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Abstract

The pathological and physiological effects of reactive oxygen and nitrogen species
(ROS/RNS) have instigated increasing awareness in the scientific field with respect
to the development of suitable probes for their detection. Among the various probes
developed to date, semiconductor quantum dots (QDs) fluorescent probes have
attracted significant attention. The unfavourable properties of ROS/RNS with
respect to their detection, such as their short lifetimes and the competitive presence
of various endogenous reactive species capable of interfering with the probe in
biological matrices, have hindered the effective performance of most probes as well
as complicating the design of suitable probes. The development of novel QD
fluorescent probes capable of circumventing these problems is thus of scientific
interest. In this review, we highlight the challenges faced, pros and cons and
published developments to date, with respect to QD fluorescent probes for
ROS/RNS such as H>O», Oz*-, *OH, HOCl, NO and ONOO-.
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1. Introduction

Oxygen and oxygenated species play critical roles as metabolites in aerobic systems.
Despite oxygen being a vital component of life, oxygenated species can impair or
destroy the proper functioning of living tissues [1,2]. Reactive oxygen species (ROS)
are a combination of molecules that are produced through the partial reduction of
molecular oxygen (O2) [3,4]. Common examples of these species are hydrogen
peroxide (H20»), superoxide radical (O2*-), hydroxyl radical (*OH) and hypochlorous
acid (HOCI). Despite the body’s defence system to generate cell antioxidants against
pathological and physiological processes, the overproduction of ROS have played a
key role in the development of age-dependent diseases such as neurodegenerative
disorders, cancer, arthritis, arteriosclerosis, oxidative stress, and others [5-7].
Another class of chemically reactive species which are specifically involved in cell
signalling through a variety of pathological and physiological processes are known
as reactive nitrogen species (RNS) [8,9]. Common examples of these species are nitric
oxide (NO) and peroxynitrite anion (ONOO-). Various reviews highlighting the
chemical and biological functions of ROS/RNS have been published [10-13].

One of the major obstacles confronting researchers who are engaged in developing
real-time fluorescent probes for ROS/RNS in live cells is the difficulty in
determining the specificity of which species is/are produced at a particular quantity
and at a given time [14]. In addition, there are also several challenges associated with
the detection of ROS/RNS which will be covered later in this review. Conventional
techniques such as mass spectrometry, high performance liquid chromatography

and electron paramagnetic resonance spectroscopy (EPR) are among various



analytical tools that can be exploited to detect specific ROS/RNS produced either
from the oxidation of DNA, proteins, other biomolecules [15-18] or from exogenous
probes [19]. In some cases, success in the development of probes for species like
ONOO-;, HOCl and O using the above-mentioned techniques have been
documented [20-23]. However, the breakthroughs have been short-lived due to the
inability of these methods to offer real-time monitoring, hence necessitating a strong
push for the development of fluorescent probes. Presently, a variety of synthetic
fluorescent probes such as encoded fluorescent proteins, organic fluorophore dyes,
small molecule probes and nanoparticle-based fluorescent probes have been
developed for ROS/RNS both in vivo and in vitro owing to their simple manipulation
and high sensitivities. Generally, various review articles have highlighted the use of
fluorescent probes to detect ROS/RNS in aqueous physiological solutions and
cellular media [14,24-29]. However, this review focus specifically on the detection of
common ROS/RNS such as HxO;, Oz, *OH, HOCI, NO and ONOO- using
nanoparticle-based fluorescent probes involving semiconductor nanocrystal
quantum dots (QDs).

Since their discovery in the early 1980s [30-35], QDs have attracted global research
attention in several facets of science and technology. QDs nanocrystals whose
dimensions are smaller than the size of the material’s exciton Bohr radius are known
to exhibit a phenomenon known as quantum confinement, defined by the
quantization of energy levels to discrete values and by an increasing bandgap [36].
The main properties of QDs which makes them unique amongst other types of

fluorescent fluorophores is their strong resistance to photobleaching, high surface-to-



volume ratio, bright fluorescence, size and shape-dependent fluorescence properties,
large Stokes shifts and narrow emission bands [37,38]. The objective of this review is
to discuss the various fluorescent probes that have been developed to date using
QDs composed of group II-VI, IV-VI and III-V semiconductor nanocrystals.

A common pitfall among some published data on the detection of ROS/RNS using
various organic fluorescent probes is the unclear reaction mechanism and lack of
specificity. This has inspired us to provide an overview of what data has been
obtained for different QDs-based fluorescent probes, what information it offers to us
and what degree of experimental interpretation has been justified. Generally
speaking, the ability of QDs-based fluorescent probes to provide valuable
information for the detection of ROS/RNS is still very limited, but we summarize
recent advances, what milestones have been achieved to date with regards to
mechanistic understanding, and also challenges faced in the emerging field of QD

sensor technology for ROS/RNS.

2. General considerations for the detection of ROS/RNS

ROS/RNS have long been classified and detected by several fluorophore probes [39-
57], but due to the complex cellular environment where different e.g. ROS/RNS are
present in varying competitive quantities and also due to their fast decomposition
rates, it is essential that special approaches are employed to detect the ROS/RNS of
interest. Generally speaking, for a QD sensor designed to detect a subset of/or
accessible ROS/RNS content of a cell, it is important that a minimal perturbation of

the cell is achieved, a process which implies that there should be no competitive



exchange between the sensor and the endogenously produced species. If this is the
case, properties such as the concentration of the sensor within the cell, affinity of the
sensor and the nature of the ROS/RNS of interest should be considered in
appropriate terms. It is noteworthy that when contemplating the use of any QD-
based probe, it is vital to justify what information is required and the possibility of
whether it can be obtained with the experimental design or chosen probe. For
ROS/RNS detection in buffer solutions, the following parameters are needed and
must be demonstrated by appropriate characterization techniques and choice of
experimental conditions:

A. Since some ROS/RNS exhibit short lifetimes in physiological pH solutions,
evidence of real-time monitoring at this pH must be demonstrated.

