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ABSTRACT: Lesion areas are distinguished from normal
tissues surrounding them by distinct physiological character-
istics. These features serve as biological hallmarks with which

targeted biomedical imaging of the lesion sites can be achieved. " analyte Concentraiion g
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Although tremendous efforts have been devoted to providing Neutralizing RNPs for 5 Dual-Modality
smart imaging probes with the capability of visualizing the Inieferences Quantification Modality 1
q q . . ‘al . . o Modality 2
physiological hallmarks at the molecular level, the majority of e, o, of Physiological -
Interfering Hallmarks -, o

them are merely able to derive anatomical information from the | susances Analyte
tissues of interest, and thus are not suitable for taking part in in
vivo quantification of the biomarkers. Recent advances in
chemical construction of advanced ratiometric nanoprobes ‘\“ﬁ‘v‘ek Y

(RNPs) have enabled a horizon for quantitatively monitoring A : oL CL or rodluminaied A0 AgantS; GEmor >t
the biological abnormalities in vivo. In contrast to the

conventional probes whose dependency of output on single-signal profiles restricts them from taking part in quantitative
practices, RNPs are designed to provide information in two channels, affording a self-calibration opportunity to exclude the
analyte-independent factors from the outputs and address the issue. Most of the conventional RNPs have encountered several
challenges regarding the reliability and sufficiency of the obtained data for high-performance imaging. In this Review, we have
summarized the recent progresses in developing highly advanced RNPs with the capabilities of deriving maximized
information from the lesion areas of interest as well as adapting themselves to the complex biological systems in order to
minimize microenvironmental-induced falsified signals. To provide a better outlook on the current advanced RNPs,
nanoprobes based on optical, photoacoustic, and magnetic resonance imaging modalities for visualizing a wide range of
analytes such as pH, reactive species, and different derivations of amino acids have been included. Furthermore, the
physicochemical properties of the RNPs, the major constituents of the nanosystems and the analyte recognition mechanisms
have been introduced. Moreover, the alterations in the values of the ratiometric signal in response to the analyte of interest as
well as the time at which the highest value is achieved, have been included for most of RNPs discussed in this Review. Finally,
the challenges as well as future perspectives in the field are discussed.
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1. INTRODUCTION

The incidence of anomalies in the physiological parameters of

the human body has been regarded as alarming indications for Received: February 20, 2023
the emergence of chronic diseases. Those parameters include, Accepted: April 3, 2023

but are not limited to, hypoxia, altered extracellular level of

reactive species, abnormalities in pH level and irregular

variations in the expression or activity of certain proteins and

amino acids." For instance, matrix metalloproteinases
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(MMPs), which are zinc-dependent secreted endopeptidases
with the capability of cleaving peptide bonds of protein
molecules into shorter fragments, can be mentioned. This class
of enzymes plays critical roles in helping extracellular matrices
to maintain and regulate homeostasis as well as a wide range of
other physiological processes from cell proliferation to
embryonic development.” Nevertheless, the pathological
involvements of the overexpression of these proteases in
inflammation, tumor growth and metastasis, myocardial
infarction and heart failure have also been identified.> Thus,
careful screening of suspicious tissues of patients for their
physiological parameters is of great importance, dropping
helpful hints about the stage of the diseases, their progression
pace and probably the treatment strategies.

Although great efforts have been made to inspect the
disease-associated parameters at the molecular level and in in
vitro practices, the analyzing methods cannot perfectly reflect
the correlation of different parameters and their spatiotemporal
heterogeneity in the complex biological system of living
organisms. As practical alternatives, invasive in vivo techniques
in which the microenvironment of the suspicious tissue is
directly accessed and screened by finely designed electrodes
have attracted the attention of medical practitioners. For
example, as one of the conventional methods to determine the
MMPs activity within the tumor, biopsy treatment has been
employed to extract a portion of the tissue for further
pathological studies and evaluations." However, due to the
lower cell—cell adhesion of tumor cells compared to normal
ones, the process of sampling from the tumorous tissues during
biopsy might be accompanied by the risk of dislodging a tumor
cell that might leak into the bloodstream or interstitial fluid,
leading to metastasis.” Moreover, since the initially developing
tumor tissues consist of miscellaneous and separated cellular
subpopulations,” the obtained result might be associated with a
lack of certainty about the protease distribution in the whole
tumor site.” Therefore, developing in vivo methods that can
ensure obtaining detailed and reliable information in a
noninvasive manner has aroused great interest.

In recent decades, several well-known noninvasive detecting
modalities, including but not limited to optical imaging (OI),
photoacoustic (PA) imaging, and magnetic resonance imaging
(MRI), have been developed and widely adopted.” """ The
techniques are operated based on different mechanisms, and
each of them has its specific significance as well as seemingly
inseparable limitations."" Displaying distinctive merits such as
high sensitivity and fast feedback as well as several practical
mechanisms and decorations for constructing diagnostic
agents, optical and photoacoustic imaging techniques have
made considerable contributions in the field. On the other
hand, although MRI might lag behind OI and PA with regard
to the sensitivity of measurements,'” its undeniable advantages
such as the capability of providing information from the
deepest organs of human bodies as well as being a well-
accepted and relatively ubiquitous clinical technique have
encouraged researchers to construct MRI-based diagnostic
probes. Regardless of the modality of imaging, engineering the
constituents of the probes to overcome the biological barriers
hampering the efficient and specific delivery of the probes to
the target tissues has attracted considerable attention.'”'*

