of nitrogen monoxide in vivo is the measure-
ment of free nitrite and nitrate levels [5].

The high reactivity of ROS is simultaneously its major hazard and
advantage. ROS over expression is commonly associated with a number
of harmful effects linked to oxidative stress such as neurodegeneration,
cancer, inflammation and apoptosis, amongst others [5,6]. ROS are
common by-products of cellular metabolism and depending on their
concentration the effects of these species can lead to cellular death.
Nonetheless, there is also a beneficial role associated with the produc-
tion of these species. They are known to participate in numerous highly
relevant physiological processes as secondary messengers, such as, sig-
naling and cell proliferation during cell adhesion and gene expression
[7–9]. Phagocytes, for example, use superoxide radical along with other
ROS species to kill bacteria. Additionally, they also contribute actively
to the immune system through fibroblast proliferation and differentia-
tion control, as well as, ensuring the proper folding and maturation of
immunoglobulins [10,11].

Their role as secondary messengers in cellular signaling has been at-
tracting much attention. The ROS messenger role is related to oxygen
sensing systems such as carotid body chemoreceptor cells, pulmonary
artery smooth muscle cells and erythropoietin-producing cells. These
unique cells comprise essential parts of homeostatic loops required to
maintain oxygen levels in multicellular organisms in hypoxia situations
[12]. Since ROS plays such an important role in living organisms it is
not surprising that the development of sensors/biosensors for its detec-
tion has attracted so much attention over recent years [13,14].

In this work we will present a structured review beginning with a
brief introduction to the known ROS biological roles in living organ-
isms. A brief discussion on the main challenges faced in the develop-
ment of sensing technologies for the most commonly studied ROS: sin-
glet oxygen, hydrogen peroxide, superoxide anion and hydroxyl radical
will follow. Then an overview on the commonest sensing techniques
used for each ROS with the best outcomes will be presented. The inten-
tion is not to present an exhaustive review but one where the main fo-
cus is on the most recent innovative and promising solutions towards
the development of ROS sensing. Therefore, the most relevant sensing
technologies for in vitro and in vivo ROS sensing will be presented. Their

advantages and drawbacks will be highlighted to allow greater critical
understanding of the ROS sensing field.

2. ROS biological production cascade-mechanism

In biological systems, ROS can be produced by different types of
cells, namely, phagocytes which include neutrophils, monocytes and
macrophages amongst others [1]. The production of ROS by these types
of cells is closely related to their function in the immune system. In-
deed, superoxide anion, hydrogen peroxide, singlet oxygen and hy-
droxyl radical are the most prominent ROS produced by phagocytes
and play an essential role in the host defense against pathogens
[15–17]. Therefore, it is not surprising that a range of sensors for these
species have been developed over recent years (Fig. 2).

The impact that ROS have in host immune defense is clearly demon-
strated by what occurs for people with chronic granulomatous disease
(CGD). This is a genetic disease where the patients have recurrent infec-
tions due to their phagocytes incapacity to produce ROS. The lack of
ROS hinders the of killing and elimination of pathogens that usually
pose a much lesser problem to healthy people [18,19]. In normal bio-
logical conditions, the phagocyte NADPH oxidase is responsible for the
production of the superoxide anion which, in the presence of protons,
forms hydrogen peroxide. Furthermore, hydrogen peroxide also reacts
with superoxide anion forming hydroxyl radicals that is utilised by
myeloperoxidase in the production of a powerful killing agent,
hypochlorous acid (HOCl) [1,20,21].

Despite being produced by a range of cell types, within each cell
they can be formed within a number of cellular structures, ranging from
the endoplasmic reticulum to the cell nucleus [22]. In some particular
cases, ROS can also be formed upon oxidation of different compounds,
such as, lipids proteins or DNA [10,11]. Nonetheless the most relevant
source of ROS production is within the mitochondria [22,23] (Fig. 3).
During the generation of adenosine triphosphate (ATP), electrons are
transported through the mitochondria via the electron transport chain.
In the mitochondria inner membrane, complex I and III cause some
electrons to “leak” from the transport chain. These can react with free
diatomic oxygen to form superoxide anions. When the oxygenation con-
ditions are normal, about 1–2% of the electrons transported within the
mitochondria, participate in this secondary process [24]. These super-
oxide anions are rapidly converted into hydrogen peroxide upon bind-

Fig. 2. Determination of the most studied ROS.
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Fig. 3. Schematic representation of the mechanism for ROS biological production on the mitochondria and their known association with several diseases.

ing to superoxide dismutase 1 or 2 (SOD1 or SOD2) meaning they only
have a short lifetime. However, in low oxygen conditions the ROS pro-
duction actually increases in complex III at the Q0 site [25]. This initi-
ates a cascade-like event where the number of superoxide species in-
creases and are released into the mitochondria intermembrane space,
where they are then reduced to hydrogen peroxide and released into
the cytosol [26]. In order to help mediate the cell survival and activity,
transcription factors known as hypoxia-inducible factors (HIF) are re-
leased (Fig. 3) [27]. Under hypoxic conditions, HIF-1α expression in-
creases in an attempt to stabilise the cell; however, overexpression of
this transcription factor has been associated with numerous cancers, in-
cluding breast, prostate, lung and ovarian cancers. Moreover, overex-
pression is also related to several neurodegenerative conditions, such as
Alzheimer's and Parkinson's diseases [23,28] (Fig. 3).

Elevated levels of ROS and related transcription factors have also
been linked to: DNA damage at the transcriptome level by way of DNA
methylation, apoptosis induction through cell signaling, the activation
of tumor necrosis factor (TNR) receptors and protein oxidation/These
can all lead to denaturation occurring [23,29–31]. Hence the oxygen
abundance and the subsequent ROS generation cascade have a relevant
role in many human diseases, including renal/kidney disease and car-
diovascular conditions, amongst others [32,33]. Therefore, the number
of studies performed to better ascertain the link between these factors
and the mechanism by which these reactions occur have been recently
increasing in number [5,6,23,34–37]. This has led to a subsequent

growing increase in knowledge on ROS production, concentration and
specific roles in biological media [22].

Cellular ROS are tightly controlled since their concentration can dic-
tate the difference between cell differentiation and cell death. This ap-
pears to suggest that inside the cells there is a “ROS rheostat” that con-
trols cellular survival [8]. However, their high reactivity which leads to
their short lifetime, relatively low spatial abundance, poor photostabil-
ity and rapid off-site diffusion has been hampering studies into their
presence and the biological mechanisms lying beneath the production
and effects associated with ROS [23]. A number of innovative solutions
have been developed in order to overcome the shortcomings of the cur-
rent ROS detecting systems, namely their lack of stability, specificity
and sensitivity, among others. Amperometric sensors, chemilumines-
cence, fluorescence and their combination with nanomaterials have
been used to determine appealing results for imaging probes and thera-
nostics products, since they allow ratiometric sensing that is relatively
unaffected by environmental drift, which is one of the major difficulties
on in vitro and in vivo ROS sensing [23] (Table 1).

