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Abstract Peroxynitrite (PON for short) is a powerful
nitrating, nitrosating and oxidative agent for cellular constitu-
ents. In vivo, PON is formed through the diffusion-controlled
reaction between superoxide radical (O,") and nitric oxide
(*NO). This critical review (with 67 refS.) covers the state of
the art in nanomaterial-based (a) detection and imaging of PON
inside cells and (b) monitoring of cellular events such as cellular
oxidative burst by using optical or electrochemical methods. It
starts with the formation, fate and pathophysiology of PON
in vivo. The next part summarizes nanomaterial based electro-
chemical microsensors featuring nanofilms and nanostructured
electrodes, nanospheres, 3D nanostructures and graphene-
supported catalysts. A following chapter covers techniques based
on optical nanoprobes, starting with nanomaterials used in optical
detection of PON (including quantum dots, carbon dots, fluores-
cent organic polymer dots, rare earth nanocrystals including
upconversion nanoparticles, iron oxide nanoparticles, gold nano-
particles, and fluorophore-modified nanoporous silicon). This is
followed by subsections on strategies for optical detection of
PON (including color changes, fluorescence quenching, activa-
tion and recovery), and on schemes for optimized spatial and
temporal resolution, for improving sensitivity, selectivity, and
(photo)stability. We then address critical issues related to biocom-
patibility, pharmacokinetics, give a number of representative
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practical applications and discuss challenges related to PON de-
tection. The review concludes with a discussion of latest devel-
opments and future perspectives.
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The formation, fate and pathophysiology
of peroxynitrite in vivo

Peroxynitrite (ONOO ™ or PON for short) was established in

the last decade as a powerful nitrating, nitrosating and oxida-
tive agent for cellular constituents a mediator of superoxide
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radical and nitric oxide-dependent oxidative and cytotoxic
processes. The main reactive oxygen species (ROS)
and reactive nitrogen species (RNS) [1] are illustrated
in Scheme 1.

Starting in the 1990s, the seminal publications by J. S.
Beckman, H. Ischiropoulos, R. Radi and others [2, 3, 4] sug-
gested the biological formation of peroxynitrite by the near
diffusion-controlled reaction between nitric oxide and super-
oxide radicals implicated in oxidative injury and inflammation
[2, 3, 5-8]. Ever since, solid clinical evidence shows that
endogenously generated PON is correlated with acute cyto-
toxicity and thus incriminated in various pathologies and dis-
eases [2, 3, 4]. The PON pathogenic effects have been aptly
reviewed [2, 3, 4, 9]. Thus perhaps rightfully, PON anion is
hailed as the “ugly side” of nitric oxide, that in turn acts as a
“good” molecule, whose low level production is important in
protecting organs, such as the liver, from ischemic damage.
The trio (*NO; O,"; ONOO") was notably dubbed [2] as “the
Good, the Bad and the Ugly”. Peroxynitrite affects mitochon-
drial function, triggers cell death via oxidation and nitration
reactions, acts as an endogenous toxicant. Yet it is also a cy-
totoxic effector against invading pathogens. The biological
chemistry of peroxynitrite that has a life time of only about
one second at physiological pH [10] is modulated by endog-
enous antioxidant mechanisms. PON is also neutralized by
synthetic compounds with peroxynitrite-scavenging capacity.
[2, 10]. As such, PON assessment although a matter of intense
scrutiny is still characterized by important challenges: achieve
high specificity, intracellular cell access, reproducible and
quantifiable signals, improved time and spatial resolution.
Addressing these challenges, nanomaterial-based approaches
have been used in conjunction with electrochemical and opti-
cal methods for the detection of PON (a), imaging of PON
inside cells (b) and monitoring cellular events such as cellular
oxidative burst (c). Although there are not many reports so far,
the nanomaterials investigated covered a wide range, from
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Scheme 1 The principal ROS and RNS species derived from the
biological conversion of oxygen into superoxide ion and nitric oxide,
redrawn from [1]
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quantum dots and nanoparticles to graphene-based materials
and polymeric nanoprobes/nanostructured films. The specific
advantages brought by the use of nanomaterials in applica-
tions centered on peroxynitrite are critically presented in this
review. Some representative examples and the related chal-
lenges are discussed in more detail.

Nanoscale properties and interaction
of nanomaterials with PON

The unique properties of materials at nanoscale provide sev-
eral advantages in nanomaterial-based electrochemical and
optical probes for PON, similarly to the detection of other
analytes. In electrochemical probes for example, high surface-
to-volume ratio, good electrical conductivity, biocompatibility,
catalytic ability and easiness of functionalization with conduc-
tive polymers, metallic nanoparticles (NPs) or catalysts for
PON oxidation such as manganese and porphyrin complexes
provide numerous ways to improve sensor performance.
Nanostructured electrodes provide a large electroactive area
promoting the surface adsorption and fast sensor response for
PON. Nanosized electrodes allow detecting of reactive oxygen
species (ROS) in the vicinity of single cells or inside macro-
phages, where they can be inserted without causing irreparable
damage to the cell membrane. Nanoelectrochemical sensors
display good sensitivity and temporal resolution for monitoring
oxidative bursts.

Nanomaterials can assist indirectly with PON detection by
preventing unwanted reactions at electrode surface, e.g. the
unwanted self-polymerisation of hemin is prevented in
graphene-supported hemin [11]. Nanomaterial-based elec-
trodes can be furthermore coated with permselective mem-
branes to further improve selectivity for PON. Electrode mod-
ification with nanomaterials is achieved by various strat-
egies including physical adsorption (e.g reduced
graphene oxide-hemin film [11] deposited on glassy carbon
electrode), electrodeposition (Pt on C microfiber [12]) and
electropolymerization with redox polymers [12—15].

In electrochemical probes, PON interacts with catalytic
nanofilms or hybrid nanomaterials deposited on electrode sur-
face and the result is increased sensitivity and lower
overpotential for PON detection compared to the bare
electrodes.

With regards to optical detection and bioimaging in the
intracellular environment, there are definite advantages asso-
ciated with use of nanomaterial-based transducers compared
to dyes and fluorescent proteins, as shown for relevant biolog-
ical analytes including ROS [16—18]. Nanoprobes confer im-
proved spatial resolution and better contrast, allowing high
quality imaging in vivo and in cell cultures. Nanoprobes have
higher brightness and photostability compared to molecular
probes [19], are or can be made inert to non-specific binding

by cellular proteins and display low cytotoxicity. NPs can be
internalized by cells depending on their charge and size.
Increased uptake and retention of nano sized objects by tumor
cells as compared to healthy ones has been reported. This
effect called “Enhanced Permeability and Retention” (EPR)
is due to pores (named “fenestrations”) in the angiogenic
blood vessels supplying the tumors but was also observed in
inflamed tissues [20]. Among practical aspects one should
note the simpler handling compared to fluorescent proteins
and the commercial availability of many types of NPs [19].

Some nanoparticles, such as Au nanoclusters (Au NCs),
Au NPs, carbon dots (C-dots) and quantum dots (QDs), pres-
ent inherent optical properties, which eliminate the need for
labelling with a reporter probe. Spatial confinement of con-
duction electrons in AuNPs and Au NCs (smaller than 3 nm,
[21]) generates size-dependent surface plasmon resonance ad-
sorption in AuNPs and strong photoluminescence of AuNCs
[22]. QDs are semiconductor nanoparticles of only a few
nanometers, composed of elements from the periodic groups
[-VI (CdS, CdSe, CdTe) or III-V (e.g. GaAs). Due to their
extremely small size, the confinement of electron-hole pairs in
QDs gives rise to interesting optical properties such as bright
fluorescence, which can be tuned by changing the size, com-
position and shape of QDs. C-dots contain mainly carbon,
oxygen and hydrogen, their fluorescence emission is in the
visible and near-infrared (NIR) range and certain types of C-
dots exhibit upconverted photoluminescence. Fluorescence
emission spectra of the C-dots are determined by several fac-
tors, including excitation wavelength, particle size, shape,
composition and internal structure [20].

Nanomaterials such as AuNPs, semiconductor polymer
nanoparticles (SPNs) and upconversion nanoparticles
(UCNP) display several energy transfer mechanisms at nano-
scale, such as nanometal surface energy transfer (NSET), fluo-
rescence resonance energy transfer (FRET), luminescence en-
ergy transfer (LRET), or chemiluminescence resonance ener-
gy transfer (CRET) which can be exploited for sensitive im-
aging of PON. These properties depend on the size of NPs and
the distance between the acceptor and the donor fluorophore.
Moreover, there are a myriad of design possibilities, from
simple nanoparticles of various sizes to complex nanostruc-
tures (core-shell, nanoclusters etc). Particularly appealing are
those with dual functionality, e.g. in theranostics and those
capable of self-referencing, which include two different
fluorophores (e.g. one specific for the target analyte and a
second dye acting as internal reference). NPs can be coated
and functionalized by various strategies and can act as
cargo and be loaded with a vast variety of molecules.
The high surface-to-volume ratio of NPs and convenient
manipulation of surface chemistry allows efficient im-
mobilization of reporter probes while ensuring biocom-
patibility, inertness and enhanced targeting of cells and
subcellular entities.
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In optical nanoprobes, PON interacts with nanomaterials in
several ways. For example, PON’s oxidative action increases
the fluorescence of nanomaterial-attached dye without break-
ing the bond between the fluorescent reporter and the
supporting nanomaterial [23]. Interestingly, in the presence
of reducing agents such as glutathione, the oxidation of
DCFH (reduced 2’, 7-dichlorofluorescein) to DCF (2', 7-
dichlorofluorescein) can be reversed as shown for a proof-
of-concept nanoreactor allowing monitoring PON-
glutathione redox reaction by fluorescence switching in real
time [23].