Being obsessed with improving the accuracy of measure-
ments and reliability of the obtained data has always been the
primary driving force for medical scientists to address the
shortcomings of the existing techniques. Therefore, to reduce

the background signals arising from the agent molecules that
nonspecifically reside in healthy tissues, activatable nanoprobes
have been suggested.”~'” In contrast to the “always on”
nanoprobes, the activatable nanoagents are in their “oft” mode
while nonspecifically captured outside of the microenviron-
ment of interest. Conversly, upon reaching the microenviron-
ment of the target tissue, they would be turned “on”, begining
to perform the function of interest.'® Nevertheless, the
dependency of the measurements on the intensity of a single
signal output which can be easily disrupted by several analyte-
independent factors, would undermine confidence in the
reliability of the obtained results, posing a major obstacle for
the contribution of the corresponding probes in high-precision
etiological studies.'” For instance, the spatiotemporal variation
of probe distribution within the tissue of interest, micro-
environmental (pH, temperature, etc.) influences on the
functionality of probes as well as fluctuation in excitation
light or instrumental parameters, photobleaching (in cases of
optical imaging), the unfavorable interaction of neighboring
tissues with the generated signal, and so forth, may all produce
false-negative or -positive results.

As one of the practical methods to address the issues, the
ratiometric measurement strategies have emerged. Since such
measurements are based on dual-signal readout in which one
of them is served as the reference and the other as the
detecting signal, a self-calibration opportunity can be provided
to minimize the influence of the analyte-independent
distractions.”” In contrast to single-intensity based methods,
the ratiometric approach can quantitatively scrutinize the
alteration in the level of physiological parameters, extending
the applicability of the ratiometric probes to in vivo
investigation of the origin and evolution of chronic diseases.
The fast advances in nanomaterials development have enabled
state-of-art in vivo ratiometric bioimaging of endogenous
biological targets such as reactive oxygen species (ROS),"**
reactive nitrogen species (RNS),Z‘?’_25 reactive sulfur species
(RSS),**™*? derivations of amino acids,** " ions,>*** etc.**™%*
However, there is still ample room to obtain more satisfactory
results from most of these nanosystems either by manipulating
the constituents of the probes to improve the imaging
performance or minimizing the inevitable interference of
environmental factors on the output signal.

Living organisms are characterized by the existence of
numerous biological entities and the occurrence of many
biological events that might dynamically interact with one
another under different environmental parameters such as pH
and temperature, either to perform specific functions or as a
response to external stimuli. The subtle interplay of the
entities, regardless of being advertent or fortuitous, introduces
enormous complexities to biological systems, complicating the
close in situ inspection of a specific biological event of interest.
Such complexities necessitate the development of highly
advanced nanoprobes to extract sufficient and reliable data
from the biological systems in order to accelerate the
translation of early diagnosis and individual therapy techniques
into widespread clinical practices. Accordingly, developing
ratiometric nanoprobes (RNPs) that can somehow be tailored
to overcome certain aspects of biological complexities as well
as providing maximized information from the Dbiological
environments have become the center of attention. In response
to the fast development of the field, this Review aims to
critically describe the recent progress in constructing such
advanced RNPs for in vivo quantitative visualization with
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Figure 1. (a) Schematic illustration of probe design and the mechanism of analyte detection. (b) Fluorescence and absorbance intensities of
the probes before and after the detection of the analytes. (c) Ratiometric (FE305,,/F:30% ) fluorescence intensities of the probe as a function
of the concentrations of nitroreductase. (d) Fluorescence and corresponding ratiometric images of 4T1 tumor-bearing mice. Tumor 1 was
pretreated with nitroreductase inhibitor while tumor 2 did not receive any inhibitory agent. (e) The corresponding ratiometric intensities of
the experiment represented in frame (d). (f) Fluorescence and corresponding ratiometric images of 4T1 and CT26 tumor-bearing mice
models at different time points. (g) The corresponding ratiometric intensities of the experiment represented in the frame (f). (h)
Immunofluorescent and DAPI staining of the frozen sections of the primary 4T1 and CT-26 tumors. Adapted with permission from ref. 71.

Copyright 2022 American Chemical Society.

several typical paradigms, and the future perspective in the
related fields as well.

2. MAXIMIZING OBTAINED DATA FROM BIOLOGICAL
MICROENVIRONMENTS

The lack of profound appreciation of biological microenviron-
ments might hinder the development of precise models of the
chronic diseases, which in turn impedes the development of
highly advanced nanosystems for biomedical applications. For
instance, Alzheimer’s disease had been primarily diagnosed by
certain clinical symptoms (e.g., the memory loss and cognitive
decline) until the development of modern imaging techniques
revealed that amyloid-f and tau proteins in the brain could
serve as the hallmarks of the diseases.>” Thus, having access to
as much information as possible about the microenvironments
might be in favor of providing efficient treating strategies for
medical conditions at their early stages. This section aims to
introduce the recently developed advanced RNPs with the
capability of deriving more information from the biological
microenvironment, either by providing better spatial resolution
via employing long-wavelength emissive agents or offering
complementary information through integrating multiple
imaging modalities.