B. Since some ROS/RNS are known to decompose to other intermediate products at
a very fast rate, evidence to show that the decomposition products of ROS/RNS are
not being detected but rather the specific ROS/RNS must be shown.

C. Evidence of appropriate techniques to characterize the production and stability of
ROS/RNS in aqueous solution must be proven.

For live cell detection, the following parameters may be considered important:

1. Analytical quantitation of how much of the ROS/RNS is produced.

2. Evidence of identification of the site of production.

3. Evidence to show that the cellular redox state may have been perturbed.

4. Specific detection of the ROS/RNS.



3. General considerations for a QDs fluorescent sensor

Presently, there are numerous comprehensive reviews that have focused broadly on
the chemistry of group II-VI, IV-VI and III-V QDs, such as their design, synthesis,
surface modifications and optical properties which readers of this article can refer to
[58-67]. However, it is important to discuss certain photophysical properties of QDs
that influence their surface chemistry towards sensor development in order to
convey a clearer understanding of the behavioural properties of different QD-based
fluorescent probes for ROS/RNS. It is clearly evident that the most valuable
property of a QDs fluorescent sensor is its ability to selectively detect the species of
interest within the complex cellular environment or aqueous solution media.
Particularly, the fluorescence stability of a QDs sensor is important for time-lapse
detection. Hence, the characteristics of a fluorescence spectrophotometer (with
reference to its excitation source and detection sensitivity), the QDs structure and
composition and type of surface modifications are factors that influence the intensity
of a measured QD fluorescence signal in the presence of the target species [68].

The generic photobleaching effect observed for a myriad of organic fluorophore dye
molecules is a deterrent factor which not only contributes to phototoxicity but also
limits the length of time for real-time monitoring. Hence, it is important that the
choice of QD sensor must exhibit a strong resistance to photodegradation.

In theory, the fluorescence quantum yield of QDs is employed as the criterion to
determine the quality of QDs. As the QDs are prone to surface defects due to surface
dangling bonds which act as trap sites, QDs with high fluorescence quantum yields

are desirable.



Table 1. Summary of the analytical performance of various QDs fluorescent

probes for ROS/RNS.
QDs Capping Species Cell Fluorescence Linear LOD | Selectivity | Ref.
agent or studies signal range (nM)
Coating? (nM)
CdTe MSA-HRP H>O» - Quenching 1000- 100 NP 93
1000000
NP HRP-Cy5 H>Os - Enhancement 10-100 10 NP 95
CdTe/ZnS | MPA-AITAPc | H>O» - Enhancement 1-16 9.8 Moderate | 96
CdTe/ZnS MPA- H>O» - Enhancement 1-16 44 Good 96
NiTAPc
CdTe/ZnS MPA- H>O» - Enhancement 1-16 2.2 Poor 96
ZnTAPc
CdTe GSH-MPA H>O» - Quenching 0.0025- 0.001 NP 97
0.040b 2p
CdSe/ZnS | TGA-Cytc Og*- HL-7702 | Enhancement 0-1200 NP Good 101
and
HelLa
CdTe/ZnS MPA- Og*- Hela Quenching 1100- 600 NP 103
[CoQH2C1S]2 4800000
CdTe/ZnS MPA- Ox*- HeLa Quenching 2300- 1800 NP 103
[CoQH2CsS]a 4410000
CdTe/ZnS MPA- Ox*- Hela Quenching 3500- 2700 NP 103
[CoQH2C10S)2 4000000
CdTe/ZnS MPA1- Oo*- - Enhancement | 100-1000 2.2 Good 104
CoTAPc
CdTe/ZnS MPA2- Oz - Enhancement | 100-1000 24 Good 104
CoTAPc
CdTe/ZnS GSH *OH - Quenching NP NP NP 112
CdTe MPA *OH - Quenching 100-700 250 Poor 113




CdTe TGA *OH - Quenching 100-700 97 Poor 113
CdTe/ZnS MPA *OH - Quenching 100-700 95 Good 113
CdTe/ZnS GSH *OH - Quenching 100-700 85 Good 113
CdSe/ZnS | Poly-COx HOCI HL60 Quenching NP 250 Good 117

CdTe Chitosan NO PIEC Quenching | 480-76800 | NP NP 128

CdTe TGA- NO - Quenching NP NP Good 129

PNIPAM
CdSe TEA NO - Quenching 21200- 302 Good 130
112000
CdSe/ZnS | Polymeth NO - Quenching | 0-33333333 3 NP 131
acrylate

CdSe Chitosan NO - Quenching | 460-55200 | NP NP 132

CdS PMMA NO Quenching 14000- 1000 NP 133
9300000

CdSe Chitosan NO - Quenching 5000- 1860 Good 134
200000

CdSe mHP NO Quenching 30-700 25 Good 135
CdSe/ZnS | Cyclophane NO Quenching 0.05-0.5> NP NP 137
CdSe/ZnS | Fe(DTCS)s]3 NO - Enhancement NP 3000 Good 138

CdTe MPA ONOO- - Quenching 50-400 724 Poor 142
CdTe/ZnS | GSH-TGA | ONOO- - Quenching 50-400 17.7 Good 142
CdTe/ZnS | MPA-TGA | ONOO- - Quenching 50-400 12.6 | Moderate | 142

aMSA = Mercaptosuccinic acid, HRP = horseradish peroxidise, MPA = 3

mercaptopropionic acid, TAPc = tetra-amino phthalocyanine, GSH = L-glutathione,
Poly-COy =
isopropylacrylamide, TEA = triethanolamine, PMMA = Poly(methyl methacrylate),
mHP = hyperbranched polyether, Fe(DTCS);]3- = tris(dithiocarbamato)iron
III complex, PIEC = Porcine iliac artery endothelial cells and NP = not reported.

bUnit recorded in %vol.