PON can quench the intrinsic fluorescence of nanomaterials
such as Au nanoclusters or QDs by oxidizing Au nanoclusters
to Au (I) [24] and by breaking the QD-thiolate bond [25],
respectively. Irreversible cleavage by PON of bonds within
nanomaterial-attached dyes leads to abolishment of energy
transfer mechanisms behind the quenched fluorescence of such
nanoprobes [26, 27] and release of fluorescent reporters [28] or
restauration of fluorescence [27, 29].

One of the major effects of PON is the damage of DNA.
When associated with DNA adsorption on Au NPs, it causes
particle aggregation by abolishing the electrostatic interac-
tions warranting the stability of AuNPs, well covered by intact
DNA [24]. Nanoparticle aggregation is simply detected by
colorimetry.

The optical and electrochemical properties, as well as the
behavior and stability in real samples such as cells or tissues
are determined by the basic characteristics of nanoparticles
related to the material nature, surface chemistry, surface
charge and size. While these correlations were discussed in
several reviews [11, 16-20, 30, 31], examples on the role of
these characteristics on the sensitivity and selectivity of PON
detection will be given further along.

Electrochemical methods with nano-material based
microsensors

PON electrochemical microsensors feature nano-films, nano-
spheres, 3D nano-structures, or nano-channels and the field
has witnessed significant advancements in terms of the quan-
tification mechanism and response performance (detection
limit, sensitivity and measuring range). Table 1 outlines sev-
eral significant contributions. The specific concepts, advan-
tages, drawbacks and challenges of the various methods are
briefly reviewed below.

The group of Amatore has developed several innovative
methods [2, 36, 37] supported by both theoretical and exper-
imental models, including nano-sensors [2]. Among these,
one technique involved the concurrent quantification of
*NO, O,” and ONOO™ in the vicinity of a single cell [10,
38] using disk type, flat nanoelectrodes. The amperometric
studies performed on fibroblast cells at different oxidative
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potentials have shown a complex response that apparently
incorporated multiple electroactive species as oxidative
waves, successively confirmed by in vitro experiments.
Figure 1 illustrates the species H;O,, ONOO , *NO, NO,
being directly oxidized by Pt-C-microfiber electrodes (Pt-C
uFEs) at their distinct potentials vs. a standard saturated calo-
mel electrode (SSCE).

The integration of the reconstructed fluxes of the RNOS
allowed the calculation of an average total amount of each spe-
cies, detected as shown in Fig. 1 [2]. This intriguing assay pro-
cedure allowed the exploration of a carefully controlled biolog-
ical environment; however its merits still remain to be fully
appreciated for unknown, complex in vivo configurations.

Nanometer-size electrodes are needed for in vivo electro-
chemical measurements as they are inserted within living cells
without causing irreparable damage to the cell membrane.
Also, it is essential to ensure that the cell membrane formed
a tight seal around the nanoelectrode shaft, to eliminate the
possibility that the response monitored inside the cell result
from traces of species released outside the same that leaked
into the cell. Amatore’s group prepared disk-type, flat
nanoelectrodes by subsequently pulling a 25-um-diameter
annealed Pt wires into borosilicate glass capillaries, followed
by micropolishing. Nanoelectrodes were etched with an alter-
nating current, to create a e cca. 40 nm nano-cavity [32]. The
nanocavity was finally filled with Pt black by electrodeposi-
tion. Compared to the simple Pt polished nanoelectrodes, the
etched nanoelectrodes with electrodeposited Pt black present-
ed similar voltammograms for the ROS/RONS produced in
macrophages, namely PON, H,O,, NO and NO,  but higher
sensitivity, and better stability of the electrodes against passiv-
ation due to ROS/RONS [32]. Thus, the combination between
nano size of the electrode and a nanodeposit of catalytically
active Pt black represents a successful strategy for in vivo
detection of ROS/RNS and illustrates some of the advantages
of nanomaterials and nano structuring.

Also notable are several synthetic manganese nano-
complexes employed as components in ONOO™ sensitive
electroactive films on electrodes. For instance, Koh and col-
leagues [12] synthesized a manganese—polymer nano-
complex film with the polydithienyl-pyrrole-benzoic acid
(pDPB) by electrodeposition onto a Platinum (Pt) uEs.

The cloud density of the atoms in PON is as follows:

-0.288-0.130-0.122-0.458
O-N-0-O"

The O* atom has maximum cloud density thus it can pro-
vide the low-pair electrons to the center of the Mn atom (cloud
density of 0.252) of the Mn nanocomplex, formed as an axial
coordinating compound. The Fe based nanocatalysts undergo
similar molecular interactions. The conductive polymer pDPB
film was prepared reproducibly down to nm dimensions
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Table 1  Approaches for the Electrochemical detection of peroxynitrite using nanomaterials
Nanomaterial characteristics Electrode details Working principle Analytical Real sample/selectivity Reference
performances
40 nm cavity in Pt nanoelectrode WE polarized at +0.85 Electrocatalytic oxidation RT =50ms  In vivo detection inside [32]
with electrodeposited Pt black. V vs. Ag/AgCl of PON DL =10 M murine macrophages
of total ROS/RONS
(PON, NO; ", H,0,
and NO)
Pt microelectrode with a Mn-pDPB ~ WE polarized +0.2 Reduction of PON RT=15s PON detection in rat plasma.  [13]
film deposited with Au V vs. Ag/AgCl DL=19nM Selective versus bilirubin,
nanoparticles. A PEl membrane ascorbic acid,
applied to confer selectivity serotonin, dopamine
rGO-hemin film on GCE WE polarized +1.1 Electrocatalytic oxidation RT =20s N/A [11]
V vs. Ag/AgCl of PON DL =5nM
Nanostructured PEDOT- WE polarized at +1.25  Electrocatalytic oxidation RT=5s Selective versus NO, , NO;~  [14, 33]
hemin film V vs. Ag/AgCl of PON DL =200 nM
Electrocatalytic oxidation RT =3.5s N/A; selective versus [34]
of PON DL =10nM norepinephrine,

rGO/CoPc-COOH on GCE electrode WE polarized at +1.1

Electrocatalytic oxidation DL:1.7 nM

serotonin, uric acid
N/A/ selective versus NO, ,  [35]

V vs. Ag/AgCl of PON NO; , H,0,,
dopamine, glucose
C fiber tip sharpened at 200 nm. WE polarized at -0.3 ~ PON reduction RT =1ms Detection at surface of [15]
Covered with nanofilm of TPCP V vs. Ag/AgCl DL =1nM endothelial cells

Mn and PVP

PON Peroxynitrite; RNOS Reactive nitro oxidized species; WE Working electrode; RT Response time; DL Detection limit; Mn-pDPB Manganese-[poly-
2,5-di-(2-thienyl)- 1H—pyrrole)-1-(p-benzoic acid)] complex; »GO Reduced graphene oxide; PEI Polyethyleneimine; GCE Glassy carbon electrode;
PEDOT Polyethylenedioxythiophene; PVP Polyvinylpyridine; 7PCP Mn = Mn (I1I)- [2] paracyclophenylporphyrin

ensuring a stable and rapid response time. This (Mn-pDPB)
film was decorated with electrodeposited Au nanoparticles
that reportedly enhanced the PON reduction, according to
the reaction scheme from Fig. 2a and calibration graph from
Fig. 2 b. Moreover, an increase in selectivity was reported by
using an outer layer of polyethyleneimine (PEI). The
interferents tested included several electroactive species and
PON decomposition molecules [12]. The selectivity was re-
ported as satisfactory, allowing these Mn-pDPB-PEI pEs to be
employed for the PON determination in vitro on glioma tumor
cells. To further validate this work, it would be useful to repeat
the same experiments with the “genuine” synthetic PON
freshly prepared.

The group of Malinski [14, 39, 40] used a manganese(I1I)
paracyclophenyl-porphyrin (MnPCP) nano-thin film electro-
deposited on carbon microfiber nanoelectrodes (CFnE) for
PON detection in the presence of *NO and O, . The
chronoamperometry was conducted with the three working
electrodes poised at different potentials, namely 0.67 V for
*NO, 0.35 V for O,” and —0.35 V for ONOO . The tip of
the carbon fiber was gradually burned with a propane
microburner to reduce its diameter down to 200-300 nm.
Subsequently, this tip was modified with a thin MnPCP film.
The overall nano-dimensions of the measuring tip allowed a
very fast response time that followed the peroxynitrite re-
leased in real time. Detection was based on the reduction of

12,
H.0, NO' NO,
I 1_°N;c;_\ — y— 2 étsion 8 Sspropotionaton [ 10 | (5 o)
I / NADPH oxidase ausion
; 0, ——|o;| o ONOO™ | (1m0l
38 o8} (24 mol) ONOO
[ L-Arginine  NOsynthases —— deomp. | NOS | (6
Sg 04 +30, _,@ . ;| (6fmol)
% 02| (30 fmol) Sfhsion >| NO' | (141mo)
T ‘ Y " Oidaie
Celular mechanisms burst

polontial / mV vs. ECSS ———

Fig. 1 The species H,O,, ONOO™, NO, NO,  being directly oxidized at their distinct potentials and their reconstructed fluxes. Reproduced from [2]

with permission from Wiley
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Fig. 2 The PON-sensitive
manganese nano-complexes (a)
and the resulting calibration graph
(b). Reproduced from [12] with
permission from the American
Chemical Society

ONOO . The concentration ratio [*NO] / [ONOO ] was re-
ported as a potentially useful marker to diagnose cardiovascu-
lar disease [14]. The same group quantified PON after release
upon stimulation by a beta-blocker medication, Nebivolol
[39] as illustrated in Fig. 3 below.