2.1. NIR-ll Emissive RNPs. The optical- and photo-
acoustic-based RNPs, which, as mentioned above, afford dual-
emission signals, can be roughly categorized into two groups
regarding the variation of the signals in respect to one another.
Some researchers have designed their systems such that one of
the signals remains unchanged during the sensing mechanism,
while the other one varies as a direct or indirect response to
the analyte of interest. Alternatively, the simultaneous
alteration in the intensity of the two signals might also give
rise to ratiometric characteristics. The realization of the first
approach is usually accomplished by incorporating an analyte-
inert agent along with an analyte-sensitive emitting compound
into the structure of the probe, in order to provide the
reference and measuring signals, respectively. Conversely,
molecular structures comprising moieties which are able to
recognize the analyte of interest and trigger a disruption in an
initial state of charge transfer between the constituents of the
system, have formed the foundation of numerous ratiometric
probes of the second approach. Forster resonance energy
transfer (FRET),"*™* internal charge transfer (ICT),>>*~%
excited state intramolecular proton transfer (ESIPT),” ~* and
modulation of 7-conjugation pathways*~>” in the presence of
a target have been among the most utilized charge transfer
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strategies for achieving ratiometric characteristics with two
emission bands.

Currently, it has been widely accepted that the resolution of
information obtained through in vivo optical and photoacoustic
bioimaging, strongly depends on the wavelength values of
excitation light and resulting signal.”*** In contrast to the
values fall into the visible (ca., 400—700 nm) and first near-
infrared (NIR-], ca, 700—900 nm) regions of the electro-
magnetic wavelength spectrum, the signals of the second near-
infrared (NIR-II, ca, 1000—1700 nm) region transmitted
within human tissues encounter minimized scattering and
absorption.”® Therefore, although developing NIR-I emissive
optical- and ghotoacoustlc -based RNPs is still actively
ongoing,40’41° constructing NIR-II sensors is more
favorable for high-performance in vivo imaging from deep-
seated organs.

2.1.1. RNPs Based on Organic Materials. The upregulation
of intracellular reductases in response to the deficiency of
oxygen (O,) has been exploited as an indirect approach to
identifying hypoxic tissues. This class of flavoenzymes, with the
help of flavin mononucleotide (FMN) or flavin adenine
dinucleotide (FAD) serves as the catalyzer for reduction
reaction, comprises several entities such as nitroreductase
(NTR), azoreductase, DT-diaphorase, quinone reductase, and
cytochrome P450 reductase.”® Thus far, the majority of
fluorescent RNPs for indirect hypoxia mapping have been
designed based on NTR-mediated chemical transformation of
the probe structure.””~’° However, Lan et al. developed one of
the few small molecule-based NIR-II emitting RNPs by
constructing a chemical skeleton composed of polymethine
and rhodamine 6G dyes as well as the nitrobenzene unit
(Figure 1). The intensity of fluorescence (FL) signal arising
from the constructed platform (ie, FE5%, where “ex” and
“em” represent excitation and emission wavelengths, respec-
tively) encountered a reduction as the consequent of
nitrobenzene cleavage through NTR-mediated 1,6-elimination
followed by carbamic acid hydrolysis. Meanwhile, a FE=505
signal whose intensity was directly proportional to NTR
concentration was observed, endowing the prepared probe
with ratiometric properties such that the ratiometric signal
(FE80000/ FEu508,) was subjected to a 4-fold enhancement in the
presence of the analyte (10 yg/mL) in about 45 min. The
levels of hypoxia in dicoumarol-treated (NTR-inhibitor) and
untreated 4T1 tumor-bearing mice were successfully deter-
mined. Moreover, through performing a comparison, the
hypoxic level of 4T1 was determined to be significantly higher
than that of CT-26 tumors. The high consistencies between
the obtained results and the supplementary experiments (e.g.,
immunofluorescent staining) as well as the predicted results
from the literature confirmed the reliability of the proposed
nanoprobe. In addition, substituting nitrobenzene with benzyl
boronate, the practicality of the strategy to be expanded to
ROS quantification in mice suffering from drug-induced liver
injury was also verified.”' However, since benzyl boronate has
been also utilized as a well-known recognition unit for
RNS,”*™7* this derivative of the probe might not be able to
take part in applications in which ROS and RNS need to be
distinguished from one another.

Albumin is one of the most critical and abundant liver-
produced proteins that plays a diverse range of pathological
roles. Many studies have shown that serum albumin tends to
decrease in patients suffering from cancer.”” This state of
albumin deficiency (hypoalbuminemia) might be the con-

sequent of several causes including inflammation and other
physiological stresses within the tumor as well as an elevated
rate of lysosome-mediated albumin catabolism in cancer cells
as a way to prov1de the necessary energy needed for their
accelerated growth Hence, surveying the albumin level can
provide valuable information about the severity, progression,
and prognosis of numerous cancers. The lack of alkylation on
the nitrogen atom of their indolenine heterocycles prevents
norcyanines dyes from the formation of the cationic “cyanine-
like” state with high absorption coeﬂic1ent in long wavelengths,
unless in the media with reduced pH.”” Moreover, the dyes
exhibit a pH-responsive fluorescence emission that has been
attributed to the reversible equilibrium between the protonated
and deprotonated forms of their structures. Usama et al.
showed that a more extensively delocalized structure can be
achieved by replacing indolenine heterocycles with benzo-
[c,d]indoles capable of being converted to a nonalkylated
norcyanines form, resulting in a bathochromic shifted
chromophore with an extension in its absorbance spectrum
toward the NIR-II region upon protonation. The shift in the
absorption profile in response to pH afforded the ratiometric
characteristic such that the emission spectra under two
different excitation wavelengths (ie, F&ills% and FEu/S
exhibited antagonistic trends. It was shown that the
constructed pH-responsive molecular scaffold could effectively
and quantitatively detect the albumin lysosomal uptake in
living mice bearing JIMT-1 breast cancer xenografts. Upon
intratumoral administration of the probe, the FE:I'0% /Ee78S
signal increased from 0 to 0.87 + 0.08 within 96 h
postinjection.78