Poly (maleic anhydride-alt-1-octadecene), PNIPAM =

poly(N-




An additional factor which also influences the detection sensitivity of QDs is the
excitation and emission wavelength. This particular factor is important for cellular
detection since most biomolecules absorb light in the UV-vis spectrum. Therefore,
longer wavelength light and lower energy are more desirable for excitation
purposes than shorter wavelength light and higher energy due to greater
photodamage induced by the latter [69,70]. Table 1 provides a summary of the

analytical performance of different QD probes for ROS/RNS.

4. QDs versus organic fluorescent dyes

It is important to note that the fluorescence properties of QDs are influenced by their
surface state, thus it is expected that any physical or chemical interactions between
their surfaces and the chemical species of interest will influence the efficiency of the
electron-hole recombination process. It is a well established concept that by
conjugating QDs to appropriate molecules or biomolecules of interest, specific
detection of analytes can be achieved. However, the emergence of QD fluorescent
probes for ROS/RNS as compared with organic fluorescent dyes is still very limited.
This is partly due to the difficulty in manufacturing photostable QD-bioconjugate
probes and moreover the inability to develop adequate surface functionalization of
the QDs for specific detection of the ROS/RNS has been a major obstacle. However,
it should be noted that the ability of QDs to exhibit greater resistance to
photobleaching, narrower emission spectral line-width and brighter fluorescence,

are unique advantages of these sensors over organic dyes.
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To date, most of the fluorescent probes reported for ROS/RNS are organic dye-
based and can be classified as “redox sensitive” and “non-redox sensitive” probes
[14]. The most commonly used are the “redox sensitive" dyes which are able to
undergo hydrolysis due to their esterified derivatives, hence they can penetrate into
cells and become oxidized in the presence of the ROS/RNS to fluorescent products
[14]. However, despite their widespread use, they lack specificity for any one species
and the fluorescence information is impeded by various chemical reactions. Non-
redox fluorescent probes represent the newer generation of organic dyes and were
developed to overcome the multiple problems associated with redox sensitive dyes.
The fluorescence of the probes is generally protected by a blocking group which is
then released by nucleophilic attack by the reactive species. Thus the oxidized form
of the blocking group is unmasked and the oxidized form of the fluorophore remains
the same [14]. However, the kinetic reactions of these probes in cellular
environments are still unclear and have shown promise for selectivity but not
specificity. Presently, there are no organic dye probes that can quantify cellular
production of ROS/RNS but a breakthrough in the quantification of ROS in cells

using QDs has been reported as discussed below.

5. QDs fluorescent probes to detect ROS

5.1. Hydrogen peroxide

Hydrogen peroxide is one of the major ROS in living systems and it is known to play
an important role as a secondary messenger in normal cell signal transduction [71-

73]. It can act both as a byproduct from other ROS and also as a precursor for the
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production of other ROS [74]. Amongst the family of ROS, HxO; is known to be
relatively stable, but its excessive production induces oxidative stress damage which
is affiliated to cancer and aging. Hence, molecular probes for the detection of H2Ozin
various sample matrices are of considerable interest. Although there are numerous
probes such as colorimetric sensors [75-78], electrochemical sensors [79-81] and
various fluorescent probes [82-85] for H>O,, QD probes for H2O> are very limited
and their development has not received much attention. Apart from the few QD
fluorescent probes which are capable of specific detection of H>O>, a number of
H>O»-sensitive QD fluorescent probes for the detection of various analytes have also
been developed [86-90]. However, the H2O»-sensitive QD fluorescent probes are not
designed specifically to detect H2O, but the presence of H>O»in the detection system
is usually employed to mediate the detection of other target analytes.

Presently, there are no detailed reports of QD probes for the detection of H2Oz in
cellular environments. A report described by Mancini et al. showed that H2O, which
was generated from phagocytic cells quenched the fluorescence of poly(acrylic acid)
graft dodecylamine core-shell CdSe/CdS/ZnS QDs [91]. Although the work
described in ref. [91] was not directed towards sensor development, it gives a
glimpse of scientific hope that with well calculated designs, intracellular or
extracellular sensing of H>O> can be achieved using QDs. In general, development of
novel QD probes for HxO, detection in cellular environments is still a major
challenge. We believe this difficulty has been hampered by the complexity involved
in the design of such probe. For example, for intracellular detection, H>O2 is known

not to react directly with fluorescent probes but normally requires the presence of an
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enzyme or metal catalyst bound to the fluorophore to influence the fluorescence
signal of the fluorophore and also to provide specificity [14,92]. In addition,
oxidation of HxO»-sensitive fluorescent probes by competitive radicals and other
species usually leads to complications and false positive interpretations of
experimental data. Hence, if a QD fluorescent probe for recognition of H>Oz is to be
developed in cells, it will require elegant chemistry accompanied with sophisticated
and well manipulated designs.