Bayachou and Peteu [13, 33] used a nano-thin film of the
electroactive, intrinsically conductive polymer polyethylene-
dioxythiophene (PEDOT) together with hemin (Fig. 4)
electro-assembled on carbon fiber microelectrodes for the de-
tection of ONOO . The response to PON of the hemin film
was compared, with and without PEDOT, with cyclic volt-
ammetry and amperometry. When PEDOT was present the
sensitivity was strongly enhanced, as compared to just the
hemin film or the PEDOT film. Significantly, the typical
“nano-cauliflower” tortuous and porous matrix of the
hemin-PEDOT hybrid seemed to provide a very high specific
area/volume, as seen in SEM from Fig. 5a [13]. This testing

a
Copper wire glass capilary Wax +rosin

Conductive epaxy

ONOO

Fig. 3 The PON-sensitive C fiber microelectrodes (a) and the PON
quantified after release, upon stimulation by a beta-blocker (b).
Reproduced from [38] with permission from Springer and from [37]
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has suggested that synergy occurs between the PEDOT and
the hemin macrocycle molecules; this hypothesis was support-
ed by a decrease of the oxidation potential for the nano-hybrid
material, as compared with the responses from either of the
two components employed separately (Fig. 5). The hemin-
PEDOT film was revealed as a fractal 3-dimensional matrix
with an inherent peak-and-valley nano-structured surface and
features in the 100-300 nm range. This implies that the PON
analyte molecule must travel a much longer path though the
twisted pores from the outer surface to the inner catalytic sites
within the hemin-PEDOT film. Consequently, this results in a
larger contact surface between the catalyst and the analyte,
thus an increase in the ratio current-to-analyte concentration
leading to a higher sensitivity. Herein, the electroactive
PEDOT allows a precise control upon its electrodeposi-
tion as a nano-film with high conductivity mediating a
fast electron transfer.
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a Hemin EDOT Hemin-PEDOT

Current / uA
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Potential / V vs. Ag/AgCl
Fig. 4 The complex hemin-PEDOT (a) and its polymerization (b). Reproduced from [13] with permission from the Royal Society of Chemistry

Szunerits, Peteu and colleagues built on their earlier pub- ~ hemin with subsequent sonication for several hours, resulting
lished methods [11, 41] for preparing a hemin-functionalized  in hemin-rGO (Fig. 6), that was next drop-casted onto GCEs.
reduced graphene oxide to prepare PON-sensitive electrodes ~ The hemin-rGO modified GCE has shown an oxidative wave
[I1]. A graphene oxide aqueous solution was mixed with ~ at 1.17 V that was ascribed to the electrochemical oxidation of

Fig. 5 The response of the
nanostructured PEDOT-hemin (a)
to PON of the hemin film was
compared, with and without
PEDOT (b, ¢). Reproduced from
[13] with permission from
Elsevier
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rGO/Mhemin (Fe*")

Fig. 6 The preparation of the hemin-reduced graphene oxide (a) and its response to PON (b). Reproduced from. [11] with permission from the Royal

Society of Chemistry

hemin on the rGO platform. In the presence of ONOO ™ from
SIN-1, an electrocatalytic oxidation mediated by hemin cen-
ters seems to occur, as illustrated by the reaction mechanism in
Fig. 6.

The Fe** center of hemin in the rGO—hemin film was ox-
idized electrochemically at the electrode interface to a high
valent iron form such as [Fe** = O] iron oxo intermediate.
In the PON presence, this intermediate is reduced back to
Fe** for further turnovers [11]. The resulting current scaled
linearly with the PON concentration, and a detection limit of
5+ 0.5 nM was recorded in PBS with a sensitivity of 7.5 nA
nM ' [11]. The reasons for this apparent increased sensitivity

@ Springer

brought by graphene needs to be elucidated. Firstly, graphene
provides a two-dimensional support with large open accessi-
ble surface with high area per volume ratio, where the catalyst-
PON interaction seems to be enhanced, which seems benefi-
cial for the surface-driven electrocatalytic activity. Secondly,
the graphene-supported hemin appears to prevent hemin mol-
ecules from self-polymerization and thus increase the avail-
able iron-hemin catalytic active sites. Thirdly, the amount of
hemin present on the electrodes seems to be important; the
amount incorporated into the new rGO/hemin matrix is 2.5
times larger than that on rGO that is post-modified with he-
min. Ongoing research seeks a better understanding of the
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catalytic mechanisms of graphene supported hemin for PON
oxidation and to develop highly sensitive sensor platforms
[32].

Meanwhile, Peteu and Swain [34] reported the modifica-
tion of a Boron doped diamond (BDD) microelectrode with an
electropolymerized PEDOT-hemin film. Again, the presence
of PEDOT was correlated with a sensitivity increase towards
PON, for reasons already mentioned herein. The nanostruc-
tured modified polymer layer was characterized by
Raman spectroscopy and scanning electron microscopy
(SEM). The measured detection limit for PON was
10 + 0.5 nM (S/N = 3), the sensitivity was 4.5 + 0.5 nA nM '
and the response time was 3.5 £ 1 s. A polyethyleneimine (PEI)
layer was applied on the tip to make the sensor selective to PON
in the presence of norepinephrine, serotonin and uric acid [34] as
seen in Fig. 7.

Optical techniques with nano-probes for assessment
of PON

Overview

Electrochemical and optical sensors are complementary tools
for assessing PON and ROS in general. Fast electrochemical
sensors allow temporal resolution and are very useful in vitro
for gathering quantitative data on the PON fluxes, at single
cell level, and probing the underlying mechanisms of various
physiological process. However, their use in vivo is compli-
cated, due, among others, to issues related to implanting the
sensors. In contrast, many of the optical probes are considered
minimally invasive, have low cytotoxicity and favorable phar-
macokinetics (good blood circulation and appropriate clear-
ance from the body), and can be used with either passive or
targeted delivery. Optical probes allow large area imaging of
PON and ROS (even imaging of a whole small animal) getting
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representative pictures of the extent of ROS generation and
the localized effect of different drugs. They also allow map-
ping intracellular ROS. An important advantage of
nanomaterial-based optical probes is their possibility to be
used in theranostics as it will be discussed further below.

The last years witnessed an increased research effort to-
wards developing better probes for detection and imaging of
PON and ROS in general [16-18], prompted by the need to
elucidate the role played by these reactive species in key bio-
logical processes related to the onset of various diseases
(Table 1). Compared to other analytes, optical detection of
PON/ROS imposes the additional requirements of speed, re-
versibility and high sensitivity of response, to be able to detect
short lived radical species and their fluxes at relevant physio-
logical levels [16]. Moreover, the specificity of detection is
paramount to elucidate the particular role of a certain radical
species, such as PON, in physiological events. Optical
methods reporting on PON detection and imaging use tradi-
tionally: (i) ROS-sensitive small fluorescent probes, (ii) genet-
ically engineered proteins and (iii) nanostructures, taking ad-
vantage of the unique physico-chemical and optical properties
of materials at the nano scale and their interaction with fluo-
rescent reporters, as discussed in section 2.

Nanomaterials used in optical detection of PON

Not surprisingly, the emergence of nanomaterials has brought a
wealth of design possibilities and functionalization strategies
that are exploited in order to reach optimum characteristics for
detection. The main characteristics of various types of nanopar-
ticles, their coatings and approaches for surface functionalization
in relation to their applications in bioimaging have been
reviewed elsewhere [16-20, 30]. Several relevant examples of
nanomaterial-based methods applied for PON detection and im-
aging in biological samples are presented in Table 2, relying on
fluorescence, chemiluminescence and colorimetric detection.
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Fig. 7 The detection limit (a) and selectivity (b) of the PON-sensitive BDD microelectrode. Reproduced from [31] with permission from the Royal
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The principles of these optical methods have been presented in
more detail elsewhere [17].

As such, the nanomaterials shown to deliver significant
advantages towards the specific PON detection in biological
applications, include:

1. thiol capped cadmium telluride CdTe and CdTe@ZnS
quantum dots [25]

2. fluorescent carbon dots (CDs) prepared from citric acid
(CA) and either ethylenediamine [44] or urea [45]; doped
with tryptophan [47], phosphorus and nitrogen [43] used
for quantitative detection of PON in spiked serum.

3. polymeric nanoparticles: fluorescent nanoprobes based on
polymeric micelles [46] or semiconductor polymer nano-
particles (SPNs, [26, 47]). Polymeric micelles provide an
easy way to prepare ratiometric probes which include two
different fluorophores and can be moreover appropriately
coated (e.g with cell-penetrating peptides, [46]) to achieve
PON imaging in the intracellular environment.
SPNs, composed of m-conjugated polymers, have
excellent photostability and are significantly brighter
than QDs or small-molecule fluorophores [26]. In
applications requiring multiple functionality, e.g. in
theranostics nanoparticles, nanoparticles allowing both
complex architectures and easy functionalization are de-
sirable and SPNs appear as preferred starting nanoprobes.
[29]

4. rare-carth nanocrystals doped with lanthanides, e. g Yb/Er
co-doped hexagonal phase NaYF, [48] displaying
upconversion luminescence (UCL) emission, i.e. having
the ability to convert adsorbed light into emitted signal of
shorter wavelength e,g near infrared (NIR) radiation into
visible light. These ‘upconversion nanoparticles” have
remarkable chemical/photo stability, and tunable, narrow
emission bands. Moreover, the NIR laser used for
excitation ensures light penetration depth, no auto-
fluorescence from biological samples [48] as well as
no co-excitation of common dyes absorbing in the
UV/visible region, thus UCNP are suitable to act as
energy donors for luminescent energy transfer
(LRET) based nanoprobes [48].