2.1.2. RNPs Based on Inorganic and Hybrid Materials.
Apart from a few reported RNPs based on small molecules, the
majority of NIR-II emissive RNPs have been developed by
employing quantum dots (QDs)””~*" and down conversion
nanoparticles (DCNPs).**~ Lanthanide (Ln)-doped DCNPs
have attracted great interest due to their large Stokes shifts,
photostabilities, narrow emission profiles, and long fluores-
cence lifetimes. By codoping trivalent lanthanide cations as
activators (e, Er’*, Nd**, Ho*, Pr’* and Tm’') and
sensitizers (eg, Nd** and Yb*") into suitable host matrixes
(e.g, NaYF,, NaGdF, and LiYF,), the emission of DCNPs can
be tuned to fall into the entire NIR-II window, based on the
application of interest.”” The insensitivity of the signals of QDs
and Ln-doped DCNPs to most of the biological entities has
made these nanoparticles suitable candidates for serving as the
reference signal in a great deal of NIR-II emissive RNPs. Thus,
the nanoprobes are designed by employing either of the
nanoparticles along with another fluorescent agent whose
emission profile can undergo a fluctuation by certain
mechanisms in the presence of an analyte.**~*»%~%

For instance, to construct a DCNP-based sensor for
visualizing rheumatoid arthritis (RA)-induced inflammatory
response, Sun et al. finely optimized Nd** dopant concen-
tration as well as thickness of passivation (P) and buffer layers
(B) of DCNPs with the aim of manipulating the energy
migration pathways. As a result, a NIR-II emissive hydrophilic
probe (NaErF,@B@NaYF,:10%Nd@P) possessing a dual-
emission property under a single wavelength excitation
(Fe808, and F308 ) was achieved. Moreover, the RNS-
responsive A1094 dye with a strong absorption at the NIR-I
region was conjugated on the surface of DCNPs to serve as a
quencher for F&500 ) through the inner filtration (IF) effect. In
the presence of the species, however, a reduction in FRET
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Figure 2. (a) Schematic illustration of probe design and the mechanism of ratiometric detection of HCIO and ¢OH. (b) F=85.  Fex980. and

ratiometric (F&reso/Feusis ) fluorescence images of normal mice and those with cerebral ischemia modeled for 4 h, at different time points.
(c) H&E staining for normal brain and ischemic lesion tissues modeled for different time points. (d) Fluorescence and ratiometric images of
hyperglycemia mice with cerebral ischemia modeled for 30 min, at different time points. (e) The corresponding ratiometric intensities of the

experiment represented in frame (d). Scale bars in frame (b) and (d) represent 2.5 mm. Adapted with permission from ref. 86. Copyright

2021 American Chemical Society.

efficiency occurred that eliminated the IF effect and revived

o oco While FE8%8, . remained unchanged. Exhibiting great
consistency with X-ray detection and H&E staining, the
ratiometric signal arising after the injection of the probe into
the joint cavity of RA mice models encountered a 2.65-fold
enhancement within 30 min. It was shown that the signal could
accurately determine the concentration of peroxynitrite
(ONOO?) in the area.*

The indistinct and complex features highlighting the onsets
of drug-induced liver injury (DILI) have made it difficult to be
diagnosed at an early stage, putting it among one of the top
leading causes of death worldwide. 7 It has been suggested
that the overexpression of nitric oxide (NO) in the liver might
disrupt several biofunctions of the organ such as the
metabolizing lipids and §lucose and synthesizing proteins,
inducing liver damage.”®”” Therefore, quantifying assessment
of NO level has been suggested as a feasible method for early
detection of DILL'*”'"" To develop such a sensor, Bai et al.
conjugated electron-withdrawing cyanine dyes (FE:5(,) with
an electron-donating o-phenylenediamine group in order to
quench the fluorescence intensity of the dye through an
intramolecular photoinduced electron transfer (PET) mecha-
nism. The prepared molecule, which due to the existence of o-
phenylenediamine linker was rendered NO-sensitive,*>'%*~'%*
was embedded into mesoporous SiO, carriers along with NO-
inert NaYF,:Yb/Er DCNPs (F&PE ). The NO-induced
transformation of o-phenylenediamine into weak electron-
donating and hydrolyzable benzotriazole intermediates ob-

structed the PET process, leading to the revival of F&% ) as

the detecting signal. Particularly, the F808 /FeeS0 ) signal
reached to 2.4 times of its initial value within 90 min
postinjection of the probe into BALB/c nude mice suffering
from acetaminophen (APAP)-induced DILI. Monitoring the
signal arising from the liver of the animals, the in vivo
overexpression as well as the suppression of the NO level
during APAP-induced DILI and the subsequent APAP
antidote treatment, respectively, were identified.”