3. ROS sensing in biological media

To date, the non-destructive and selective intracellular analysis of
ROS has remained one of the biggest challenges in molecular bioimag-
ing. The most conventional methods have advantages and drawbacks
(Table 1). In many cases although they are widely used, they are either
applied in cells post-mortem or require labeling. Studying cells post-

Table 1
Common direct sensing methods for ROS: Limitations and advantages.

Sensing Method Techniques Limitations Advantages Refs

Direct ROS
Sensing

Traditional Electron Spin Resonance ✓ Expensive;
✓ Time Consuming;
✓ Specialised personnel and equipment

✓ Specific;
✓ Sensitive;

[50–
52]Spin Trapping

Pulse Radiolysis
Current
Innovations

Nanotechnology ✓ Requires the development of specific
probes

✓ Highly Specific
✓ Highly Sensitive;
✓ Low LODs;
✓ Adequate for routine analysis;
✓ Applicable for in vivo and in

vitro.

[53–
62]Chemiluminescence

Fluorescence
Amperometric
Association between 2
techniques
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mortem is quite limiting, since it does not allow the exploration of the
ROS signaling mechanism and alters ROS physiology [7]. The use of
probes that require labeling is also challenging, since the reaction
mechanism of fluorophores is often unclear. Moreover, organic fluo-
rophores are prone to photobleaching and blinking which restricts the
analysis timeline. Additionally, most commercially available probes are
not specific to one ROS molecule [38]. Another recognised drawback of
organic dyes is their tendency to form aggregates at high loading con-
centrations, thereby substantially reducing the fluorescence intensity.
This phenomenon is known as aggregation-caused quenching [39,40]
and is responsible for reductions in brightness, which results in poor
performance in biosensing and bioimaging applications [41]. An alter-
native to these traditional organic dyes is the use of aggregation-
induced emission (AEI) fluorophores. These demonstrate low fluores-
cence in the isolated state due to intramolecular motions, but exhibit
high fluorescence intensity in the aggregated state [39]. AEI fluo-
rophores also have high brightness in their aggregated state thereby en-
abling them to be encapsulated within biocompatible polymers for bio-
logical applications [40,42–49].

Nanoparticles have also helped surpass the common drawbacks as-
sociated with the use of traditional organic dyes. Indeed, the versatility
of nanoparticles, since they can be functionalised with a variety of func-
tional groups to confer specificity onto the sensor, is one of their most
appealing features [63]. Moreover, their high photo-stability and
brightness has made them highly appealing for bioimaging applications
[64]. Carbon dots are fluorescent carbon-based nanoparticles that due
to their biocompatibility and ease of functionalization to develop spe-
cific sensors have become appealing over recent years [5]. Gong et al.
[53], reported a novel sensing platform using biocompatible carbon
dots that displayed high stability against extreme pH's and high ionic
strengths, making them suitable for in vivo applications. These Cdots

were successfully applied towards live, rapid, cell imaging of hypochlo-
rite in macrophages along with other nitrogen radical species (RNS).

Chemiluminescence is another interesting alternative to organic
dyes. Since this method does not require external excitation, the back-
ground noise and photobleaching associated with fluorescence are no
longer substantial drawbacks towards wide application. The association
between chemiluminescence and nanoparticles is gathering much at-
tention towards the development of innovative ROS sensing method-
ologies [54,55,65].

Another interesting application of chemiluminescence and nanopar-
ticles is the use of semiconductor polymer nanoparticles (SPNs). These
nanoparticles were initially designed for optoelectronic devices there-
fore they have intrinsic high photostability and brightness [56–58],
which makes them particularly appealing for cell imaging and tracking,
tumour, homodynamic and photoacoustic imaging [59,66–68].

Nonetheless, the dynamic and real-time monitoring of the relation-
ship between hypoxia, ROS concentration and their overall conse-
quences in vivo and in vitro is still a challenge. To improve the under-
standing of these systems, several complex techniques have been em-
ployed. Amongst them, electron spin resonance, spin trapping and
pulse radiolysis [50–52] have been utilised. However, although these
methods produce accurate results, they are both labor-intensive and
time-consuming. Moreover, they usually require costly equipment and
specialised personnel, which limit widespread application [69]. The in-
direct measurement of ROS was an alternative proposed by some re-
searchers that can overcome the limitations associated with the short
lifetime and spatial distribution of ROS in biological media (Fig. 4)
[22]. Here the ROS production can be estimated through the by-
products generated during the damage that these reactive species in-
duce (Table 2) [70]. Malondialdehyde (MDA), ROOH derived from
lipids (LOOH), e.g., phospatidyl choline hydroperoxide (PcOOH), F2-
isoprostanes or 8-hydroxy-2′-deoxyguanosine that are produced in con-

Fig. 4. Schematic representation of the indirect methods for ROS sensing.
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Table 2
Common indirect sensing methods for ROS: Limitations and advantages.

Analytes Detected Techniques Limitations Advantages Refs

Indirect ROS
Sensing

Malondialdehyde (MDA) Low or high-performance liquid chromatography
techniques with the following post-
treatments:

• Post-column Chemiluminescence detection
• Reductive-made electrochemical detection
• Coupling to a Tandem Mass Spectroscopy

✓ Time Consuming;
✓ Difficult to implement in a regular

basis

✓ Specific;
✓ Sensitive;

[22,
70–
73]

Elisa Kits
Thiobarbituric acid reactive
substances (TBARS)

Lipid oxidation; Reactive subtract Possible interference with other common
biomolecules that can lead to false
results

✓ Simpler than
previous
techniques.

✓ Easy to implement

[22,
72–
76]Protein oxidation; Protein products

junction with DNA damage are some of the commonest resulting by-
products due to ROS cytotoxicity that can be utilised within this indi-
rect approach [22]. Measurement of these species can be performed,
with high accuracy, through gas or high-performance liquid chro-
matography (HPLC) techniques, involving post-column chemilumines-
cence detection, reductive-mode electrochemical detection or by cou-
pling to a tandem mass spectrometry. Alternatively, there are also some
ELISA kits available that provide estimation values for these targets
[71]. Nonetheless, these techniques are still very time consuming and
difficult to implement in a routine basis.