Alternatively, a number of QDs fluorescent probes for aqueous phase detection of
H>O2 have been developed. Yuan et al. demonstrated in their work that by
employing a mercaptosuccinic acid (MSA)-capped CdTe QD-enzyme hybrid system,
a sensor can be developed for H>O2 [93]. The concept involved the catalytic coupling
of horseradish peroxidase (HRP) on the QDs surface in addition to the presence of
hydroquinone (H2Q) in the detection system to form a H>Q-HRP-QD hybrid system.
HRP is a redox enzyme containing the heme group and is able to catalyze the
chemical reduction of H>O> due to the transfer of an electron which converts Fe?* in
the heme of HRP to Fe3* [94]. This implies that the coupling of HRP on the QD
surface could enhance the specific fluorescence response to H.O.. It was
demonstrated that HxO; effectively quenched the fluorescence of the enzyme-QD
hybrid system and a good detection limit was achieved over a wide linear range.
However, the detection mechanism was not elucidated and a selectivity study for
the sensor was not provided, which thus indicate that the affinity of the sensor to
specifically detect H.O> without interference from other species in solution was

unknown.
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Scheme 1. Schematic illustration of the FRET process between HRP-605QDs (donor)

and tyramide Cy5 (acceptor). Adapted from ref. [95].
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Cy5 based FRET system at different concentrations of H>O. (C) The relationship
between the concentration of H2O, and the Cy5 fluorescence intensity at 670 nm.

Reproduced from ref. [95]. Copyright (2013), with permission from Elsevier.
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A novel method to detect H>O2 based on Forster resonance energy transfer (FRET)
reactions was proposed by Huang et al. [95]. As shown in Scheme 1, HRP was firstly
conjugated to QDs (with emission wavelength of 605 nm) and then subsequently
employed as a catalyst for coating the QDs surface with a tyramide labelled Cy5
amplification reagent. The innovative method displayed an overlap of the emission
of the QDs (donor) with the absorption spectrum of Cy5 (acceptor) resulting in a
HRP-conjugated QDs/Cy5 FRET system. It was found that as the concentration of
added HO; increased, the fluorescence intensity of Cy5 increased while the
fluorescence of the QD decreased simultaneously, resulting in the transfer of energy
from the QD to Cy5 (Fig. 1). This work demonstrated a clear understanding of the
reaction mechanism. A narrow linear regression range and high sensitivity were
obtained but the selectivity of the developed QDs-Cy5 FRET sensor was not
reported.

Recently, three different metal (M = Al, Ni and Zn) tetraamino-phthalocyanines
(MTAPc) were synthesized and conjugated to 3-mercaptopropionic acid (MPA)-
capped CdTe/ZnS quantum dots to form different QDs-MTAPc nanoprobes for the
comparative fluorescence turn-ON sensor for H>O» [96]. It was shown that upon
conjugation of the MTAPc to the QDs, the fluorescence of the QDs was quenched
due to FRET from the QDs (donor) to the MTAPc (acceptor) and subsequently
recovered upon varying concentration of H>O. (Fig. 2A-2C). This resulted from the
obstruction of the FRET process between the QDs and MTAPcs (Scheme 2).
However, how the FRET process was disrupted by H2O> was not fully elucidated.

The order of sensitivity of the probe was: QDs-ZnTAPc > QDs-NiTAPc > QDs-

16
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AITAPc while the order of selectivity was: QDs-NiTAPc > QDs-AITAPc > QDs-
ZnTAPc. A very low limit of detection (LOD) was reported. It was demonstrated
that the QDs-unmetallated phthalocyanine conjugate did not show any fluorescence
response to H»O» (Fig. 2D). Also, from electron density functional theorem
estimation, the higher electron density on the QDs-NiTAPc surface was attributed to
its high selectivity for H2O» in the presence of other biologically active species.

In a recent article, a sensor was developed for H>O> based on the addition of an
electron-donor ligand (L-glutathione (GSH)) to effect the enhancement of the
fluorescence intensity of MPA-capped CdTe QDs in an automated flow system,
where the fluorescence of the GSH-MPA-CdTe QDs system was quenched and
linearly proportional to the concentration of HxO; [97]. It was proposed that the
presence of H>O2 enhanced the oxidation of glutathione to glutathione disulfide and
thus a dramatic decrease in the available number of SH groups (which would allow
the strong Cd-S covalent bond between the QDs surface and GSH) was observed.
The proposed sensor was applied to detect H2Ozin contact lens preservation solution
with good recoveries. Similar to other QDs probes discussed above (with the

exception of [96]), no selectivity studies for HO> were conducted for this sensor.

5.2. Superoxide radical

The superoxide radical is a well known ROS that reacts with relatively few biological
molecules and it is both a weak reducing species and weak oxidising species [14,98-
100]. Similar to H2O,, Oz*- can serve as a precursor for the production of other ROS

and it is a product of one-electron reduction of molecular oxygen [74]. Its excessive
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production is of great physiological and pathological concern, hence the need to
develop suitable probes for its detection is of paramount interest. A CdSe/ZnS QDs-
Cytochrome ¢ bioconjugate probe that displayed excellent sensitivity and selectivity
in aqueous solution for Oz*- over a wide linear range was developed by Li et al. [101].
Cytochrome ¢ is a heme-containing redox protein and is preferably used as a
recognition entity for specific detection of Oz*- [102]. Due to its ability to effectively
couple to oppositely charged molecules, successful bioconjugation to QDs has been
exploited to target O.*-. In addition to the effectiveness of the probe, intracellular
sensing of Ox*- was also described in the paper. For the aqueous phase detection, the
construction of the probe was based on a two-way principle. Firstly, it was reported
that the oxidised Cytochrome ¢ quenched the fluorescence of the negatively charged
QDs, thereafter, the generated Oz°- from pyrogallol assay led to the reduction of the
oxidised Cytochrome c and the fluorescence of the QDs was progressively recovered
in the presence of the reduced Cytochrome c (Fig. 3). Selectivity studies showed that
the presence of other ROS and biological molecules (at a concentration higher than
O2*) did not interfere with the detection of O»*-, suggesting a high selectivity for O»°.
Based on these results, the QDs-Cytochrome ¢ probe was successfully employed to
sense O2* (which was generated from stimulated human liver (HL-7702) and HeLa
cells) in living cells with high sensitivity as shown by the overall mechanism in
Scheme 3, [101]. This work practically demonstrated the real life application of the
probe in biological systems.