An elevated level of oxidative stress, especially induced by
highly reactive oxygen species (HROS) such as HCIO and the
hydroxyl radical (¢OH), is shown to be associated with the
onset, progression, and the severity of a cerebral ischemic
stroke (IS), which in turn triggers a series of pathological
conditions. The pathological changes might eventually lead to
blood clotting, neurologic impairment, and irreversible damage
to the brain tissue.'”> Therefore, to develop RNPs for timely
assessing IS, IR-783 dye, whose emission profile perfectly
overlapped with the absorption band of Nd** in Ln-doped
DCNPs (NaYbF,:5%Er,5%Ce@NaYF,:20%Nd), was em-
ployed (Figure 2). The polymethine chain of the dye was
prone to undergo one-electron oxidization and cleavage in the
presence of HROS, endowing the fluorophore with the dual-
role of HROS-targeting site and sensitizer for the prepared Ln-
doped DCNPs. Decorating the system with the vascular cell
adhesion molecule-1 (VCAM-1)-sensitive peptide facilitated
targeting the impaired blood—brain barrier (BBB) as well as
activated brain endothelial cells in the ischemic area of mice,
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Figure 3. (a) Schematic illustration of probe design and the mechanism of peroxynitrite detection. (b) TEM image of the prepared probe. (c)
Recognition mechanism of peroxynitrite by SY1100 molecules (R = CH,CH,COOH). (d) Fluorescence and absorbance intensities of the

constituents of the probe during different stages of preparation. (e) Ratiometric (F

Fex 808
em:1600

FeSi8 <) fluorescence intensities of the probe

versus different concentrations of peroxynitrite. (f) The wound healing progression in forefeet of normal, type I, and type II diabetic mice
models. (g) The corresponding plot of wound healing progression of the experiment represented in frame (f). Adapted with permission from

ref. 80. Copyright 2022 Elsevier.

where the presence of HROS suppressed the sensitization
process. The process distinctly diminished the intensity of
Feeiis ) while that of F&¥i%, did not change. The authors
could identify the correlation between the severity of the
condition and the level of oxidative stress and also detect the
lesion site of an IS in its early stages, which was not discernible
by MRI. Moreover, the salvageable and infarcted areas in the
lesion site could be discriminated and the aggravation effect of
high blood sugar (hyperglycemia) on oxidative stress as well as
the subsequent IS-induced brain damage were identified,

evidenced by a 1.2-fold enhancement in the F&f0 /Fe8i

signal.*®

Monitoring the healing stages of diabetic wounds helps
biomedical engineers to come up with more efficient strategies
to accelerate the healing process. Since the oxidative/
nitrosative stress and the consequent induction of inflamma-
tory responses have been observed in the wound area,
scrutinizing the level of ROS and RNS has been suggested
to be a feasible method to pursue the goal.'"®”'"” To provide
RNPs for grading diabetic ischemic/reperfusion injuries,
Au:Ag,Te QDs (F&3%8))) as the ONOO -inert agents were
coated with ONOO™-sensitive SY1100 dye molecules
(Fe3%s) and the VCAM-1 peptide (Figure 3). Since

chalcogenides are prone to under§o a reaction with oxidative
and nitrosative species,”"*>'**~"'? the reaction between the
analyte and selenium element in SY1100 perturbed the
electron transfer within the dye and quenched the F&SS(.
signal. The probe could successfully target the lesion areas of
diabetic mice and determine the relationship between the level
of ONOO™ and the progression of foot ulcers in both type I
and II diabetic models as a manner to predict the healing
response. Particularly, it was shown that the intensity of
Fo 00/ Fousitys signals arising from moderate injuries of type I
and type II diabetic mice were respectively ~1.2 and ~1.8
times higher than those of healthy models.*

It can be inferred that analyte-sensitive dyes can be matched
well with the NIR-II emissive nanoparticles to achieve a higher
contrast between the states of absence and presence of the
analyte, offering higher values of the signal-to-noise ratio. As
mentioned above, NIR-II RNPs constructed based on the
strategy incorporate dye molecules as one of the main
constituents of the probe decoration. This might render the
synthesis process intricate due to the necessity of performing
robust optimizations to minimize the cytotoxicity and self-
quenching effects of the molecules. However, since the current
well-known photostable and biocompatible NIR-II emissive
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Figure 4. (a) Schematic illustration of the probe constituents and the mechanism of ratiometric visualization. (b) Afterglow images of probe
solution upon addition of different concentrations of NO (0—25 uM) (c) Afterglow images of mice pretreated with PBS or LPS at different
time points postinjection of the probe. Scale bar represents 1 cm. (d) The corresponding ratiometric (A.p.s30/Aemiso0) intensities of the
experiment represented in frame (c). (e) Afterglow images of mice with the Nos2 gene knocked out (Nos2—/—) and wild type (WT) mice
upon intravenous injection of the probe in the LPS-induced liver injury model. (f) Afterglow images of 4T1 tumor-bearing mice pretreated
with different kinds of modulators followed by intravenous injection of the probe. Scale bars in frame (e) and (f) represent 2 cm. (g) The
corresponding quantification of afterglow intensity ratios of the experiment represented in frame (f). (h) Changes in tumor volume of mice
treated with different modulators versus time. Adapted with permission under a Creative Commons CC BY License from ref. 120. Copyright