An alternative approach has been proposed and utilised with some
degree of success, namely spectrophotometric assays [72,73]. These are
easier to implement and less complex than the techniques previously
mentioned. The best known are the thiobarbituric acid reactive sub-
stances (TBARS) and the advanced oxidation protein products (AOPP)
that are able to provide an estimate of ROS levels by analyzing the by-
products formed during lipid and protein oxidation, respectively [22].
The simplicity of these assays is its most appealing feature. However,
there are drawbacks, such as the possibility of false results obtained for
the TBARS assay in the MDA measurement and the presence of interfer-
ence due to a variety of other biological compounds such as bile pig-
ments, saturated and unsaturated aldehydes, sucrose, amino acids and
urea [72–78]. These are all factors that undermine this techniques pos-
sible wider use. When choosing the technique that best serves our pur-
poses it is appropriate to balance factors such as simplicity, cost, the
time-efficiency and also the nature of the sample required. For example,
the measurement of ROS in serum or plasma is quite complex due to the
short lifetime of these reactive species. When using these samples, the
most common ROS detected are only the most stable ones, e.g. hydro-
gen peroxide or ROOH [22]. Therefore, the data must be treated with
proper care, taking into consideration these known limitations. It is also
relevant to highlight that this indirect approach is very limiting, despite

the relative simplicity of this technique. Also this method does not al-
low determination of the mechanism underlying the ROS toxicity, nor
the identification of the species responsible for such damage.

For more sensitive and specific measurement of ROS in biological
the use of fluorescence and phosphorescence molecular probes are
smart choices. These have a well-established chemistry and have been
utilised successfully for some time, both in vitro and in vivo [79–81]. All
these techniques demonstrate high analyte sensitivity, relative low cost,
fast response time and allow ROS quantification. The resultant signal
can be associated with changes in the luminescence intensity or display
a red/blue shift in the emission spectra [82,83]. However, there are
some challenges, fluorescence, for example, is limited by the range of
available dyes. The most common dyes used fluoresce within the visible
light region (400–500 nm). This can be quite restrictive since both cells
and tissues have autofluorescence in the same wavelength range. As
such, research has been focused towards the development of new dyes,
both organic and nanoparticle based, that emit within the red/near-
infrared region of the spectra (>700 nm) [23,84], as well as, develop-
ing alternative techniques. More recently, researchers have described
ROS monitoring in biological systems using Fluorescence Lifetime Mi-
croscopy (FLIM) [85]. This is a powerful technique, because in steady-
state fluorescence detection methods the dye concentration and the
light source intensity can influence the target quantification. On the
contrary, FLIM allows a time-resolved monitoring of the fluorophores
fluorescence decay and it is not affected by any of these steady-state flu-
orescence drawbacks [23,86].

Hence, over the years several models have been used for ROS detec-
tion, namely; human, animal and plant cells, serum, cell cultures, tis-
sues for in vitro; and Drosophila melanogaster, mice and zebra fish for in
vivo sensing (Fig. 5). Despite the overall interest in all ROS determina-
tion, studies have been focusing mainly in four families of species, two

Fig. 5. Most studied biological models for ROS sensing.
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non-radical ROS: hydrogen peroxide and singlet oxygen; and two free
radical ROS: hydroxyl radical and superoxide anion.

3.1. Hydrogen peroxide (H2O2) sensing: relevance and challenges

Hydrogen Peroxide is one of the most studied ROS. It is produced in
biological media as a protection mechanism against invading
pathogens and also for cellular signaling. However, the over expression
of this molecule has been closely associated with the onset and progres-
sion of many diseases, such as arthritis and chronic obstructive pul-
monary disease, amongst others [87]. This hydrogen peroxide dual
function makes it extremely important to develop new methodologies
to directly quantify intracellular H2O2 and thus contribute to improving
the knowledge on the progression of these diseases [7]. Moreover, the
total effects that H2O2 presence and concentration has on the overall
health of living organisms remains elusive, in part due to the limited
number of methods available for studying this transient molecule in
vivo [88]. Some methods do exist, the oxidation biological mechanism
of hydrogen peroxide can be followed using for example: boronated flu-
orophores, fluorescent protein receptors, gold nanodots and carbon
nanotubes (Fig. 6) [87,89–91] However, most of these probes are only
useful in cultured cells, mainly due to their short excitation wavelength
that leads to strong autofluorescence signals in living mammalian ani-
mals [65]. To overcome these drawbacks, some recent advances have
been obtained using two different techniques combined: biolumines-
cence and chemiluminescence [65]. Both approaches are promising,
since they do not require external light excitation, thus removing the is-
sues associated with using short excitation and emission wavelengths.
Nonetheless, they are also somewhat limited. The use of biolumines-
cence, such as the method reported by Van de Bittner et al., 2010 [88],
were the detection was performed using a boronic-cage firefly luciferin
is limited to firefly luciferase expressed transgenic in mouse models
since it requires the presence of the enzyme to trigger the response sig-
nal [92]. Alternatively, chemiluminescence is a non-enzymatic ap-
proach, thus it does not have this issue, but it still relies on small-
molecule dyes as reporters. These dyes are often low emissive and can
be unstable in the presence of highly oxidative ROS, such as, hypochlo-

rite and hydroxyl radical [93,94]. This ROS-bleaching of the organic
dyes can potentially lead to false negative results, limiting the applica-
bility of this technique. In an attempt to overcome this problem the use
of semiconductor polymer nanoparticles (SPNs) has emerged [95,96].
Due to their excellent photostability and high brightness they have
been utilised with success in biological media for: cell imaging and
tracking, target tumor imaging, hemodynamic imaging, photoacoustic
imaging and switchable probes for ROS imaging in living mice,
amongst other applications [66–68,97]. Amperometric approaches
have also been applied to hydrogen peroxide sensing. Their high sensi-
tivity, low response time and the possibility of high resolution mapping
of analyte distributions have made this sensing strategy appealing [98].
Indeed, amperometric sensors based on micro-or nanoelectrodes allow
real-time investigation of biological processes at the single–cell level
[99]. Initially, microsensors were based on carbon microfibers or metal
wire electrodes [100–103]. However, this requires the use of tedious
manual manipulation techniques. Moreover, these methods do not al-
low further miniaturisation of the sensor and can only be applied to ex-
tracellular monitoring, since the probes are too large to be located en-
tirely within the cell and there are also stability issues [98]. In order to
overcome these sensors lack of stability, additional coatings steps were
inserted, but the coating material itself is subject to the same limita-
tions.

3.1.1. Hydrogen peroxide (H2O2) In vivo and In vitro sensing
The most promising techniques used so far for in vivo and in vitro

sensing of hydrogen peroxide are: chemiluminescence, chemilumines-
cence associated with nanoparticles and a new age of amperometric
sensors.