5. amphiphilic, macrophage-targeted theranostic nanoparti-
cles (MacTNP), self-assembled from a Chlorine6 (Ce6)-
hyaluronic acid (HA) conjugate [29].

6. biocompatible cross-linked iron oxide (CLIO) nanoparti-
cles, commercially available, adapted for ROS-detection
by labeling with oxazine fluorophores [28].

7. metallic (Au) nanoparticles, whether unmodified [49] or
coated with fluorophores [27]. These were useful for the
screening of PON-scavenging antioxidants in buffers
[49]), for instance by taking advantage of the easiness of
modification of AuNPs with DNA and of colorimetric
detection of aggregated Au NPs. In this type of assay,

@ Springer

the antioxidant effect is associated with a compounds’
capability to prevent peroxynitrite-induced DNA damage.
Hybrid Au-Si nanoparticle complexes such as dye-
encapsulated silica particles decorated with satellite
AuNCs have also been used for PON detection, forming
a dual emission fluorescent nanocomplex (e.g. [24]).
Metallic NPs present strong and stable fluorescent signals
in the NIR range and no photo-bleaching. ROS, including
PON may quench the intrinsic fluorescence of Au
nanoclusters [24] thus appropriately designed nanoprobes
decorated with Au nanoclusters are efficient for imaging
ROS inside the cells [24]. Alternatively, modification of
AuNPs by different surface chemistry approaches were
used to alter their fluorescence properties and selectivity
towards particular ROS [16].

8. fluorophore-modified nanoporous silicon, investigated as
a nanoreactor for studying redox processes involving
PON [23].

The selection of nanomaterial for PON imaging is related
to specific requirements of each application and strategy used
for optical detection as detailed in the next section. The probes
should display appropriate linear range, sensitivity and re-
sponse time as required for reporting variations in PON fluxes
at physiologically relevant levels. Moreover, the tissue pene-
tration depth is critical when designing nanoprobes for in vivo
applications. Near IR emitting probes are a prerequisite for
imaging PON in deep tissues and living animals, to avoid
the auto fluorescence of biological samples. In vivo imaging
of PON and CIO™ was achieved for example with SPN by
monitoring the fluorescence ratio 1680/1820 nm [47].
Whenever the envisaged detection strategies involve energy-
transfer mechanisms such as NSET, FRET, CRET or FRET,
good materials to consider are AuNPs, UCNPs and SPNs,
respectively. Reversibility of the signal is also important to
report on dynamics of PON fluxes.

Strategies for optical detection of PON

The main mechanisms by which optical detection of PON is
achieved with nanomaterial-based systems are: (1) color
change of NP suspensions following PON-induced aggrega-
tion, (2) fluorescence quenching, (3) fluorescence activation
and (4) fluorescence recovery (de-quenching) by PON.

Color change of NP suspensions following PON-induced
aggregation

Being a strong oxidizing and nitrating agent, PON can induce
DNA modification and cleavage of DNA strands in physio-
logical conditions. As shown [49], colorimetric detection
based on Au NPs provides fast and sensitive assessment of
DNA damage in vitro and is adapted for the screening of
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antioxidants protect against such damage. The principle of
detection relies on adsorption of ssDNA on Au NPg and the
cleaving of DNA by PON and other ROS. Intact adsorbed
DNA strands on AuNPs prevent particle aggregation indue
to electrostatic repulsion between particles coated with
negatively-charged DNA. Instead, fragmented DNA cannot
offer protection against NPs aggregation (Fig. 8).

Particle aggregation induced by PON translates into a color
change of NP solution, visible with the bare eyes, from red
(non-aggregated nanoparticles) to blue (aggregated nanoparti-
cles) and the effect is correlated with the concentration of
PON/ROS and antioxidants in solution. This principle was
applied to study the PON scavenging effect of ascorbic acid,
gallic acid and caffeic acid in vitro [49] and would be amena-
ble to application in screening antioxidant drugs in vitro in
buffers of controlled, low ionic strength. Moreover, this meth-
od provides a simple, fast and economic way to visualize one
of'the cellular effects of PON, namely DNA damage; however
it would not be appropriate for real time monitoring of PON
concentration or for cellular assays.
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Fig. 8 (a) Schematic representation of the colorimetric assay for DNA
damage detection. (b) Absorption spectra of AuNPs in the presence of
0.06 uM ssDNA-1 and different concentrations of ONOO— , after
incubation at at 37 °C for 10 min. (Inset: Correlation between
absorbance at 520 nm and concentration of ONOO- in solution, as well
as corresponding colors of the solutions). (¢) Absorption spectra and color

O ~  DNA fragments

Fluorescence quenching

Whereas a panel of ratiometric probes have been developed
harnessing the differential reactivity of dyes selective toward
OONO [50-53], the use of nanomaterials has brought new
valences to the concept. For example, embedding the hydropho-
bic indicator dye benzyl selenide tricarbocyanine BzSe-Cy [46]
in a carefully designed polymeric micelle has allowed improving
the selectivity for PON compared to the free dye and achieving
ratiometric imaging of intracellular PON in phagocytic and non-
phagocytic cells [46]. At the core of nanoprobes selectivity lays
the specific oxidation of divalent selenium in the NIR-fluorescent
dye BzSe-Cy to quadrivalent selenium as depicted in Fig. 9. The
oxidized dye displays only weak fluorescence and the degree of
fluorescence quenching is linearly correlated with PON concen-
tration in the range 0-5 1M, when measured at room temperature
in 0.1 M phosphate buffer saline (PBS) pH 7.4. Remarkably, the
selenium oxidation reaction and corresponding fluorescence
quenching effect on BzSe-Cy can be reverted, e.g. by reduction
with ascorbate providing the basis for detection of dynamic PON

b
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changes (inset) of a solution of AuNPs/ssDNA-1 incubated with
21.7 mM ONOO- in the absence (blank) or presence of 12.8 uM of
various antioxidants. (d) Exemplification of colorimetric assay presented
in (c) for detection of ascorbic acid: solution absorption spectra, color
changes (inset) for different concentrations of ascorbic acid and calibra-
tion curve (inset). Reproduced from [47] with permission from Springer
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Fig. 9 Fluorescence quenching
by PON, redrawn based on the L‘ e

810
concept presented in [44] W~ 'Qm W s o
k=
ALK B ONOO- ~ “\'< oy

l“

BzSe-Cy indicator dye
¢ IRhB reference dye

signaling. Nevertheless, the approach, although appealing, has
limited applicability for in vivo assays. While redox cycling of
free BzSe-Cy in vitro and its use for real-time imaging of redox
cycles in macrophage cells were successfully demonstrated [54],
the reversibility of fluorescence signal of the micelle-embedded
dye remains yet to be proven.

Fluorescence activation

According to certain design strategies, through its oxidative
action, PON cleaves the bonds within nanomaterials-attached
non fluorescent small molecules, leading to the release of
fluorescent compounds. Alternatively, PON oxidizes the
non-fluorescent, reduced form of a fluorophore, attached to a
nanomaterial, into a strongly fluorescent oxidation product
that remains bound to its support, enabling precise localization
and targeting. Both alternatives have gained applicability in
bioimaging applications. For example, the surface of biocom-
patible magnetic nanoparticles was modified with an oxazine-
based non-fluorescent derivative via covalent attachment by
carbodiimide chemistry. Chemical cleavage by PON and other
ROS triggered the release of small oxazine fluorophores
showing strong NIR fluorescence [28] (Fig. 10). Such mech-
anism, being based on irreversible transformations induced by
PON, cannot be used to image the dynamics of PON fluxes
yet it is useful to capture high quality images of PON and
other ROS- producing events. In a different approach, oxida-
tion by PON of the nonfluorescent reduced form of
dichlorofluorescein, covalently fixed on nanoporous silicon
results in formation of a strongly fluorescent oxidation prod-
uct. The fluorophore remains attached to the nanoporous sup-
port [23] and the redox reaction is reversed with glutathione
(GSH). A second exposure to PON leads again to an increase
in the fluorescence signal, although smaller than observed

@ Springer

Oxidized BzSe-Cy
Cell penetrating peptide

initially. Thus, the nanostructured porous silicon chip func-
tionalized with dichlorofluorescein is considered as proof-of
concept for a nanoreactor responding to ROS and for the dy-
namic study of redox reactions. Improvement of experimental
setup and conditions to prove reversibility of PON-responsive
system through multiple dye oxidation/reduction steps, i.e.
fluorescence on/off cycles will further advance this concept.
Translation of this concept into a nanoparticle probe for real-
time in vivo imaging has not yet been reported. Designing
nanoparticles modified in a similar manner as above, with a
NIR-fluorescent dye remains as a challenge for the future.

Fluorescence recovery (de-quenching)

In some ingeniously designed nanostructures, the inherent
fluorescence of nanomaterials was quenched due to energy
transfer to nearby immobilized fluorophores. Examples of en-
ergy transfer phenomena used for quenching nanomaterial’s
fluorescence include: FRET from SPN to fluorophores [26,
47], NSET from Au NP to fluorescein [27] and LRET be-
tween UCNP and Rhodamine B [48].