2022 Springer Nature.

nanoparticles lack the sensitivity toward the alteration in the
level of biological entities, the advantages of utilizing analyte-
sensitive dyes in the decoration outweigh its disadvantages.
As a feasible technique to provide “dye-free” NIR-II emissive
RNPs, Ag nanodots were deposited on the surface of the
F&e emissive Ln-doped DCNPs (NaYF,:Gd/Yb/Er@
NaYF,:Yb@SiO,), resulting in a nano myrica rubra-like
structure. Taking part in an in situ sulfuration reaction with
the hydrogen sulfide (H,S) species in the environment, Ag,S
QDs with the emission of FE5(5, could be produced on the
surface of the structure. The probe was designed to quantify
the level of metformin, a well-known medicine prescribed for
treating a vast range of disorders including type-2 diabetes,'''
cardiovascular diseases, cancer, COVID-19, efc.''> The
medicine, however, can trigger a series of side effects such as
hepatotoxicity, stomachache, and heartburn.'"®> The hepato-
toxicity effect of metformin is strongly and dose-dependently
correlated with the overexpression of H,S in the liver tissue
upon taking a high dosage of the medicine. The emerging
Fex8%s5 signal whose intensity exhibited a S*~ concentration
dependent tendency, allowed the probe to sensitively and

ratiometrically inspect hepatocytes state for S*~ as the early

biomarker of metformin-induced hepatotoxicity in living mice
treated with the drug. A 3.2-fold enhancement in the FE5:./
Feeo®0 s signal was observed within 48 h after metformin
administration to mice models. The degree of liver injury
predicted by the in vivo results was in great consistency with
those derived from blood biochemical analyses (i.e., aspartate
aminotransferase and alanine aminotransferase) as well as the
ex vivo determined S*~ concentration and cystathionine-y-lyase
(CSE) expression level.*!

2.2. Self-llluminating RNPs. The superiorities of self-
illuminating imaging techniques such as bioluminescence,
chemiluminescence, and afterglow over fluorescence imaging
in terms of providing a higher signal-to-noise ratio and
potentially visualizing deep-seated organs have been well
investigated during the past decade."'*™''® Consequently,
employing the excitation-free signals as one of the detecting
signals of RNPs has offered the researcher the opportunity to
provide maximized and less distorted information from the
tissues of interest.'"’~'*!

Real-time quantification of O, and singlet oxygen ('O,)
levels is of great importance for monitoring photodynamic
therapy (PDT) efficiency, necessitating powerful platforms to
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Figure 5. (a) Schematic illustration of probe design and the mechanism of ratiometric photoacoustic visualization of MMP-2. (b) Size
distribution of the probe. Inset: corresponding TEM image. The scale bar represents 50 nm. (c) Variation of fluorescence intensity in
response to 2 h incubation of the probe with MMP-2 and its inhibitor. Inset: corresponding fluorescence images upon 675 nm laser
excitation. (d) Absorbance spectra recorded following incubation of the probe with different concentrations of the analyte. The
concentrations are represented in ng/mL. (e) Ratiometric (PAgg/PA;;,) photoacoustic intensities of the probe versus different
concentrations of MMP-2 after 2 h of incubation. Inset: PA images of samples containing the probe and different concentration of the
analyte. (f) PA images of differently sized 4T1 tumors recorded in 680 and 730 nm channels at a time point equals 2 h postinjection of the
probe (QC) and its control. (g) Variation of ratiometric signals generated by the probe and its control, versus the size of the tumor. (h)
Quantified expression level of the enzyme through ratiometric photoacoustic imaging. Adapted with permission from ref. 1. Copyright 2019

American Chemical Society.

overcome some challenges such as low detection sensitivity
and autofluorescence interference.'”” To develop such nano-
systems, photosensitizer Chlorin e6 (Ce6) and a thiophene-
based small molecule (2SeFT-PEG) were encapsulated into a
micelle by employing DSPE-PEG. Upon production of 'O, by
irradiating Ce6 under 660 nm energy excitation, the thiophene
group was oxidized to generate a chemiluminescence signal
(Cyo50)- However, the oxidation-mediated destructions in the
structure of 2SeFT-PEG induced a noticeable reduction in the
fluorescence intensity (E&S%,) of the molecule. Thus,
analyzing the ratio of chemiluminescence to fluorescence
signals provided a feasible strategy for in vivo inspection of O,
consumption and 'O, production during the course of PDT.
Upon 660 nm laser-pulse irradiation of a tumor site, the ratio
increased from 0.38 + 0.03 to 2.38 + 0.04 within 15 min of
irradiation, indicating that the continuous laser irradiation
could generate about 71 + 10.2 uM of 'O, (calculated by a
previously obtained standard curve) in the region. Although

the biochemical indicators in the blood samples of the treated
mice showed no abnormalities, the inverse proportionality
between the ratiometric signal and the tumor volume as well as
caspase-3 concentration were identified during the therapy,
enabling the probe to take part in the early evaluation of the
PDT. In addition, by inspecting blood oxygen saturation in a
tumor, the optimal time interval between the sessions of PDT
as well as the laser irradiation time of each session were
achieved.""®