Lee et al. [54], reported the development of a multimode integrated
nanoprobe with enhanced chemiluminescence response to hydrogen
peroxide for in vitro and in vivo measurement. Here, the association be-
tween a nanoscopic co-aggregation AEI dye with a hydrogen peroxide
responsive peroxalate, which can convert chemical reaction energy into
electronic excitation, and resulted in the self-assembly and construction
of concentrated hydrophobic dye/peroxalate nanoparticles. This sys-
tem was successfully tested for the in vivo visualisation of intracellular

Fig. 6. Schematic representation of the most common methods for hydrogen peroxide in vivo and in vitro sensing.
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overproduced hydrogen peroxide during early stages of inflammation
[54].

Making use of the knowledge that hydrogen peroxide has an impor-
tant role in biological resistance to infectious pathogens within the res-
piratory tract. Kim et al. [55] attempted the in situ, real-time, analysis of
hydrogen peroxide generation and used this information to evaluate the
immune response. According to the authors, the application of a chemi-
luminescent nanoparticle-based real-time imaging technique allowed
the evaluation of the hydrogen peroxide generation after influenza A
(WS/33/H1N1) viral infection using a non-invasive approach. Indeed,
they determined that the nasal epithelial cells respond to viral infection
through the production of hydrogen peroxide and that the in vivo cumu-
lative hydrogen peroxide level in the nasal mucosa peaks at day 3 post-
infection [55]. This in vivo concentration evaluation was possible using
a chemiluminescence nanoparticle-based sensor and provided relevant
information on the immune response of the respiratory tract to viral in-
fections.

Shuhendler et al. [62], also reported a chemiluminescence sensor
that enabled simultaneous and differential imaging of peroxynitrite and
hydrogen peroxide for drug toxicity evaluation using SPNs. It is a
known fact that ROS production acts as a strong indicator of drug-
related hepatotoxicity [62]. Therefore, in this work, the authors were
able to monitor the in vivo hepatotoxicity caused by two widely used
drugs: the analgesic and anti-pyretic acetaminophen and the anti-
tuberculosis agent isoniazid. Within previous work, these authors were
also able to demonstrate deep tissue tumor imaging of RNS in vivo in the
particular context of systemic bacterial infection [60], thereby enhanc-
ing the applicability of these SPNs.

The integration of SPNs with chemiluminescence provides a poten-
tial advance in, for example, the detection and monitoring of H2O2 in
biological media. However, the mechanism that controls the chemilu-
minescent process is still poorly understood, not only for SNPs-based
probes, but also for other small organic molecules [65]. This may limit
both the technique sensitivity, as well as, the imaging applications. In
an attempt to surpass this issue, Zhen et al. [65], performed a study that
determined that in order to increase the hydrogen peroxide sensitivity
in vivo it is necessary to analyse the energy level alignment between the
semiconductor polymer and peroxalate (a common probe used in
chemiluminescence processes). By adjusting these two parameters it
was possible to increase the quantum yield up to 2.30 × 10−2 E/mol al-
lowing detection of H2O2 at levels as low as 5 nM, a substantial im-
provement over previously reported probes [65]. Additionally, it was
also possible to image this analyte in peritonitis and neuroinflammation
mouse models. This is a fast and efficient process, where just 1 min after
application of 2 μL of SNPs it was possible to specifically detect endoge-
nous hydrogen peroxide in the mouse brain in real-time with no need
for external excitation [65]. This methodology seems to be highly
promising for in vivo imaging of hydrogen peroxide in neurodegenera-
tive diseases, e.g. Parkinsons and Alzheimers.

An appealing alternative to chemiluminescence approaches is the
use of amperometric sensors based on ultramicro or nanoelectrodes.
Their small size and needle-like shape, along with the concurrent spa-
tial and temporal resolution makes them suitable for measurement in
tissues, as well as within single cell analysis [85,99,101,104–109]. Am-
atore and co-workers performed a ground-breaking study using ultra-
microelectrodes where they demonstrated successful detection of ROS
and RNS release from single cells to the extracellular environment after
stimulation of an immune response [110–113]. These nanoprobes are
particularly suitable for probing the intracellular environment without
leading to leakage between the extra- and intracellular media. Ultrami-
croelectrodes could be utilised to detect hydrogen peroxide during pen-
etration-induced oxidative outbursts in murine macrophages, where
the temporal evolution of the transient intracellular hydrogen peroxide
levels were monitored and used to evaluate the anti-oxidative capabili-
ties of the cells. Furthermore, it was also possible to quantify the intra-

cellular concentration of hydrogen peroxide and monitor its perme-
ation through the cell membrane [7].

Clausmeyer et al. [98] reported a way to overcome not only the lack
of stability but also the miniaturisation problems seen in previous am-
perometric sensors. According to the authors, it is possible to bypass
these issues by electrodeposition of Prussian Blue (PB) on the nanoelec-
trode. The carbon electrode was fabricated by pyrolytic decomposition
of butane within a quartz nanopipette and further etched in order to
construct nanocavities on the electrode surface onto which the PB
would be deposited. By using this approach the authors reported a se-
lective quantification of hydrogen peroxide in a concentration range
from 10 μM to 3 mM that could be useful for intracellular oxidative
stress in living cells. The possible in vivo use of this sensor was also
demonstrated by the Marquitan et al. [7], where it was possible to de-
tect hydrogen peroxide produced during penetration-induced oxidative
outburst in murine macrophages. Moreover, the temporal evolution of
the transient intracellular hydrogen peroxide levels can be resolved and
may be used to evaluate the anti-oxidative capacities of the cells. Addi-
tionally, it was also possible to quantify the hydrogen peroxide intracel-
lular concentration and monitor its permeation through the cell mem-
brane [7], thus improving the understanding of the interaction mecha-
nisms between hydrogen peroxides and mammalian cells.

3.2. Singlet oxygen (1O2) sensing: relevance and challenges

Dioxygen species play important biological roles since they can mu-
tually transform into each other as well as forming oxygen containing
radicals including hydroxyl and nitric oxide radicals, amongst others
[114]. These structurally identical oxygen-based species have distinct
physicochemical properties and biological reactivity due to minor dif-
ferences in their outer electron distributions [115]. In biological media,
dioxygen species dominate cellular respiration through a series of meta-
bolic pathways. They can also affect intracellular energy supplies, re-
dox homeostasis, signal transduction and immunological defense
[116,117]. However, most oxygen-derived species need to be carefully
monitored, since they are commonly associated with a high potential to
inflict oxidative damage in biological organisms [118]. The most rele-
vant dioxygen species in biological media are: molecular oxygen (3O2)
singlet oxygen, (1O2) and superoxide anion, (O2·-). Singlet oxygen is
formed from molecular oxygen through triplet photosensitisation, thus
it has a set of paired electrons of opposite spins, which grants it a higher
oxidising ability than the ground-state, molecular oxygen.