Further aqueous phase and intracellular detection of O.*- was described by Qin et al.

[103]. Three reduced redox-active coenzyme disulfide forms of ([CoQH2CiS]2,
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Scheme 3. Schematic diagram of fluorescence modulation by negatively capped
CdSe/ZnS QD-Cytochrome ¢ system. Oxidized Cytochrome c efficiently quenched
the fluorescence of negatively capped CdSe/ZnS QDs, and the QD-reduced
Cytochrome c¢ bioconjugates maintained a higher luminescence efficiency than the
QD-oxidized Cytochrome c layer. The fluorescence intensity of QD-oxidized
Cytochrome ¢ was significantly restored in the presence of O*- which can be used to
sense the O:*- in HeLa cells and normal human liver (HL-7702) cells. ET = energy
transfer. Reproduced from Ref. [101] with permission from The Royal Society of

Chemistry.
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having the ubiquinone structure of 2,3-dimethoxy-5-methyl-1,4-benzoquinone with
different derivatized mercaptoalkyl side chain lengths at the 6-position (n=1, QDs-
[CoQH2CiS],, n=5, QDs-[CoQH2CsS]> and n=10, QDs-[CoQH2C10S]2) were
synthesized and immobilised onto the surface of MPA-capped CdTe/ZnS QDs. The
electrochemically reduced modified QDs-[CoQH>C,S]. were investigated for their
fluorescence response towards O.* in aqueous solution. Results showed that the
length of the akyl linker chain influenced the extent of fluorescence sensitivity of the
QDs by O2*- and the order followed: QDs-[CoQH2C1S]2> > QDs-[CoQH2Cs5]2 > QDs-
[CoQH2C10S]2. Further studies to confirm the fluorescence quenching was carried
out using bare QDs with results indicating that O2*-had a negligible effect, hence the
confirmation of the fluorescence quenching of modified QDs-[CoQH>C:S]2 by Oz*-.
The mechanism of reaction was described based on the ability of Oz*- to oxidize the
reduced modified QDs-[CoQH>C.S]» back to the oxidized modified QDs-[CoQCrS]a.
For the fluorescence imaging of Oz* in cellular environments, HeLa cells were
stimulated with phorbol myristate acetate (PMA) to generate Oz*-. It was found that
the reduced modified QDs-[CoQH2CxS]2 gave bright fluorescence and responded to
changes in the concentration of O,*- in living cells while the oxidized modified QDs-
[CoQCiS]2 displayed poor fluorescence under identical conditions. The results of the
cellular studies clearly complemented the observations of the fluorescence
quenching studies. However, based on these excellent studies, the ability of the
proposed probe to selectively detect Oz~ without interferences from other biological

species of interest was not proven.
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A novel nanosensor for Oz*- was recently reported [104]. The sensor was designed by
conjugating MPA-CdTe@ZnS QDs to CoTAPc to form a QDs-CoTAPc
nanoconjugate system. Prior to aqueous phase detection of Oz*, the stability of Oz
was effectively studied using Electron Paramagnetic Resonance (EPR) spectroscopy
from 0 - 2.5 hr in the experimental medium employed for the detection of Oz*-. It
was proven that within the experimental time employed for the detection O»°*-, the
EPR spectra of Oz*- did not degrade. This study clearly demonstrated for the first
time the unique stability of Oz in the experimental medium used for its detection.
The conjugation of the QDs to CoTAPc resulted in the “switching OFF” of the
fluorescence of the QDs due to FRET and the presence of varying concentrations of
Oz*- progressively “switched ON” the fluorescence of the QDs, thus disrupting the
FRET process. However, a very low detection limit and high selectivity for Oz*- was
observed over other coexisting biologically active species. Studies to show how the
obstruction of the FRET process was influenced by O*- was not reported in this
work. However, a subsequent study by the same authors elucidates the reaction
mechanism between QDs-MTAPc and target analytes as reported in literature [105],
where they proposed that axial ligation of the analytes onto the conjugated MTAPc

ring influences the obstruction of the FRET process between the QDs and MTAPcs.

5.3. Hydroxyl radical
The hydroxyl radical is a potent oxidant and the most reactive of the class of ROS. It
is primarily involved in the degradation of biomolecules, such as lipids, DNA, and

proteins in cells. Consequently it plays a key role in cancer treatment and radiation
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therapy [106]. However, due to its high reactivity and strong oxidative power, it is
also known to induce various pathological and physiological dysfunctions. In vivo
formation of *OH, may involve various multiple reactions, such as the reaction of
HOCI with Oz*- and metal ions with H>O2 [107]. Generally, it is widely documented
that *OH is generated in biological systems by the well known Fenton reaction as
follows [108,109]:

Fe?* + H O, — Fe3* + *OH + OH-

The reduction of Fe3* by O* is a source of Fe?* required for the Fenton reaction,
which thus leads to the production of *OH (from O2* and H>O;) and this is
potentially present in aerobic cells. The reaction is popularly known as the Fe(ILIII)-
catalyzed Haber-Weiss reaction [110]. The incorporation of metal chelators, such as
ethylene diamine tetraacetic acid (EDTA), results in the reaction with Fe?* to form
Fe2*-EDTA and this serves to eliminate site-specific damage by Fe?* on the probe
which thus enables effective measurement of *OH [111]. Generally speaking,
developing suitable probes for *OH is an extremely difficult challenge due to its
instability and short lifetime. It is therefore not a surprise that QD fluorescent probes
for *OH are relatively rare. In fact, detection of *OH in cellular matrixes using QD
fluorescent probes has never been reported in literature. In a work performed by Wu
et al., a GSH-capped CdTe QDs-Fenton hybrid system displayed fluorescence
sensitivity to *OH [112]. The fluorescence quenching process was attributed to
electron transfer from the conduction band of the QDs to the unoccupied band of
*OH. However, the work did not demonstrate practical selectivity testing and the

limit of detection and other analytical parameters were not reported. In a recent
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article, a comparative study was carried out using four different types of QDs,
composed of thioglycolic acid (TGA)-CdTe, MPA-CdTe, MPA-CdTe/ZnS and GSH-
CdTe/ZnS QDs for the sensitive and selective fluorescence detection of *OH in
aqueous solution [113]. *OH was reportedly generated from a FeZ*-EDTA /H>O»-
ascorbic acid Fenton hybrid system which thus mimicked the generation of *OH
from biological foot-printing of proteins. The sensitivity of the sensor followed the
order: GSH-CdTe@ZnS > MPA-CdTe@ZnS > TGA-CdTe > MPA-CdTe QDs. The
core-shell QDs were shown to be more selective towards the detection of *OH than
the core QDs when examined in the presence of other interferent species. Even the
presence of the Fenton reactant and products were shown not to interfere with the
probe. The mechanism of detection was dynamic in nature and was based on

electron transfer from the QDs to *OH to produce hydroxyl anions.

5.4. Hypochlorous acid

HOCl is known to play a key role in inflammatory response and myeloperoxidase, a
neutrophil enzyme is known to be a source of its production [114,115]. In contrast to
other ROS, an exclusive two-electron oxidation process is normally attributed to the
biological reactivity of HOCI [116], while a non-radical mechanism is associated with
its oxidative effect on HOCI-sensitive probes. HOCI also exists in equilibrium with
hypochlorite (ClIO-) at physiological pH. But the major problem associated with its
detection is the difficulty in distinguishing between the peroxidation of various
fluorescent probes and the response of HOCI [14]. In contrast, the high reactivity of

HOCI is a major advantage for the design of fluorescent probes that react poorly
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with other ROS and radicals. However, if the probe response is slow, its detection is
easily interfered with by scavengers such as components of buffer solutions and
biological molecules [14]. An excellent study described by Yan et al. showed that
QDs coated with certain organic capping ligands can be exploited for the
fluorescence detection of HOCI in aqueous solution and in cells [117]. By varying the
sensitivity of four types of CdSe/ZnS QDs coated with methylamino, sulphide,
hydrocarbon and carboxylate layers, it was found that QDs-poly-CO» displayed
higher fluorescence sensitivity for the detection of HOCI than the other modified
QDs with methylamino, sulphide or hydrocarbon functionalities. The mechanism of
detection was attributed to the ability of HOCI to diffuse through the negative layer
of the polymer coating and induce oxidative etching on the surface of the QDs.
Selectivity studies showed that the fluorescence of the QDs probe was superior for
HOCI and was unpertubed by the presence of other ROS. Intracellular fluorescence
sensing using the proposed probe was confirmed in HL60 cells treated with HCIO.
As shown in Fig. 4, fluorescence imaging confirmed the fluorescence quenching
effect of HOCI on the probe (Fig 5C, upper panel) in a period of 30 min while the
nontreatment of HOCI with the cell did not display any apparent fluorescence
quenching of the probe (Fig 5C, lower panel). This work clearly demonstrated the
effectiveness of using QDs-based probes for HOCI detection both in cells and
aqueous environments.

A polymer microbead-conjugated CdSe QDs sensor for the in vivo and in vitro
quantification of endogenous HOCI produced by leukocytes was reported by Yang

et al. [118]. A microbead of diameter 2 um was chosen to enable internalization of
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Fig. 4. (A) Z-stack gallery images of intracellular QDs-poly-CO,". The intracellular
localization of QDs-poly-CO2 was confirmed by scanning optical sections along z
direction (from bottom to top). The confocal z stacks were acquired with 1 pm
spacing, showing QDs-poly-CO2- distribution at various depths within the cell. (B)
3D image of intracellular QDs-poly-CO; in (A) was created by assembling the z
stack images from successive focal planes with 1 pm spacing. (C) Quenching effect of
HCIO on the intracellular QDs-poly-CO> (from right to left: 0, 15, and 30 min).
Reprinted with permission from Ref. [117]. Copyright (2010) American Chemical

Society.
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the QDs probe to the leukocyte through phagocytosis. The selective screening of
different endogenous ROS was first conducted on the bare QDs in cell-free medium
which indicated that only HOCI induced a significant blue shift of the emission
wavelength through oxidative etching of the QDs surface. Hence, the microbeads
were conjugated to the QDs through amide bond formation for the cellular detection
of HOCI. Cellular quantification of intraphagosomal HOCI produced from single
isolated neutrophils (activated with PMA) induced a blue-shift spectrum of the QDs-
decorated microbeads, which was consistent with the result obtained in a cell-free
medium. By measuring the variation in concentration of HOCI as a function of the
number of HOCI molecules collected per microbead, the calibration curve of the
probe was expressed as the magnitude of the spectral shift. Hence, the quantity of
HOCI molecules was derived from the magnitude of the spectral shift. The
concentration of HOCI thus quantified by this method was 6.5 = 0.9 x 108 HOCl
molecules. An inhibitory assay was carried out to verify that the spectral shift was
due to the endogenous HOCI secreted from neutrophil. Two types of enzymes
known to generate phagocytic HOCl were employed to stimulate the cells. It was
found that a very minor and negligible spectral shift of the microbead-conjugated
QDs was observed which thus served to confirm that the spectral blue-shift induced
by the intraphagosomal generated HOCI on the phagocytosed microbead-
conjugated QDs was indeed due to the presence of HOCI In addition, in vivo
quantification of HOCI] generated from hepatic leukocytes of rats elicited with
lipopolysaccharide (LPS) was carried out using the proposed microbeads-conjugated

QDs. The quantification of HOCI from the LPS-elicited rats was 5.9 + 0.8 x 108 HOCI
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molecules. This excellent work was the first reported quantification of HOCI in cells
and small animals. In a related report, it was also demonstrated that HOCI generated

from HL60 cells quenched the fluorescence of QDs-poly-CO»- [119].