Depending on the microenvironment stimuli, macrophages,
as one of the most important immune cells, are able to be
differentiated into specific phenotypes to perform certain
biological functions in a process referred to as macrophage
polarization.'”® With respect to their activation states and
functions, macrophages are generally classified into M1 and
M2. The former is activated by lipopolysaccharide (LPS) and
Thl cytokines (such as IFN-y and TNF-a) and metabolizes
arginine into citrulline and NO, taking part in microbicidal and
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Figure 6. (a) Schematic illustration of the structure of core—satellite RNPs and the mechanism of dual-ratiometric photoacoustic and SERS
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different time points after treatment. (e) Ratiometric SERS intensity in normal and LPS-induced peritonitis models. (f) PA,, and PA,5, and
ratiometric (PA;5,/PA,5) photoacoustic imaging of the LPS-induced inflammation and the anti-inflammatory groups at 30 min
postinjection in mice models. Scale bar represents S mm. (g) Ultrasound images of knee osteoarthritis performed by PA 5, and PA,;, signals
at 0 and 30 min postinjection in rabbit models. The articular cavity and photoacoustic signals are indicated with dashed blue and red circles,
respectively. (h) PA,, and PA,,, and ratiometric PA,,/PA,,5, photoacoustic imaging of knee affected by osteoarthritis (the upper three
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permission from ref. 131. Copyright 2021 John Wiley and Sons.

tumoricidal responses. On the other hand, M2 is alternatively
activated by IL-4 or IL-10 and produces ornithine and urea
from arginine, serving an anti-inflammatory function.'”* As one
of the most promising strategies in immuno-oncology,
targeting the tumor-associated macrophages (TAMs) that are
heavily populated in the solid tumors microenvironment has
attracted enormous interest.'** In this strategy, TAMs are
modulated to be polarized into an antitumorigenic M1
phenotype. Thus, quantitative monitoring of biomarkers such
as NO can serve as a representation for the polarization of
TAMs into M1, making it of paramount importance, which
sheds more light on the interaction between the immune
system and cancer cells in macrophage-modulated immuno-
therapy.'”*">” Imitating the FRET mechanism and employing
self-assembly chemistry, poly[2methoxy-5-(2-ethylhexyloxy)-
1,4-phenylenevinylene] (MEHPPV)) as the afterglow sub-
strate and the energy donor was brought in close proximity to a

NO-responsive fluorophore acceptor to realize the “afterglow
resonance energy transfer” (ARET) between the donor and
acceptor. In the presence of NO and as a consequence of ICT
occurrence, the initial acceptor molecule was oxidized to form
SH[1,2,3]triazolo[4,5-f]-2,1,3-benzothiadiazole with an im-
proved energy accepting capability (Figure 4). Upon
irradiation cessation and the consequent 'O, generation by
afterglow initiators, the stored energy in the unstable
intermediate could be radiatively released (A.m.00) OF
nonradiatively transferred to the activatable acceptor through
ARET, initiating another afterglow with a red-shifted emission
(Aemigzo)- Thus, the two resulting afterglow emissions enabled
the probe to achieve ratiometric properties. The probe was
employed to evaluate the anticancer effectiveness of four
different macrophage polarization modulators, namely, inter-
feron-y (IFN-y), BLZ94S, pexidartinib, and chloroquine for
tumor immunotherapy in 4T1 tumor-bearing mice. The
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Figure 7. (a) Schematic illustration of the probe constituents and the mechanism of ratiometric visualization. (b) Normalized absorbance
spectra of the probe, before and after incubation with €OH at room temperature. Inset: color change of the probe solution from yellow to
blue-violet upon the addition of the analyte. (c) Fluorescence (F&/i% and FZX%% ) photoacoustic (PA,ss and PAgys), and their
corresponding ratiometric images of 4T1 tumor-bearing mice. (d) Fluorescence, photoacoustic, and their corresponding ratiometric images
of the mice treated with saline, erastin (ferroptosis inducer), and erastin plus ferrostatin-1 (ferroptosis inhibitor). Red arrows and dashed
circles in frames (c) and (d) indicate the tumor site. The correlation between the ratiometric fluorescence and photoacoustic imaging in the
mice undergoing (e) ferroptosis and (f) X-ray RT. Adapted with permission under a Creative Commons CC BY License from ref. 136.
Copyright 2021 Springer Nature.

authors showed that the predicted NO level upon drug depend on the redox reactions mediated by luciferase enzymes
administration was in great consistency with the results whose stability can be affected by environmental parameters as
obtained by measuring the expression level of M1-phenotype well as the availability of their short wavelength emissive
macrophage markers such as CD86, CD80, and iNOS, substrates, which might also suffer from poor stability and cell
providing a reliable inspector for monitoring macrophage- compatibility.'** While the issues might not pose major
mediated cancer treatment.'”” Moreover, by selecting other problems for qualitative imaging, they can prevent the
stimuli-responsive acceptors which ensured high spectral corresponding probes from taking part in quantitatively
overlap with the afterglow substrate, they proved that the measuring analytes, especially for in vivo deep-tissue imaging.
concept can be further extended to other important biotargets However, the rapidly evolving fields of protein engineering and
such as pH and ONOO, providing universal ARET-based synthetic chemistry have led to the introduction of more stable
RNPs.'”’ It seems that in contrast to most of the afterglow enzymes and substrates with a longer wavelength emitting
agents whose structural inertness and the lack of sufficient capability,*”'*° which might feed into further contribution of
active site limit their capability to incorporate responsive excitation-free techniques in ratiometric detection technology.
molecules, employing ARET strategy might offer extra 2.3. Dual-Modality RNPs. Dual-modality probes in which
available sites on the acceptor to be exploited for conjugating the ratiometric characteristics are merely afforded by one of
different molecules. the modes have been developed over the recent decade. For
In contrast to their advantages, the contribution of self- instance, the MMP-2 activatable sensor for fluorescence and
illuminating techniques in in vivo RNPs seems to be limited, photoacoustic imaging was developed by our group.' To
which might be due to the intrinsic challenges of such construct the probe, CyS.5 dye was attached to its quencher
modalities. For instance, the signal outputs of bioluminescence (QSY21) via MMP-2 labile peptide (Figure S). Consequently,
J https://doi.org/10.1021/acsnano.3c01641
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the presence of the enzyme could gradually revive the
fluorescence mode of the dye, while the PA;, signal of the
structure remained unchanged. On the other hand, the
cleavage disrupted the quenching role of the quencher, leading
to an increase in the fluorescence emission of CyS.5, which in
turn enhanced the tendency of the dye to radiatively dissipate
energy rather than producing heat. As a consequence, the
PAgg of the platform decreased. The alterations afforded PA-
based in vivo quantification of MMP-2 expression in mice
bearing 4T1 tumors such that PAgg,/PA;, signal increased 1.5
times within 90 min, while the fluorescence mode merely
served as an auxiliary technique for confirming certain
properties of the prepared probe (eg, the capability of
MMP-2 expressing cells to cleave the peptide).