Singlet oxygen has a very low lifetime, 3 × 10−6 s and a relatively
low spatial distribution of 100 nm [119]. These factors, along with the
structural resemblance to other oxygen species, have led to major ob-
stacles to the development of new sensing systems to track and quantify
this ROS. Over the years several physical and chemical methods have
been reported for singlet oxygen sensing [120–124]. The method con-
sidered the gold standard for singlet oxygen detection is a lumines-
cence-based technique. This method is based on the detection of the
near infrared emission of this radical, which corresponds to the transi-
tion from the singlet oxygen state to molecular oxygen (Fig. 7) [125].
This technique is particularly used in PDT dosimetry; since it is a direct
sensing method that does not depend on secondary reporters [120].
However, and despite the recent advances in the development of highly
sensitive near infrared photomultiplier tubes and in single photon
counting instrumentation, this technique is still challenging due to the
radicals intrinsic properties (low concentration and biological lifetime).
In order to overcome these drawbacks, research efforts have been em-
ployed towards the development of new probes for indirect sensing
[126–128]. In 2004 the fluorescent probe known as Single Oxygen Sen-
sor Green reagent (SOSG), has become commercially available. Since
then several authors have reported a successful application of this
probe towards monitoring singlet oxygen in a variety of biological sys-
tems, namely light-activated plant defenses, plasmonic engineering,
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Fig. 7. Schematic representation of the most common methods for singlet oxygen in vivo and in vitro sensing.

photoinactivation of viruses, photosensitiser-based PDT, among others
[129–132]. However, the feasibility of using this probe for effective
quantification of singlet oxygen generation was still lacking. This was
accomplished by Lin et al. [125]. These authors successfully demon-
strated that it is possible to use SOSG for quantitative measurement of
singlet oxygen production providing an appropriate measurement pro-
tocol is designed that allows the determination of the reaction rate.

From this range of strategies, the one that seems to present the best
results in terms of specificity, higher penetration depth and routine ap-
plicability, is the two-channel responsive luminescence sensing tech-
nique, since it allows not only high spatial and temporal resolution, but
also self-calibration. Hence there have been major efforts towards the
development of new probes for the application of this technique. These
probes, chemosensors, are based on small molecules, macromolecules
and also nanocomposites [133–137].

3.2.1. Singlet oxygen (1O2) In vivo and In vitro sensing
The detection and follow-up of this radical in both in vitro and in vivo

is very important, but as found for the other short-term radicals, a diffi-
cult task to accomplish. Hou et al. [138], demonstrated in 2018 that by
using semiconductor polymer dots doped with SOSG dye it is possible
to develop a ratiometric singlet oxygen sensing method for in vitro ap-
plications (Fig. 7a). Indeed, the SOSG-semiconductor polymer dots sys-
tem exhibits a constant blue fluorescence owing to the nanoparticles
that changes to green in the presence of singlet oxygen due to the SOSG
moiety. This methodology was successfully tested for in situ evaluation
of singlet oxygen generation during PDT using both spectroscopic and
confocal imaging techniques.

The use of (Iso)benzofuran and anthracene derivatives that pro-
duces endoperoxides in the presence of singlet oxygen has also pro-
duced interesting results (Fig. 7b). In 2013, Song et al. [139], devised
three different probes that consist in: an asymmetrical isobenzofuran
derivative and a fluorophore moiety. They have determined that the
use of pyrene as the fluorophore attached to the isobenzofuran moiety
provides the best results in terms of biocompatibility and sensitivity.
Through the use of this probe it was possible to detect intracellular sin-
glet oxygen in macrophage cells using dual channel two-photon fluores-
cence.

Flores-Cruz et al. [140], also described a dual emissive fluorescent
probe for singlet oxygen in vitro sensing (Fig, 7c). These authors devel-
oped a probe based on chromenium and coumarin 334 couple by C C
double bounds (RC334). Immediately upon cell internalization RC334
has two separate emission bands in the visible and near-infrared range,

respectively. When in contact with singlet oxygen, the coumarin moiety
is released from the probe, which allows a ratiometric detection and
monitoring of the radical species. This strategy allows the dynamic
tracking of singlet oxygen in the presence of agents that both disturb
the membrane potential and also under photodynamic therapy. The use
of coumarin 314 along with an Ir(III) complex led to the production of
another singlet oxygen sensing system successfully applied for ratio-
metric bioimaging in lipopolysaccharide/interferon/PMA-stressed
macrophage cells and also in therapeutics by You et al. [141].

3.3. Superoxide anion (O2·-) sensing: relevance and challenges

Superoxide anion, O2·-, is produced by the single electron reduction
of oxygen. It is one of the shortest lifetime ROS and is closely related to
many inflammatory diseases [142]; however, its biological role is much
more than this. Indeed, this ROS can react with reducing substances or
biological macromolecules within the cell, thus playing a relevant part
in the control of redox-related substances expression. Over the years it
has been become clearer the biological relevance that superoxide has
and its overall impact. It is now known that it can produce hydrogen
peroxide; regulate the expression of the NOX family proteins and conse-
quently cell apoptosis or proliferation, as well as, performing other rele-
vant roles in several metabolic mechanisms [142]. The relationship be-
tween the presence of superoxide anion and its biological consequences
has been a major drive towards the development of new sensing meth-
ods in the biomedicine area. The most traditional method for superox-
ide anion determination is through electron paramagnetic resonance
(EPR) [143,144]. However, its high equipment cost and requirements
for specialised personnel mean it is not suitable for routine analysis.
Over the years several other sensing techniques have been developed,
amongst them the most popular are: electrochemical biosensors, fluo-
rescence imaging, chemiluminescence, enzymatic techniques and sur-
face enhanced Raman spectroscopy (SERS) [142]. Each of these tech-
niques has its own advantages and drawbacks. Electrochemical biosen-
sors are non-destructive in nature and are easy to implement, with high
sensitivity, good selectivity and easy real-time in situ detection [145].
Over the years several new materials have been reported for selective
superoxide anion detection with varying degrees of success [146–150].
However, despite these breakthroughs there is still much to uncover on
the dynamics between superoxide anion generation and cell death un-
der physiological conditions [142].
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3.3.1. Superoxide anion (O2·-) In vivo and In vitro sensing
The behaviour of this radical species in vivo is of great relevance, but