The mechanism for detecting PON and other ROS based
on fluorescence recovery of nanoprobes relies on the oxidiz-
ing power of the free reactive species which cleave the link
between nanomaterials and acceptor fluorophores, abolishing
the energy transfer to restore nanomaterial’s inherent fluores-
cence or luminescence. The success of these strategies relies
on adequate choice of donor and acceptor molecules based on
their absorption and emission maxima, as well as on efficient
immobilization of the acceptor molecules in the close vicinity
of energy donors [26] [26]. For example, the NanoDRONE
system consists in a RONS-inert, NH,-functionalised SPN
core acting as energy donor, coated with a RONS-sensitive
fluorophore, IR775COOH, via carbodiimide chemistry. The
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spherical SPNs were prepared by nanoprecipitation and in-
clude a fluorescent polymer and two PEG-ylated matrix poly-
mers, from which one with amino functional groups, allowing
immobilization of IR775COOH fluorophore on the SPN. The
fluorescent polymer from the SPN core has an emission max-
imum at 678 nm while IR775COOH has absorption maxi-
mum at 788 nm and emission at 818 nm. Oxidative cleavage
of the oligomethine moiety of the fluorophore IR775COOH
by PON and other ROS leads to cancelation of FRET from the
SPN and recovery of the SPN fluorescence signal at 678 nm
(Fig. 11) [26].

In another approach, Lee et al. [27] used a bio-inspired
strategy to immobilize fluorescein labeled HA molecules on
Au NPs of 16 nm size, via strong Au-catechol interactions.
The length of HA chain (15 nm for an average molecular
weight of 5600 Da HA) was selected as to achieve efficient
NSET between AuNPs and the fluorophore. The selective
degradation of HA chain by PON and other ROS resulted in
the release of fluorescein-labeled HA fragments and abolish-
ment of NSET from Au NPs to fluorescein. Consequently, the
fluorescence of AuNPs was turned “on” (Fig. 12) [27].

Alternatively, Rhodamine B-labeled HA was covalently
immobilized on the surface of UCNP by carbodiimide chem-
istry. UCNPs present green luminescence emission bands at
515-534 nm and 534-560 nm as well as red emission at 630—
680 nm, while Rhodamine B has broad absorbance with the
maximum at 552 nm and luminescence emission at 572 nm,
which doesn’t overlap with the red emission of UCNPs.
LRET occurs between the green emission bands of UCNP
and Rhodamine B [48]. When ROS cleaves the HA chains
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-
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in UCNP coated with Rhodamine B-decorated HA, it cancels
LRET from UCNP to Rhodamine B and the green lumines-
cence signal of UCNP is restored (Fig. 13) [48].

Approaches to ensure optimum detection characteristics
for PON by nanomaterial-based optical methods

Nanomaterials allow rich possibilities when designing
nanoprobes for PON and other reactive species for specific
imaging applications and tuning them to display ideal charac-
teristics pertaining to: (1) spatial and temporal resolution; (2)
sensitivity; (3) specificity/selectivity; (4) stability in the mea-
surement medium and resistance to photo- and chemical
bleaching; (5) biocompatibility, bioavailability and tissue pen-
etration depth; (6) pharmacokinetics.

Spatial and temporal resolution

Appropriate spatial and temporal resolution are mandatory for
real-time imaging of PON bursts and GSH reparation, in order
to understand the physiological and pathological roles of PON
and pinpoint the precise intracellular location of nanoprobes
used to report on PON. Whereas the size, surface charge and
surface functionalization are in general critical characteristics
to control optical imaging with nanoprobes [19, 31] worth
analyzing is the specific nanoprobe design to achieve high
spatial contrast and resolution for PON detection and warrant
efficient delivery to targeted areas and optimum local concen-
tration of fluorescent reporter(s). As demonstrated for imaging
of intracellular peroxynitrite produced in phagocytic and non-
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Fig. 11 RONS sensing scheme
with NanoDRONESs, and the
structures of the four components:
PCFDP, DSPE-PEG, DSPE-
PEG-NH2 and IR775COOH.
More explanations are provided
in the text. Reproduced in part
from [26] with permission from
Wiley
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phagocytic cells, the premises for high quality imaging are
created by inclusion in the same nanoprobe of two fluorescent
reporters for ratiometric detection, coupled with protection
against photobleaching and chemical degradation and with
selection of excitation and emission wavelength that ensures
low background. Such a cell-permeable nanoprobe consisting
in a polymeric micelle coated with cell-penetrating peptides
and incorporating two dyes for ratiometric and highly selec-
tive detection has been reported [46]. As per another strategy,
imaging of PON, CIO— and *OH was achieved with SPNs hav-
ing a modular core-shell design, where FRET was allowed from
a fluorescence matrix polymer in the SPN core to a second
fluorophore, fixed to the SPN surface. Ratiometric detection
based on signals corresponding to the two fluorescent reporters
provided increased spatial resolution for the real-time tracking of
probes in vivo and monitoring ROS at inflammation sites [26] in
mice infected with Corynebacterium bovis (Fig. 14). In the ab-
sence of ROS, the nanoprobes location in vivo was identified

Fig. 12 Fluorescence recovery

induced by ROS through the

abolishment of NP energy

transfer (NSET) in gold

nanoprobe with immobilised

fluorescein-HA. Reproduced

from [27] with permission from

Wiley rotett

Fluorescence off
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IR77SCOOH

thanks to the fluorophore IR775COOH emission signal due to
FRET. In the presence of PON, activated probes displayed in-
creased fluorescence intensity of the PCFDP polymer due to
abolishment of FRET.

Similar PEG-ylated SPNs of 50 nm size, encapsulating a
chemiluminescence donor and including galactose functional
groups for liver targeting were used to image drug-induced
hepatotoxicity within minutes of drug challenge, as a dose-
dependent ROS activity in the liver [47]. Ratiometric fluores-
cence detection was used for imaging PON and ClO— while
H,0, was detected by chemiluminescence. The timescale of
observations sets apart these nanosensors from methods used
to evaluate rather the consequences of radical release all along
the chain of events linking RNS/ROS production to hepato-
toxicity, such as histological changes, protein nitration and
DNA damage. In another report, 50 nm upconversion nano-
particles of Yb/Er co-doped NaYF4 functionalised with
hyaluronic acid and Rhodamine B were used to acquire

Fluorescence on
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Fig. 13 (a) Production of HAR- a
UCNP nanoprobes for diagnosis
of rheumatoid arthritis in mice, by
conjugation of UCNP nanoprobes
with hyaluronic acid (HA) and
subsequent labeling with
Rhodamine B. The functional
properties of HAR-UCNPs are
due to Rhodamin B acting as b
LRET acceptor from UCNP, and

to HA, conferring sensitivity to

HA conjugation
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luminescence images of arthritic areas in limbs of healthy
mice, arthritic mice and mice treated with methotrexate (an
anti-arthritis drug), allowing for both diagnosis of rheumatoid
arthritis and therapy monitoring [48].

i. Sensitivity

Heightened sensitivity for PON detection and imaging by
nanomaterial-based optical methods was achieved based on a
combination between:

* ratiometric detection for better imaging contrast and ac-
curacy. With most nanoprobes the net optical signal is
expressed as the ratio of signal intensity recorded at two
emission wavelengths, one correlated with PON presence
and a second one which is insensitive to PON and serves
as a reference. The reference signal allows to compensate
for variations in local nanoparticle concentrations or for
small variations in excitation intensity, as well as to eval-
uate the progress of intracellular delivery. This approach
was typically achieved using two dyes incorporated in the
same micelle nanoparticle [46], with two nanomaterials
linked in a nanocomplex, a dye-incorporating silica and
Au nanocrystals [24] or with one matrix fluorescent poly-
mer and a surface-bound fluorescent PON-indicator dye
linked in a SPN [47].

* low background fluorescence signal as result of NIR
emission (650-900 nm) [26, 46—48], avoiding the auto

&\ RB labeled HA fragments

fluorescence of biological tissues and achieving accurate
detection of PON in vivo.

+ signal amplification through fragmentation of ligand
chain —e.g. in the case of nanoparticles linked to HA.

* optimized size, nature and surface chemical
modification of NPs. For example higher quenching by
PON was found with CdTe QDs compared to CdS QDs
due to the nanocrystal (NC)-thiolate bond being stronger
for CdS than for CdTe. Furthermore, coating of the core
with a higher bandgap material such as ZnS (3.7 eV) and
modifying the surface with various thiols also improved
the sensitivity of QDs [25]. Nevertheless, the inherent cy-
totoxicity of QDs is one of the drawbacks of this approach.

ii. Specificity/Selectivity

Selectivity is crucial for ensuring accurate assessment and
interpretation of PON levels and their variations. Reaching
good selectivity in a particular application can be facilitated
by a combined approach considering: (i) PON-specific fluo-
rescent probes and (ii) nanoprobe design and the mechanism
of activation, upon PON action, of the reporter probe respon-
sible for optical detection, with minimal interference from
other reactive species.