6. QDs fluorescent probes to detect RNS

6.1. Nitric oxide

Nitric oxide is a short-lived gas which is generated endogenously and it plays a key
role in cell signalling in the body. In 1987, Palmer et al. and Ignarro et al.
simultaneously recognized NO as the relaxing factor derived in the endothelium
[120,121]. Among the QDs-based fluorescent probes for ROS/RNS, NO is the most
common and this may be due to its physiological and biological significance. For
example, the modulation of different cancer-related effects has been reported to be
induced by NO [122-126]. It can also act as an infector species in the human body to
combat infection [74]. Hence, the need for suitable probes for its detection is of
significant interest. A number of reports have shown that QDs have the potential to
release ROS/RNS under photoactivation [127,128]. However, the ability of QD
fluorescence probes to act both as a donor and sensor for RNS is a unique property
which can serve to avoid potential error in experimental analysis. Tan et al.
developed a CdTe QD-carboxymethyl chitosan (CMC) nanocomposite probe that
can both release and detect NO in Porcine iliac artery endothelial (PIEC) cells.
Results from fluorescence imaging showed that the probe was significantly
quenched upon release of NO. [128]. As shown in Fig. 5, it was also demonstrated

that the fluorescence of the CdTe QD-CMCS probe was quenched by increasing
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Fig. 5. (a) UV-vis absorbance and (b) Fluorescence spectra of CdTe QD-CMCS in the
presence of different amounts of NO. The arrow indicates increasing concentration.
(Inset) Stern-Volmer quenching plot. (c) Schematic illustration of fluorescence effect
and fluorescence quenching by NO of CdTe QD-CMCS. Reproduced from ref. [128].

Copyright (2012), with permission from Elsevier.
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concentration of NO in aqueous solution and resulted in a slight red shift of the
maximum absorption wavelength of the QD probe. Fig. 5c was employed to describe
the reaction mechanism which was due to the formation of a NO-Cd complex
induced from the fluorescence quenching process. However, no useful information
was provided to demonstrate that the probe was highly selective to NO without
interference from other species. In a similar development, a CdTe QDs-poly(N-
isopropylacrylamide (PNIPAM) hybrid nanogel diazeniumdiolates system capable
of releasing and detecting NO was recently reported [129]. The presence of the
nanogel was used to aid the reaction of NO which then reacted with the QDs-
PNIPAM nanocomposite to form the QDs-PNIPAM nanogel diazeniumdiolates. The
ability of NO to diffuse to the QDs surface to form a NO-Cd complex was attributed
to the mechanism of detection of NO. The selectivity of the probe for NO release in
the presence of other ROS/RNS was conducted and the results showed that the
presence of other ROS/RNS had a negligible effect on the fluorescence of the probe.
Furthermore, the release and detection of NO was reflected in the fluorescence of the
QDs-PNIPAM nanogel diazeniumdiolates probe which decreased progressively
upon the release of NO.

In related studies, the fluorescence of CdSe QDs capped with triethanolamine was
significantly quenched by the presence of varying concentrations of NO [130]. A
two-way reaction mechanism was proposed for NO detection. The first involves
direct quenching due to the formation of a NO-Cd complex which served to induce a
defect state on the QDs surface and hence influence the fluorescence quenching. The

second involved indirect quenching due to the consumption of dissolved oxygen.
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The proposed probe displayed good selectivity for NO. The fluorescence sensing of
NO based on QDs adsorbed on a solid support has been reported [131]. CdSe/ZnS
QDs which were adsorbed on polymethacrylate surfaces for fluorescence sensing of
NO showed that the presence of NO significantly quenched the fluorescence of the
probe in a sigmodial manner. However, the selectivity of the sensor towards NO
was not studied and the mechanism of detection was unclear. A CdSe QDs-chitosan
(CS) nanocomposite probe capable of detecting NO based on the ability of the later
to quench the fluorescence of the probe is described in ref. [132]. The detection
mechanism was attributed to a similar quenching process described above based on
the formation of a NO-Cd complex. However, the selectivity of the sensor for NO
was not reported. In other related development, a CdS QDs-polymethyl
methacrylate (PMMA) nanocomposite sensor for NO based on the quenching
sensitivity of NO to influence the fluorescence intensity of the probe has been
reported [133]. A two detection mechanism was proposed based on either the
degradation of the PMMA molecule by NO which then influenced the surface
properties of the QDs or the formation of ionic complexes between NO and Cd ion
on the QDs surface. However, as we have observed for most of the QDs fluorescence
sensors reported above, the ability of the QDs-PMMA probe to selectively detect NO
without interference from other related species was not studied. Recent reports
employing CdSe QDs-chitosan nanocomposite [134] and CdSe QDs-hybrid
nanospheres [135] for the fluorescence detection of NO based on quenching of the
QDs probe has been reported. For the sensors developed in ref. [134] and [135],

selectivity studies were carried out in the presence of other species with results
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indicating the probes were highly selective to NO, but the reaction mechanism was
not explained in ref. [134] while the reaction mechanism described in ref. [135] was
similar to the work reported in ref. [129].