the development of specific sensing methods to monitor it is not an easy
task. Its low intracellular concentration, along with its short stability
makes the development of effective and sensitive methods for following
the superoxide anion in vivo an extremely difficult task. To overcome
these limitations it is necessary to develop strategies that are suited to
these characteristics. The use of fluorescent probes has been suggested
as a way to gain a better insight on superoxide presence and role in bio-
logical systems and subsequent consequences. When compared with
EPR and electrochemical sensors, fluorescence imaging is a highly at-
tractive alternative. Its non-invasive nature and the fact that it allows
tracking superoxide anion in living or isolated tissues and organs are
some of its most appealing features. This method for ROS direct detec-
tion has been gathering much attention over recent years. The most tra-
ditional methods require single photon excitation, where a probe is de-
signed for specific detection and real-time follow-up of a ROS. The main
factor to be considered in choosing the probe is the evaluation of the
complex environment where the measurement will take place. Hence it
is highly relevant to tailor it according to the pH in which it will be
used, the photostability, the sensitivity and the selectivity towards a
specific ROS. It must be capable of performing these measurements in
biological media or abiotic conditions [142]. A number of probes have
been developed and can be used according to the desired application
[151–155]. However, and despite the great efforts that have been em-
ployed in the development of effective probes, most still suffer interfer-
ence from other ROS, undergo irreversible reactions and demonstrate a
delayed response time [156,157]. Indeed, for ideal monitoring of super-
oxide anion fluxes, it is necessary that the fluorescence probe demon-
strates a suitable penetration depth, minimal photodamage, rapid re-
sponse and reversibility. If such a probe is available then it is possible to
use the two-photon excitation technique, which allows the use of more
benign wavelengths and at the same time provides superior fluores-
cence imaging features [158].

Recently, Pu et al. [60], determined that SNPs where highly appeal-
ing for the development of switchable probes for ROS imaging in living
mice as they are inert towards ROS. Thus it was possible to use SPNs
with a ROS inert core as an energy donor and a SPN functionalised sur-
face containing ROS sensitive fluorophore molecules as energy accep-
tors. When in the presence of superoxide anion the FRET phenomenon
between the SNPs core and surface is disrupted and leads to a conse-
quent emission shift. Moreover, since the functionalising molecule is
based on polyethylene glycol (PEG), it is also possible to passively tar-
get tissues with leaky vasculature through the enhanced permeability
and retention (EPR) effect [60]. Since this leaky vasculature is a hall-
mark of inflammation [61], the SPN ROS sensor can effectively accu-
mulate at inflammatory regions, thereby allowing ROS imaging follow-
ing systemic administration (Fig. 8a) [60].

Zhang et al. [158], developed a reversible fluorescent probe which
can be applicable using traditional one-photon and the two-photon ex-
citation techniques. According to these authors the turn-on probe based
on (N,N’)-di ((2E)-3-(3,4- dihydroxyphenyl)acrylicacyl)-1,3,5-triazine-
2,4,6-triamine (TCA), which is involved in the interaction between su-
peroxide anion, caffeic acid and phenethyl ester, is capable of providing
accurate intracellular monitoring of superoxide anion in a dynamic, re-
versible way during reperfusion injury in hepatocyctes, zebrafish and
mice (Fig. 8b) Thus, it is a suitable approach for both in vitro and in vivo
following of this highly unstable ROS [158].

Another interesting technique for superoxide detection is based on
luminescent proteins. The overall process is fairly simple; there is a
class of proteins, photoproteins, which emit light upon catalysis by a
number of specific substances. This light emission can be used to both
detect and quantify ROS [142]. Rahmani et al. [159], reported an ap-
pealing system, where a photoprotein, aequorin, was successfully used

for superoxide anion sensing with a very low detection limit (1.2 pM)
and high sensitivity (Fig. 8).

When the detection limit and the specificity are relevant factors, re-
searchers often turn to enzymatic methods. In relation to superoxide
anion, the most used enzyme is superoxide dismutase (SOD) and its de-
rivatives (Fig. 8c). Over the years several papers have been produced
describing the association of this enzyme with nanoparticles, e.g.,
multi-walled carbon nanotubes, and other composite structures
[146,160–169]. These sensors are usually highly sensitive and have low
detection limits, however; enzymes are usually expensive and several
precautions need to be undertaken during their use in order to assure
the assay overall viability.

Another novel approach is the use of chemiluminescence. Here the
most commonly employed is luminol-amplified chemiluminescence.
However, this traditional method is limited by its non-specificity. In-
deed, even though it reacts with ROS, in most systems it is not possible
to determine the species that induced the reaction [1]. Since superoxide
anion has such a short lifetime and rapidly forms the more stable hydro-
gen peroxide, it is to be expected that hydrogen peroxide would be the
most common interferent in superoxide anion measurements.
Bedouhène et al. [1], attempted to shed some light on this subject and
analysed this dichotomy using common ROS producing systems. Ac-
cording to their findings, the luminol chemiluminescence reaction can
be used for specific superoxide anion detection only in the absence of
peroxidases. However, when in the presence of peroxidases, the same
system responds to the presence of both species.

3.4. Hydroxyl radical (HO·) sensing: relevance and challenges

Hydroxyl radical, HO·, is the most easily oxidised among all ROS
[12]. Thus it is associated with deleterious effects towards several
groups of biomolecules such as DNA, lipid and proteins, through the in-
duction of oxidative hydroxylation of their bases, lipid peroxidation
and oxidative protein damages, respectively [170–172]. Hydroxyl radi-
cal high concentrations are commonly linked to several oxidative-stress
related pathophysiological processes, e.g., inflammation, cardiovascu-
lar disorders and cancer [173–175]. However, the mechanism through
which these alterations occur is still poorly understood. Like other ROS,
hydroxyl radical has a very high reactivity associated with a short life-
time and low distribution in biological systems, which makes it difficult
to evaluate and follow. Over recent decades several techniques have
been developed in order to attempt to gain a better insight on this radi-
cals overall effects towards biological media. The most traditional,
which is used for several ROS is electron spin resonance (ESR) spec-
troscopy, but as stated before; it has several disadvantages that restrict
its wide application. Other methods ranging from, electrochemical
[176], hydrogen abstraction [177,178], recombination of nitroxide
radicals [179,180], aromatic hydroxylation [181,182], oxidative
dearylation [183,184] and oxidation of electron-rich heteroatoms
[185,186] amongst others, have also been proposed. However, these
methods have been hampered by limited selectivity, sensitivity and
sometimes their inability to be used for in vivo sensing [187–189].