PON-specific fluorescent probes There are increased efforts
to synthesize small molecule fluorescent probes with higher
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Fig. 14 a In vivo imaging of
RONS in a LPS-induced acute
peritonitis mouse model before
and 30 min after administration of
NanoDRONE:s. Saline (n =4) and
LPS (n = 4) were administered 4 h
later before administration of
NanoDRONE. b Overlaid images
of activated (red) and inactive
(green) NanoDRONE for
imaging RONS in mice with
spontaneous systemic C. bovis
infection (n = 4). The images on
the bottom raw represent
enlargements of corresponding
regions indicated by white boxes
in images above. White arrows
point to local areas of bacterial
infection. Reproduced from [26]
with permission from Wiley

specificity for PON [1, 51, 53] to be integrated within
nanomaterials for even better selectivity. In line with this goal,
new molecules have been produced that are either oxidized or
nitrated by PON. Their sensitivity to PON is triggered by oxi-
dative or nitrating/nitrosating mechanisms [51], including oxi-
dation of activated ketone (e.g HK-Green 1 to HK-Green 3);
oxidation of organoselenium fluorophores (e.g Cy-PSe and Cy-
NTe [52]); oxidation of phenol coupled to other oxidative mech-
anism (e.g. PN600), oxidation and cleavage of spiro xanthene
derivatives from non-fluorescent spiro closed forms to fluores-
cent spiro open forms (e.g Rhodamine B Phenyl Hydrazide
(RBPH) and boronate oxidation, a genetically encoded fluores-
cent probe that contains a p-boronophenylalanine derived chro-
mophore [51]). Other fluorescent probes relied on nitration of
the aromatic ring (e.g NiSPY-3) or nucleophilic nitrosation of
secondary amine (e.g. Ds-DAB-N-(2-aminophenyl)-
5-(dimethylamino)- 1-naphthalenesulfonic amide).

A remarkable example is benzylselenide-tricarbocyanine
(BzSe-Cy) [54], whose selectivity for PON was further im-
proved upon encapsulation in a polymeric micelle [46]. The
fluorescence of micelle-incorporated dye is quenched by PON
in a dose-dependent manner (Fig. 15a), as per the mechanism
discussed in section 4.3.2. Selectivity for PON was proven by
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comparing the signal for 5 pM for ONOO™ which causes to
96% decrease in F810/F575 fluorescence ratio with 500 uM
for H,0,, '0,, 0,”, CNO, NO, ", NO5 ", and ROO, 450 uM
for CO, 250 uM for C1O and 10 uM for HRP. All other
ROS, including highly active ones such as CIO and *OH,
did not interfere with PON, i.e. caused less than 5% change
in F810/F575 fluorescence ratio (Fig. 15b). Moreover, the
selectivity and usefulness of the new nanoprobe was illustrat-
ed through in vitro testing of 3 cellular lines, including RAW
264.7 macrophages and HL-7702 and HepG2 cells non-
phagocytic cells [46]. In these experiments, the fluorescence
signal decreased only in cells challenged with the PON donor
SIN-1 and not in those treated with a *®NO donor, S-nitroso-N-
acetyl-DL-penicillamine (SNAP) or a O,~ donor, xanthine/
xanthine oxidase, thus proving that the signal measured with
the probe was due exclusively to PON (Fig. 15 ¢).The good
selectivity of the nanoprobe based on the BzSe-Cy dye is due
to a synergetic effect between the selectivity of free dye and
properties of the nanomatrix, as explained below.

In some cases, simultaneous and accurate detection of sev-
eral other reactive species besides PON is desired in order to
shed light on the ROS fluxes in the biological processes in-
vestigated. For example, monitoring of both CIO and PON is
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Fig. 15 a Fluorescence signal of the nanoprobe recorded at various
concentration of ONOO™ (from top to bottom: of 0; 0.05; 1;
1.5;2;2.5;3;3.5;:4;4.5 and 5.0 um). The spectra were recorded at room
temperature in 0.1 M PBS pH 7.4, with excitation at 788 nm. b
Fluorescence signal ratio F810/F575 ratio of the nanoprobe (0.25 mg/
mL, in 0.1 M PBS) with various analytes: 5 uM ONOO ", 500 uM for
H,0,, '0,, 0,7, NO, NO,_, NO;~ and ROO, 450 uM for ‘OH, 250 uM
for C10 ™ and 10 uM for H,O, + HRP. (¢) Confocal fluorescence images
of RAW 264.7 macrophage cells acquired with the nanoprobes. Top:

highly relevant for understanding the chain of events associ-
ated with ischemia/reperfusion [55, 56]. A coumarin deriva-
tive, PN600 was reported to act as a three channel fluorescent
probe allowing accurate detection of CIO  and PON [53], and
is anticipated that its applications with nanomaterials will be
explored in the future.

Nanoprobe design In addition to the inherent properties of
the free dye and the use of ratiometric detection to alleviate
some interference from other reactive species, the mechanism
of activation of the reporter probe by PON provides an alter-
native path to achieve selectivity of detection. The design of

images, displayed in pseudocolor, represent the ratio of emission
intensities collected in of the 700-800 nm(red) and 535-600 nm (green)
domains,. Bottom: images obtained in bright-field. To investigate
selectivity, the macrophage cells, pre-incubated with 0.03 mg/mL
nanoprobes for 60 min at 37 C were challenged with (from left to
right). (i) control; (ii) 10 uM SIN-1; (iii) 10 uM SNAP and (iv)
100 uM xanthine and 0.1 U of xanthine oxidase. Scale bar: 25 pm.
Reproduced from [44] with permission from Wiley

the probe is paramount for ensuring selectivity towards PON
and several possibilities have been explored so far, to:

* adapt the nanomatrix to act as a diffusion barrier for inter-
fering reactive species and larger analytes modulates the
selectivity of nanoprobes for PON. This was achieved for
example by encapsulation of a PON-indicator dye and a
reference dye in the hydrophobic core of a polymeric mi-
celle [46]. The hydrophobic core made of poly(D, L lactic
acid) (PLA) is surrounded by a hydrophilic shell
consisting of polyethylene glycol (PEG), conjugated to
cell penetrating peptides. This design allowed a significant
gain in selectivity over the free, non-encapsulated dye,
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attributed by the authors to the protective effect of the
nanomatrix: compared to PON, other ROS (e.g O, and
ClO ) have lower diffusibility or shorter lifetime (e.g
*OH ), whereas some other potential interfering compounds
have larger sizes that do not allow them to permeate into the
nanomatrix[43. Such an approach, where nanomaterials
add diffusional barriers to filter out possible interferents
while being also functionalized with an outer layer of cell
penetrating peptides or with groups ensuring targeted deliv-
ery, can be envisaged with other fluorescent probes sensi-
tive for PON as well.

+ adapt the nature and surface chemistry of core-shell quan-
tum dots: coating CdTe and CdSe QDs with thiols such as
3-mercaptopropionic acid (MPA), thioglycolic acid
(TGA), or glutathione (GSH) enhanced their selectivity
towards PON[26]. The best selectivity was displayed by
core-shell quantum dots with CdTe core capped with TGA
and shell of ZnS capped with GSH (GSH—go—CdTe@
ZnS), possibly thanks to the affinity of PON for GSH and
to steric restrictions prompted by the size of the GSH [25].

* ROS-induced fragmentation of hyaluronan (HA), a high
molecular weight polysaccharide, component of synovial
fluid with relevance for the progress of rheumathoid ar-
thritis [57-59]. Cleavage of HA was exploited in the de-
sign of nanoparticle-based systems for the optical readout
of intracellular processes involving PON and other ROS,
where HA was used as a ligand. The degree of selectivity
towards PON compared to other highly reactive species
with known ability to fragment HA such as O,”, *OH and
ClO™ depends on the design and the nature of the probe.
For example, 15 nm-long HA with average molecular
weight of 5 kDa, conjugated with fluorescein and
immobilised on AuNPs was degraded with higher sensi-
tivity by superoxide anion (O,") and hydroxyl radical
(*OH) [27] as compared to PON and other ROS.
Upconversion luminescent NPs of 50 nm size, modified
with 40 kDa HA and then linked to Rhodamine B present-
ed similar detection limits 0f 0.03, 0.02, 0.06 and 0.1 mM
for *OH, CIO~, ONOO- and O, ", respectively [48]. Good
selectivity to PON was observed for the cleavage of am-
phiphilic nanoparticles of 103 nm hydrodynamic size,
self-assembled from a fluorophore, Chlorin €6, conjugated
with HA of 215 kDa MW. Restoration of Chlorin e6 fluo-
rescence due to ROS-induced degradation of HA was ob-
served most sensitively for PON, compared to O,™,*OH,
H,0, or CIO™ [29].

iii. Stability and resistance to bleaching
Good stability in the measurement medium is paramount
for practical applications of PON nanoprobes. Many of the

developed nanoprobes displayed adequate stability in a wide
range of pH and ionic strength buffers and in cell culture

@ Springer

media, without showing aggregation, degradation or dye leak-
age [24,27, 46]. Common design approaches to avoid leakage
of the fluorescent dye include covalent immobilization of the
dye to the nanoparticle [24] or encapsulation into polymeric
micelles [46]. Aqueous dispersions of hybrid nanoprobes ob-
tained by encapsulation of organic fluorescent dyes into poly-
meric micelles, followed by nanoparticle coating with cell
penetrating peptides, were found to be stable for at least
80 h, with less than 1% dye leakage at pH 7.4 over this time
period [46]. Stability of fluorescein-HA conjugated Au nano-
particles against glutathione, under intracellular reducing con-
dition was ensured by employing dopamine as anchor for the
immobilization of HA onto the surface of AuNPs [27].