Gel-based materials for the development of optical sensors have been shown to
exhibit attractive properties due to their ability to trap photoactive molecules within
the gel matrix and preserving the sensing properties [136]. A CdSe/ZnS QDs-
organogel hybrid sensor for NO was reported by Wadhavane et al. in aqueous
solution [137]. Varying concentrations of NO quenched the fluorescence of the QDs-
organogel probe but no detail of selectivity studies was provided.

The design of fluorescent probes involving the attachment of specific molecules or
compounds which have affinity for the analyte of interest is an efficient way of
developing analyte-specific fluorescent probes. Hence, the ability of NO to “switch
ON” the fluorescence of QDs-based probes has been reported by Wang at al. [138].
The grafting of tris(dithiocarbamato)iron III complex [Fe(DTCS)s]3- (NO sensitive
complex) on the surface of CdSe/ZnS QDs by ionic interaction was developed for
the fluorescence “switch ON” sensing of NO. Upon ionic interaction of the QDs with
[Fe(DTCS)s3]%, the fluorescence of the QDs-[Fe(DTCS)s]3- probe was quenched and
the presence of varying concentrations of NO restored the fluorescence in a
concentration dependent manner. The detection mechanism was attributed to the
ability of NO to inhibit the energy transfer process from the QDs to surface attached
[Fe(DTCS)s3]3 complex by acting both as a strong field ligand in its oxidized state and
a one-electron reductant . The selectivity of the nanoprobe for NO in the presence of

several other species was studied and results indicated suitable selectivity for NO.
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6.2. Peroxynitrite anion

Peroxynitrite is a reaction product of superoxide radical and nitric oxide radical. It is
also a nitrating mediator that instigates oxidative and tissue molecular damage and
it is a potent biological oxidant [139,140]. It has been reported that in the presence of
bicarbonate, ONOO- decays at a fast rate to *NOz and ~33% COz*-. The fast decay
reaction has been attributed to the reaction of ONOO- with CO» [141]. The problem
with ONOO- is its instability in neutral physiological pH and upon protonation, it
decays at a fast rate (t» <1 s) to its conjugate acid peroxynitrous acid (ONOOH). It
also isomerizes to nitrate by a first-order decay reaction. These complications make it
extremely difficult to develop fluorescent probes that are specific for ONOO-. In
addition, buffers such as Tris and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) are not recommended for ONOO- detection due to interference with its
detection. Hence, phosphate buffer solution is the recommended experimental
medium for ONOO- detection. QDs fluorescent probes for ONOO- are extremely
rare, in fact, the only probe reported to date involves a comparative study in which
three types of QDs composed of MPA-CdTe, GSH-rga-CdTe@ZnS and MPA-1Ga-
CdTe@ZnS QDs were screened for their sensitive and selective response to ONOO-
in phosphate buffer solution at pH 9.4 [142]. It was demonstrated that the sensitivity
of the probe towards ONOO:- followed the order: MPA-1ga-CdTe@ZnS > GSH-rca-
CdTe@ZnS > MPA-CdTe QDs while the selectivity followed the order: GSH-rga-
CdTe@ZnS > MPA-1Ga-CdTe@ZnS > MPA-CdTe QDs. The high selectivity for

ONOO- was attributed to the steric effect induced by the bulky nature of the GSH
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ligand on the QDs surface which can inhibit oxidative attack from other interfering
species. The mechanism of detection was attributed to the ability of the nitrating
function of ONOO:- to interact with the Cd2?*-thiolate bond of the QDs surface. This

implied that the stronger the bond the less sensitive the QDs to ONOO-.

7. Conclusions and future outlook

When comparing the surge in development of fluorescent probes for ROS/RNS
using organic dyes, it is clearly evident that the development of QD fluorescent
probes for ROS/RNS is still a major challenge. This is summarily due to
unfavourable properties of ROS/RNS coupled with difficulties in finding a proper
mechanistic reaction match between the surface properties of the QDs probe and the
target ROS/RNS. Of the general criteria listed in Section 2, point 1 was only justified
for the quantification of HOCI in cellular environment while point 2 and point 3
have only been justified to same degree. While some groups have had major
breakthroughs in in vivo detection of some ROS/RNS, the proof for specific detection
of the ROS/RNS (point 4) is still a major challenge. It is important to note that the
effectiveness of a probe needs to be demonstrated by its specificity towards a
particular type of target species.

It is generally argued that to attribute a particular mechanistic reaction effect to a
species, it is necessary to carry out more than one experimental assay. However,
while this is often desirable, it yields no advantage if the assays exhibit similar
mechanism, i.e. evidence for HOCI or O2* is of no advantage if the assays involve

systems that produce both these species. It is important that the assays need to
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behave differently, such as using a specifically designed fluorescent probe for the
target species.

Generally, we suggest that special attention needs to be focused on developing QDs
probes with surface functionality specific to a particular type of ROS/RNS. This will
serve to eliminate false positive interpretation of experimental data, enhance
specificity and provide clearer reaction mechanism information. Also, we advise that
in order to conduct an effective selective study of the sensor, the fluorescence
response of other analytes (which behave similarly to the target analytes and may be
expected to be present in the sample solutions) should be evaluated under the same
conditions used for the target analytes. This will ultimately justify the selectivity and
specificity of the sensor. In addition, other factors which should be considered are
the use of QDs with high fluorescence quantum yields and low toxicity. Near infra-
red QDs are also desirable for fluorescence imaging of ROS/RNS due to deeper cell
penetration. We hope this review will assist readers/researchers by highlighting

critical points needed in developing suitable novel QDs probes for ROS/RNS.
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