3.4.1. Hydroxyl radical (HO·) In vivo and In vitro sensing
On the previous two decades there has been a wider application of

fluorescence associated detection methods for in vivo hydroxyl radical
tracking [190–192]. Indeed, fluorescence-based sensing presents sev-
eral appealing features. Its main limitation is associated with low pho-
tostability and lack of specificity that is associated with small organic
dyes [193,194]. The main revolution in this field, which has been ap-
plied with much success in hydroxyl radical sensing, is the use of
nanoparticles [192]. Nanoparticle synthesis and application is an ever
growing field; hence, it is not surprising that the number of different
nanoplatforms applied for hydroxyl radical sensing is constantly in-
creasing. The most common systems until now are polymeric nanopar-
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Fig. 8. Schematic representation of the most common methods for superoxide anion in vivo and in vitro sensing.

ticles, quantum dots, metal nanoclusters and up-conversion nanoparti-
cles (Fig. 9) [195–203]. Nonetheless, this situation is changing con-
stantly.

The polymeric nanoparticles are quite versatile in terms of size and
composition. Ganea et al., for example [204], reported a ratiometric
nanoprobe that was moderately selective towards hydroxyl radical
when compared to other ROS, with a low detection limit
(LOD = 0.73 μM). Another novel system was developed by Tong et al.
[205], where it was possible to successfully detect the analyte of inter-
est in human proximal renal tubular epithelial HK-2 cells. Quantum
dots are also appealing, since they are relatively easy to functionalise in
order to develop more specific biosensors. Moreover, their optoelec-
tronic properties make them also suitable for bioimaging applications
using single or multiple systems, through ratiometric data treatment.
Hai et al. [196], reported graphene oxide-derived quantum dot compos-
ite that was able to selectively detect hydroxyl radical through fluores-
cence enhancement. This system did not suffer interference from other
common ROS and had a very low detection limit (LOD = 12 nM),
which is similar to the low concentration values found in biological sys-

tem. Alternative systems are metal nanoclusters, amongst which the
most appealing are functionalised gold nanoparticles. The use of gold
nanoparticles for biological applications is intensively researched and
over the past five decades their application as theranostic agent in pre-
clinical and clinical studies has shown great promise [206,207]. Indeed,
in clinical trials they have been used as drug carriers for late stage can-
cer treatments and as PDT agents in prostate cancer and acne treat-
ments, which further highlights their versatility in biological applica-
tions [207–209]. In relation to hydroxyl radical sensing some interest-
ing results have also been obtained. Zhang et al. [197], developed a
gold nanocluster for hydroxyl radical detection and determined that the
developed nanoprobe displayed a linear range from 50 nM to 5 μM.
Moreover, the sensing system did not suffer from interference in the
presence of common species, namely H2O2, Fe2+, Na+, K+, Ca2+,
Mg2+, lysine, serine, histidine and glucose. This nanoprobe was suc-
cessfully applied in vitro using human bone marrow neuroblastoma
cells. Zhuang et al. [198], reported a non-toxic bioimaging hydroxyl
radical sensor with a linear response to the analyte in the 1–150 μM
range and a detection limit of 0.68 μM. This novel sensing platform was
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Fig. 9. Schematic representation of the most common methods for hydroxyl radical in vivo and in vitro sensing [196,198,204].

also reasonably stable in the presence of other known ROS interferents
and allowed accurate detection of hydroxyl radical's in vitro using HeLa
cells.

Even though these sensors and the ones based on quantum dots are
interesting, when applied in a biological context they have a common
drawback. They usually require short wavelength excitation, which
does not allow high tissue penetration for bioimaging analyte tracking
[210]. In order to overcome this issue, researchers have been focusing
on the use of up-conversion nanoparticles that can convert long-
wavelength excitation (generally in NIR region) to short-wavelength
emission. This is usually accomplished by the use of trivalent lan-
thanide ions, such as, Er3+ and Yb3+, which are doped into an appropri-
ate dielectric host lattice, e.g., NaYF4 that has at least one dimension
less than 100 nm [211]. Li et al. [199], for example, developed a sand-
wich structured up-conversion nanoparticle system for hydroxyl detec-
tion that had a linear concentration range of 1.2–194.6 fM and a quan-
tification limit of 1.2 fM. Moreover, this sensing system was success-
fully applied towards in vitro hydroxyl detection using PMA-treated
HeLa cells and liver slices from mice.

4. Therapeutic application of ROS

In biological systems, ROS assures that cellular functions are prop-
erly conducted through cell signaling pathways. When overexpressed,
these species have been associated with cell death. Initially cell death
was considered to be a passive event that occurs when cells become
damaged or injured to a point that they disintegrate into cellular debris,
often called necrotic cell death [8]. However, genetic studies performed

on C. elegans by Lettre and Hengartner [212] showed a much more com-
plex situation. These author's genetic studies proved that many genes
could control the amount of cell death and the physiological changes
that occurs within dying cells. The different types of cell death induce
specific cell signaling pathways, where ROS are pivotal [8]. Indeed, the
ROS concentration in cells can determine whether they survive or not
and also the manner of cell death mechanism they undergo. This “ROS
rheostat” role has become more than evident for in vitro studies, but its
application needs to be further explored in vivo. If this mechanism can
more thoroughly understood, particularly under pathological condi-
tions, it would be possible to utilise this cell “ROS rheostat” in therapeu-
tics [8]. Indeed, even though they are used externally in photodynamic
therapy [213], the tight control over the ROS internal “rheostat” would
create a myriad of other new applications.

The evaluation of the mechanism through which the ROS is in-
volved in immune responses has been one of the major areas of interest
in the development of specific sensors for use within biological media.
In an innate immune response cells such as neutrophils and
macrophages spontaneously increase their ROS production as a method
to fight infectious agents [214,215]. In an adaptive immune response,
the T cell receptor activation triggers ROS production inside T cells this
activates them and is responsible for cytokine secretion [54,216–218].
In theory in this manner ROS can be used to evaluate the immunoacti-
vation process which would be particularly relevant in immunotherapy.
This method of therapy aims to “train” the host immune cells to destroy
malignant cells and is a promising approach towards cancer treatment
[219]. However, to fully explore the advantages of this therapeutic ap-
proach it is necessary to monitor the immunoactivation in real-time
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[220–222] by a non-invasive technique. Cui et al. [219], reported the
successful imaging of in vivo immunoactivation during cancer treat-
ments by utilising a turn-on superoxide anion sensor based on chemilu-
minescent SNPs. Here, the superoxide anion acts as a trigger for the ac-
tivation of CD4+ and CD8+ T cells [54,216–218]. This sensor emits in
the near-infrared spectrum, making it suitable for therapeutic use in bi-
ological systems optical “window”.