An additional advantage of incorporating fluorescent probe
in a nanomatrix is the resulting stabilization of the probe
against photon-induced chemical damage [46]. Not in the
least, choosing the adequate nanomaterial type is important
to avoid chemical bleaching of the reporter probe as ROS
and RNS present in the microenvironment in vivo might de-
grade the fluorescent probe. For instance, one advantage of
semiconductor polymer nanoparticles over quantum dots and
small molecule fluorophores is their highly superior resistance
to oxidative chemical bleaching effects by ROS and RNS
[47].

iv. Biocompatibility and cytotoxicity

Biocompatibility is defined by IUPAC (International
Union of Pure and Applied Chemistry) as the "ability to be
in contact with a living system without producing an adverse
effect.” The nature, size, surface chemistry and surface charge
determine the biocompatibility and the efficient and targeted
delivery of optical probes in complex biological environ-
ments. Optical nanoprobes can bind non-specifically to pro-
teins and cellular membranes and as consequence will not
reach the areas targeted for imaging. Carbon dots represent a
notable exception: these are stable clusters of carbon atoms
with diameters of typically 2 to 8 nm, biocompatible (i.e., not
harmful to cells and tissue within a few days and not known to
be toxic), cell permeable, easily excreted, weakly interacting
with proteins, and invisible for the immune system. Typically,
to avoid non-specific binding of proteins and ensure biocom-
patibility, nanoparticle-based optical probes are coated with
polyethylene glycol (PEG), a hydrophilic polymer with high
conformational flexibility and an almost neutral charge.
However, PEGylated nanoprobes display significantly greater
hydrodynamic diameters compared to the unmodified ones
and in some cases the increased size prevents them from en-
tering cellular structures. An alternative to PEG is the modifi-
cation with multidentate polymer ligands containing hydroxyl
groups. These were shown to wrap tightly around QDs and
protect them efficiently against non-specific binding in bio-
logical media, while minimising particle size [31].



Microchim Acta (2017) 184:649-675

669

Efficient and targeted delivery of nanoprobes for PON im-
aging was achieved by tuning probe composition and coating.
For example, to ensure their access to intracellular space and
endosomal escape polymeric micelles were coated with cell-
penetrating peptides [24, 46]. In another example, delivery of
SPNs to the liver [47] was ensured via galactose groups, by
including in the composition of SPNs a galactosylated graft
copolymer of poly(styrene) and poly(ethylene glycol) [47].
These SPNs measuring around 55 nm and containing both a
chemiluminescence-reagent sensitive to H>O, and a fluores-
cent dye sensitive to PON and CIO™ were successfully
employed for hepatotoxicity testing and repair [47]. Besides
targeted delivery, the mechanism of passive delivery based on
the EPR effect is largely used for imagining tumor and inflam-
mation sites. By this strategy, systemically administrated,
78 nm PEG-coated SPNs (called “NanoDRONEs”) were de-
livered at inflammation sites due to leaky vasculature in in-
flammation areas and high uptake of PEG-protected
nanoprobes. The “NanoDRONEs” were thus used for imag-
ing RONS in mice with spontaneous systemic C. bovis bacte-
rial infection [26]. Risk assessment of nanomaterial-based
probes needs to be performed on a case-by-case basis. Most
PON probes detailed in Table 2 displayed no cytotoxicity, as
tested through cell viability tests, typically by the MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide) tetrazolium reduction assay [24, 43, 46] using normal
rat kidney cells. There are different mechanisms by which
cytotoxicity occurs [60] and little is yet known about the effect
of the probes on the system that will be imaged —being this
cells, tissues or whole animal.

v. Pharmacokinetics

Long blood circulation time and adequate clearance from
the body are bottlenecks for the application of imaging probes
in the biomedical field. To reach the necessary local concen-
tration of nanoprobes at tumor sites for high quality imaging,
the nanoprobes need to evade fast clearance from the blood
stream by defense systems (reticuloendothelial system, RES -
and mononuclear phagocytic system MPS) which lead to
nanoparticle accumulations in liver and spleen. Size, surface
coating and charge are determining factors of nanoprobes’
interaction with living systems. Typically, the nanoprobes
used for imaging have hydrodynamic diameters larger than
20 nm and PON detection is no exception (Table 2). While
the renal clearance of neutral QDs with diameter smaller than
5.5 nm was demonstrated, upon systemic administration, larg-
er nanoprobes are rapidly taken by the MPS system, cleared
from the bloodstream and accumulated in the liver. The same
scenario happens when the nanoprobe’s surface charge and
coating does not prevent non-specific binding to blood pro-
teins and cellular membranes (see section 4.4.5). When all
these difficulties are prevented by smart probe design (size,

charge, composition and coating) the benefits of
nanomaterials, compared to small molecule reporters with
regards to pharmacokinetics and bioimaging are obvious. By
attachment of fluorogenic oxazine groups to biocompatible
dextran-coated iron oxide nanoparticles, the blood half-life
of oxazine probe for PON and HOCI imaging increased from
~40 min for the small molecule probe to >9 h for the 41 nm
nanoparticle probe [28]. Moreover, as each such nanoprobe
contained around 400 oxazine groups, the concentration of
fluorescent reporter at targeted site was appropriate for quality
imaging of ischemia and inflammation in myocardial infarc-
tion in mouse. Another study reported that blood circulation
half-life of 78 nm SPNs called “NanoDRONEs” was 6 h [26]
and the probes presented a favorable biodistribution, i.e.—their
accumulation in liver and spleen was similar to that in gastro-
intestinal tract, skin, heart, and brain and has moreover de-
creased over time.

In summary, the role of nanomaterials in optical detection
systems for PON described until now range from: support
providing stable immobilization of fluorophore, protection to-
wards dye degradation, leakage or photo bleaching, providing
diffusional barriers to minimize potential interferences, im-
proving probe pharmacokinetics, as carriers for intracellular
and targeted delivery, etc. up to an active role in detection as
source of excitation of reporter probe or even as actual reporter
providing the optical signal for PON detection. Although for
each targeted application one should carefully balance the
pros and cons of each approach as explained in section 4.2
and illustrated by the examples given below, SPNs provide a
good starting point for further optimizations.

Practical applications

The range of applications involving nanomaterial-based opti-
cal methods systems focused on PON detection encompass:
(1) quantitative detection of PON in spiked serum [42, 44, 45];
(ii) colorimetric detection of PON-induced DNA damage and
screening of antioxidants in buffers [49]); (iii) imaging PON
in live cells and animals. Quite excitingly, some endeavors
aimed to fulfill a dual purpose: e.g. theranostics nanoparticles
in which the capability for providing imaging of PON and
ROS is doubled by the facilitation of photodynamic therapy
[29] or nanoreactors having a dual functionality: (1) providing
ameans to study redox or cell reactions occurring on the top of
their surface and (2) monitoring PON that diffuse inside the
dye-modified nanoporous matrix [23].

There are many examples of applications of nanomaterial-
based optical methods deserving a more detailed description
of the nanomaterial role in the improvement of quantitative
detection or imaging of PON. Some of the most challenging
endeavours and where the power of optical detection proved
most rewarding regard real-time imaging of events centered
on PON-release and the exploitation of the imaging capability
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delivered by novel probes for biomedical applications. These
include new probes with targeted delivery for screening drug-
induced hepatotoxicity and repair [47]; visualization of arthrit-
ic areas in mice limbs and monitoring the therapy with anti-
arthritis drug methothrexate [48], theranostic nanoparticles for
visualization and treatment of rupture-prone atherosclerotic
plaques [29] etc.

For example, an SPN-based nanoprobe was proposed as a
new tool for drug hepatotoxicity screening based on the
in vivo detection of ROS and RNS [47]. The probe reunites
four components and makes use of two energy transfer
mechanisms-CRET and FRET- to achieve real time detection
of PON/CIO and H,0,, produced in mice liver within mi-
nutes of acetaminophen or isoniazid administration (Fig. 16).
The nanoprobe include a chemiluminescent substrate, CPPO
responding to H,O,, a fluorescent dye, IR775S, sensitive to

Semiconducting polymer core: PFODBT

’Q\() ,x<’ /L

Hepatocyte targeting group: PS-g-PEG-Gal

Fluorescence

Chemiluminescence

Fig. 16 a Design of CF-SPNss for detection of ROS and RNS, including
four components: NIR fluorescent semiconducting polymer PFODBT
(dark red), a PEG-grafted poly(styrene) copolymer conjugated to
galactose (black), the H,O,-specific chemiluminescent substrate CPPO
(light blue), and the ROS-sensitive dye IR775S (bright green) that is
&xidised by ONOO- or CIO™ (dark green). b Schematic illustration of
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PON/CIO and a NIR-fluorescent polymer PFODBT acting as
both CRET acceptor and FRET donor, according to the mech-
anism depicted in Fig. 16. The fourth component of the
nanoprobe is a PEG-grafted poly(styrene) copolymer conju-
gated to galactose, with the role of targeting hepatocytes.
Without any external light excitation, upon generation of
H,0; in the liver CPPO is oxidized and emits a chemilumi-
nescence signal. CRET takes place between the oxidized
CPPO and nearby fluorophores PFODBT and IR775S and
luminescence from both compounds is detected.
Furthermore, PON and ClO ™ oxidize IR775S, abolishing
FRET and leading to the recovery of the fluorescence of ma-
trix polymer PFODBT at 678 nm.

Another interesting optical probe with high applicative po-
tential in diagnosis and treatment of atherosclerosis consists in
ROS-responsive theranostic nanoparticles (MacTNP),

RNS-responsive dye: IR775S
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the mechanism for ONOO- or CIO ™ and H,O, detection with the CF-
SPNs. ¢ Distribution of the hydrodynamic diameter of CF-SPN as
determined by dynamic light scattering. d Analysis of CF-SPN by
transmission electron microscopy. Reproduced from [45] with
permission from Nature Publishing Group
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produced from a Chlorin e6 (Ce6)-hyaluronic acid (HA) con-
jugate for imaging and photodynamic therapy of activated
macrophages (Fig. 17). Activated macrophages, which are
considered a hallmark of unstable atherosclerotic plaques in
the human body [29], generate ROS. The amphiphilic nano-
particles with a hydrodynamic size of 103.1 £+ 38.4 nm include
in their composition hyaluronic acid, which is known to be
degraded by ROS, thus ensuring specific targeting of
MacTNPs to activated macrophages. In the absence of ROS,
in the extracellular environment MacTNPs are nonfluorescent
due to self-quenching of the conjugated photosensitizer and
display no phototoxicity. Under the action of PON generated
inside LPS-activated macrophages in vitro, the particles are
degraded, resulting in the release of Chlorin e6-HA fragments
where the fluorescence of Chlorin e6 is recovered.
Consequently, the photosensitizer emits bright near-infrared
(NIR) fluorescence signals and generates singlet oxygen,
making thus the nanoparticles highly phototoxic. The
MacTNPs are believed to have a great potential in the selec-
tive imaging of activated macrophages and in subsequent pho-
todynamic therapy of atherosclerosis with minimum side
effects.

As shown by the applications detailed above and others in
Table 2, there are many possibilities for optical imaging of
PON with nanoprobes, all having advantages and limitations
with regards to: (a) monitoring the dynamics of PON concen-
tration (which requires reversible, fast responding probes), (b)
high quality, ratiometric imaging of intracellular PON and of
PON-producing events (e.g. activation of ROS production in
macrophages) or (c) visualizing the effects of PON (such as
DNA damage). For example, many optical nanoprobes rely on
irreversible chemical transformations induced by PON to

NIR light

X

MacTNP

O Quenched Ceé
Q Dequenched Ce6

Fig. 17 Illustration of ROS-activatable theranostic nanoparticles
MacTNP.for macrophage-targeted fluorescence imaging and photody-
namic therapy. Degradation of MacTNP by ROS inside the activated
Alacrophage triggers the fluorescence activation and singlet oxygen

ensure sensitivity and selectivity of detection, one preferred
strategy being the fragmentation of hyaluronan by PON.
While not suitable for imaging decreases in PON levels, sev-
eral of such probes were very successfully applied for high
quality, ratiometric imaging of intracellular PON.

Challenges in the detection of PON
with nanomaterial-based probes

Compared to the detection of other analytes, PON poses spe-
cific challenges related to its very short lifetime (half-life <1 s
at physiological pH) and possible interferences by other ROS.
Moreover, in complex environments such as cell cultures or
for in vivo measurements, the probes should be biocompatible
and display no cytotoxicity. Thus both fast and selective PON
probes are needed, eluding passivation and non-specific bind-
ing in biological media. Several studies were performed in
buffer at alkaline pH (Table 2), in the aim to ensure slower
decomposition of the PON added in the medium. However,
the relevance of such studies for physiological conditions, and
real biological media remains untested. While electrochemical
methods provide appropriate sensitivity and temporal resolu-
tion for monitoring fast events such as ROS bursts, the irre-
versibility of most optical nanoprobes prevents similar appli-
cations to monitor PON fluxes. A major limitation is also the
selectivity of PON optical nanoprobes and electrochemical
sensors, as most methods also respond to other ROS
(Tables 1 and 2). Approaches to improve selectivity in electro-
chemical detection of PON are centered on either “chemical
resolution” (using the “unique” electrochemical signal of
PON) or on “selective chemical sensitivity” [61]. This consists
in maximizing the signal for PON while diminishing the

Nucleus

Activated Macrophage Cells

generation of Ce6s photosensitizers. Reproduced from [29] with permis-
sion under the terms of the Creative Commons License
(http://creativecommons.org/licenses/by-nc-nd/3.0/)
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overlapping signal from interfering species such as superoxide
(Oy7), nitric oxide (NO) or hydrogen peroxide (H,O,). These
goals are accomplished with nanostructured electrodes and
nanomaterials with new selectivity towards PON, electrode
modification with catalytic films displaying high activity to-
wards PON but negligible response towards interfering species
and by use of permselective membranes to limit the access of
interfering compounds to electrode surface. Adequate electro-
chemical techniques (e.g. Differential Pulse Amperometry,
DPA) and tuned operating conditions to minimize disturbances
by other species (e.g. at applied potentials close to 0 V), are
sometimes combined with mathematical calculations, to extract
the PON signal and differentiate it from that of the other inter-
fering species in the medium [62]. Achievement of selectivity
with optical nanoprobes relies on a combination between a
PON:-specific dye, nanoprobe design and the detection mecha-
nism as discussed in section 4.4.3. However, as shown in
Table 2, studies so far have investigated different ranges of in-
terfering compounds, making direct comparison of methods’
selectivity difficult. Some level of standardization of selectivity
study will be welcomed in the field of PON research-for exam-
ple by proposing a wide panel of possible interfering species to
be consistently investigated. As the nanoprobes are shown not to
be specific for PON, in many cases the identity of the signal
attributed to PON is not clearly determined. To prove that the
signal measured originates indeed from PON, proper controls
should be included in the experiments, such as addition in the
measurement medium of reagents known to prevent the forma-
tion of ROS or, on the contrary, to induce it. Typically used
controls in the assessment of live macrophage cells include li-
popolysaccharide (LPS), a stimulator of inducible nitric oxide
synthase (iNOS) and phorbol 12-myristate 13-acetate (PMA), a
stimulant for superoxide generation, to ensure generation of
PON. To suppress PON-induced fluorescence effects in the
macrophages, either a superoxide scavenger, e.g. 2,2,6,6-
tetramethyl-1-piperidinyloxy (TEMPO) or an *NO synthase in-
hibitor, aminoguanidine (AG) is typically added to the macro-
phages. Besides bolus additions of chemically synthesized PON
to the measurement media, additions of SIN-1 are used to mimic
fluxes of PON generated in vitro and in vivo [26].

Risk assessment of nanomaterial-based probes needs to be
performed on a case-by-case basis and little is yet known
about the effect of the probes on the system that will be im-
aged —being this cells, tissues or whole animal.

Conclusions and perspectives

For the PON sensitive electrochemical methods, the use of
reduced graphene oxide matrices or graphene modified with
catalytic molecules towards peroxynitrite might be one way to
go in the future for in vivo applications. Questions such as
stability of the PON-sensitive matrix and cytotoxicity of such
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matrices are still not answered and certainly need further in-
vestigations. In addition, the efforts to develop individually
addressable nano-electrode arrays are expected to increase in
the near future.

Complementary to electrochemical tools, optical methods
are particularly useful for providing images of high spatial
resolution of PON-centered events. When choosing a detec-
tion method for PON one should consider first of all the de-
sired scope: for example, while colorimetric methods and Au
NPs with adsorbed DNA are used for screening antioxidants
scavenging PON in vitro, nanocomposites with complex
structures and up to 4 different components would be required
for selective in vivo imaging of PON. There are significant
challenges that still need to be overcome in PON optical de-
tection. Reversibility of PON-controlled fluorescence of
nanoprobes is mandatory for the real-time monitoring of dy-
namics of PON levels. However, the principle of the majority
of optical probes developed so far involve irreversible trans-
formations, including the otherwise appealing approach for
ensuring selectivity for PON-induced activation of optical
probes, by ROS-induced fragmentation of hyaluronan.
Whereas new dyes with reversible, PON-specific fluorescence
are actively researched, through combination with
nanomaterials, as shown in this review, their sensitivity and
selectivity can undoubtedly be further enhanced. However,
the reversibility of all newly synthesized nanoprobes would
need to be proven through multiple fluorescence “on-oft”
cycles. Notably, most of reports so far on optical nanoprobes
for PON neglected the influence of pH and temperature on the
acquired signal, although local pH variations or heating effects
due to light exposure used for probe excitation are important.
Together with a representative panel of interferents, including
other ROS and metal ions, pH and temperature remain very
important parameters to control in future studies to ensure the
accuracy of PON assessment. Reproducibility has to be sys-
tematically investigated with several batches of nanoprobes,
while data on probes’ stability and cytotoxicity should be ac-
quired in physiological-like conditions and for time periods
typical for in vivo administration. Targeted delivery, appropri-
ate blood circulation and clearance time from the body are
additional challenges faced by optical probes; here, advances
are expected to come from fast growing knowledge in the
biomedical field featuring biocompatible nanomaterials and
novel surface chemistries. Better, brighter and highly specific
fluorescent probes, as well as application of new or so far
underexplored optical methods can be envisaged in the future.
Fluorescent dots of reduced graphene oxide having a lateral
dimension of a few nm and spherical or elliptical shape have
been developed and used for real-time molecular tracking in
live cells [63] and various sensing applications [64], including
the detection of H,O, [65]. Upon adequate control and char-
acterization [19], their applications for the detection of PON
are just around the corner. Some optical methods used for
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other ROS, such as Surface Enhanced Raman Scattering/
Spectroscopy (SERS) for example [66] have not yet been
applied for PON detection but can be adapted to ensure selec-
tivity for PON, e.g. by including PON selective compounds in
nanocomposites of AgNPs-PEG-lipophilic dyes, with appro-
priate control of biocompatibility and reactivity.

Not in the least, exploration of photoacoustic (PA)
probes using SPNs as NIR contrast agents [67] is a prom-
ising alternative with regards to PON imaging in vivo.
The principle of PA probe is based on the generation of
acoustic waves following the absorption of ultrashort light
pulses, allowing imaging beyond the optical diffusion
limit by integrating optical excitation with ultrasonic de-
tection. This type of approach ensures highly specific mo-
lecular imaging with unprecedented performance, from
millimeters to centimeters of tissue with resolutions in
the 20-200 pm range and will undoubtedly be actively
investigated in the future.
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