Within another approach, macrophages may also enable the predic-
tion of the immune system response to pathogens and cell debris. In-
deed, macrophages are responsible for the formation of complex ather-
osclerotic plaques, where pro-inflammatory and pro-atherogenic M1
macrophages induce the production of ROS and unstable plaques by se-
creting pro-inflammatory mediators, i.e., interleukin-1b, interleukin-6
and tumour necrosis factor-a [223,224]. Therefore, the study of the re-
lationship between ROS and macrophages is one of the most appealing
research areas in ROS sensing [225]. Within this particular field, fluo-
rescent dyes have been proven to be applicable [53,225,226]. Park et
al. [227], reported a near-infrared fluorescent nanosensor based on
hyaluronic acid, chlorin e6 and a thioketal linker for ROS sensing, capa-
ble of specifically targeting pro-inflammatory M1 macrophages while
simultaneously imaging ROS in M1 macrophages in high-risk plaques.
This turn-on sensor emits strongly in the presence of ROS and provides
a good comparison to sensors that rely on the quenching effect. Indeed,
quenching can be a problematic phenomenon to follow in biological
conditions, since it relies on a predictable decrease of fluorescence in-
tensity when exposed to the analyte. Unfortunately, there is usually a
high level of background noise which limits the sensors sensitivity
ranges and detection limits. The successful application of this turn-on
sensor appears to be promising for imaging atherosclerotic tissues and
evaluation of the antioxidants effects [227].

The application of ROS in therapeutics is not a new topic. Indeed,
the use of superoxide anion and RNS has proven promising and a useful
technique in guided-photodynamic therapy (PDT) [5]. This emerging
therapeutic tool is appealing since it is minimally invasive and demon-
strates low side effects [228]. This technique uses photosensitiser, ma-
terials that upon irradiation can induce the production of ROS or RNS,
with subsequent cell apoptosis, necrosis and/or tissue destruction
[229]. Until recently PDT relied on the highly destructive superoxide
anion; however, in hypoxia [230] environments such as inside solid tu-
mours, this technique is limited. Moreover, the glutathione present in
the intracellular medium acts as a natural scavenger of ROS, thereby
protecting cancer cells from the therapeutic agents [231]. To overcome
these issues some authors have reported the use of RNS, namely nitric
oxide that can both accelerate the intracellular glutathione metabolism
and is applicable in hypoxia environments [232].

Another novel approach towards utilising the therapeutics proper-
ties of ROS is that of image-guided therapy. Mao et al. [233], for exam-
ple, reported a tumour targeted strategy in which the authors used a
chemiexcited far/near infrared emission nanomaterial coupled to a spe-
cially designed photosensitiser for singlet oxygen in situ production.
This system displayed potential wide applicability since the organic
nanoparticles are effective hydrogen peroxide sensors triggering chemi-
luminescence imaging and at the same time, they react with the hydro-
gen peroxide produced by tumours to form singlet oxygen, which is a
powerful apoptosis inducing agent [233]. Furthermore, both the hydro-
gen peroxide detection and subsequent singlet oxygen production can
be enhanced in the presence of an anti-tumour drug, FEITC, which was
capable of significantly increasing the hydrogen peroxide concentration
at the tumour, thereby enhancing the therapeutic effect in a non-
invasive manner. This chemiluminescence imaging and therapeutic ap-
proach offers a number of advantages when compared to the traditional
bioluminescence method, namely the higher penetration depth and
higher signal-to-noise ratio which are key parameters for in vivo imag-
ing [234,235].

Singlet oxygen has a high oxidising ability that can be considered
harmful and beneficial, depending on both its location and concentra-
tion. Even though, traditionally the ROS presence was seen only as a po-
tentially damaging factor, this high reactivity and “destruction power”
was put to good use, with the development of several therapeutic strate-
gies [236]. Fu et al. [237], for example, used upregulation of oxidative
stress as a way to destroy hypoxic solid tumours. This technique has
been attracting much attention and it is based on photodynamic ther-
apy (PDT) for cancer treatments. Since this technique relies on ROS pro-
duction through a sensitiser, which usually converts molecular oxygen
into singlet oxygen, the efficient detection and tracking, in vivo, of these
species has become a pressing need.

5. Conclusions

Reactive Oxygen Species play key roles in biological media. Their
high reactivity and short lifetime are two of their innate characteristics.
Until recently, ROS were mainly associated with detrimental effects,
namely their association with many diseases, e.g., cancer, neurological
and cardiac conditions, kidney and other organ disorders. However,
they also have a relevant contribution to the immune system as they are
responsible for controlling fibroblast proliferation and differentiation,
as well as, ensuring the proper folding of immunoglobulins and their
maturation. Furthermore, immune cells when exposed to a pathogen
produce ROS which acts to help assure cell survival and pathogen de-
struction. Within biological media they can be produced by a number of
cell types and, within each cell, they can be produced in numerous
structures. However, their main production site is within the mitochon-
dria.

In the electron transport chain, under normal oxygen conditions,
about 2% of all electrons participate in a secondary process that leads to
ROS production. In fact, they “leak” from the transport chain and react
with molecular oxygen to form superoxide anion, which initiates a cas-
cade reaction culminating in the production ROS that demonstrate a
longer biological lifetime, such as hydrogen peroxide amongst others.
In hypoxia conditions, the reaction is exacerbated and the ROS concen-
tration increases to a point that can lead to cell apoptosis. It has been
deduced that these reactive species are not only responsible for cell sur-
vival, but also the type of cell death mechanism they undergo. Using
this valuable information, it is potentially possible to use ROS in thera-
peutically applications; however, in order to do so, it will be necessary
to develop new sensing approaches that allow direct, real-time in vivo
monitoring the production and concentration of these species.

Fluorescence assays seem to be the most promising for ROS biosens-
ing in terms of simplicity, cost and specificity, particularly when associ-
ated with nanoparticles. The major revolution in nanotechnology, rang-
ing from synthesis to functionalization and targeting made the biosens-
ing fluorescence a highly appealing technique. Nanoparticles can be
functionalised for high sensitivity and specificity towards ROS; more-
over, it is possible to discriminate between ROS by using these
nanoprobes. Additionally, they can be applied with success in one-
photon and two-photon excitation technique for in vitro and in vivo
imaging of ROS. A more recent trend is the use of up-conversion
nanoparticles that can convert long-wavelength excitation (generally in
NIR region) to short-wavelength emission and, thus, avoid the autofluo-
rescence of tissues and cells associated with short-excitation wave-
lengths. Another fluorescence-based promising alternative is FLIM that
has all of fluorescence technique advantages along with the fact that it
is not affected by the steady-state fluorescence drawbacks.

ROS high resolution detection has also boosted their application in
therapeutics, such as, immunoactivation during cancer treatments, in a
more effective way. Thus, a more detailed insight into the mechanism
that is the foundation of the immune system ROS production will be of
major relevance in using these species as a biological ally. ROS can be
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considered as both friend and foe, it simply depends on the perspective
and the increase knowledge on its biological role and pathways.
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