Recently, dual-modality ratiometric probes have been
successfully developed in order to concurrently take advantage
of the prominent characteristics of each of the modalities and
provide multiscale data at several spatial and temporal
scales.””'*'™"%% For example, through finely designing a
core—satellite nanosystem, an activatable photoacoustic and
surface-enhanced Raman spectroscopy (SERS) dual-ratiomet-
ric probe for in vivo detecting the hydrogen peroxide (H,0,)
level was constructed (Figure 6). The structure incorporated a
2-naphthalenethiol (NAT) Raman marker in its core whose
SERS intensity (145 on~') Was protected from environmental-
induced alterations by employing successive protective layers.
From inside to outside, the layers included a nanogapped Au
shell, horseradish peroxidase (HRP)- and ABTS-doped
mesoporous silica shell as well as Au nanoparticles grafted
with 4-mercaptobenzonitrile (MBN), and 4-mercaptoben-
zoboric acid (MPA) molecules. The formation of numerous
electromagnetic hot spots in the nanogapped Au shell and the
plasmonic coupling between the outermost Au nanoparticles
gave rise to an intensified I,);5 .,' SERS intensity as well as a
strong NIR-II optical absorbance profile, providing PA),s,
signal. Nevertheless, not only did the presence of H,0O, induce
a reduction in Iy, by detaching the outermost Au
nanoparticles through converting boronic ester linkages to
phenols, but also triggered an HRP-mediated catalytic reaction
to oxidize ABTS and produce a strong NIR-I absorber product,
leading to the emergence of PA,,. The alterations along with
the stable PA,5, and I}45 ., signal intensities afforded dual-
ratiometric PA/SERS characteristics for real-time quantitative
detection of H,0, in mice suffering from peritonitis and
bacteria-induced acute inflammatory skin diseases. Moreover,
besides its favorable in vivo performance, the core—satellite
nanoprobe also exhibited great potential for in situ diagnosing
knee osteoarthritis, characterized by the elevated level of H,O,,
in rabbits. During ~30 min of the measurement, the I555 ot/
L1418 e and PA;5,/PA 55, signals reached to 0.5 and 3.4 times
of their initial values, respectively.'”’

X-ray radiotherapy (RT) is being clinically utilized to
destroy tumor cells by inflicting direct DNA damage as well as
indirect damages induced by the radiolysis of water molecules
and production of the highly reactive ¢OH species.">* On the
other hand, the ferroptosis therapeutic method for triggering
regulated cell death in cancer cells takes advantage of the iron-
dependent lipid peroxidation reaction in which the free radicals
such as eOH, H,0,, and O,  attack polyunsaturated fatty
acids."®> Thus, since the level of eOH in the tumor
microenvironment of the patients treated by either RT or
ferroptosis determines the efficacy of the treatment, developing
noninvasive and real-time methods for screening the eOH

level might provide physicians with a powerful tool to evaluate
treatment response and necessity of further medical
intervention. An electrochromic material (EM) structure (1-
Br-Et) consisted of a butadiene scaffold with the capability of
forming a dication EM structure (2-Br-Et) upon the reduction
of its diene by eOH, was coencapsulated with two
commercially available dyes, namely, NIR77S and IR1048,
into DSPE-PEG-formed micellar nanoprobe (1-NP) (Figure
7). In addition, the probe achieved the ability of actively
targeting folate receptors overexpressed on the surface of
certain tumor cells by being further modified with folic acid on
its surface (1-NP-FR). While the FL and PA signals attributed
to TR1048 (ie, FEX% . and PAy) exhibited an “always on”
characteristic during the process of e OH-induced oxidation,
those of NIR755 (ie, F&7#, and PA,) decreased and
increased, respectively. This might be caused by transferring
the energy from the dye to the newly formed 2-Br-Et in the
micelle which had a good NIR-I absorptivity. Hence, the probe
exhibited dual-ratiometric properties, in which the FL and PA
modes could be independently employed to detect the level of
oOH in LPS/PMA-stimulated RAW264.7 cells or tumor site of
mice bearing 4T1 breast cancer during RT or erastin-induced
ferroptosis. For instance, it was shown that compared to

nonirradiated tumors, a 2.7-fold reduction in the F&74%

X80 5 signal as well as a 1.4-fold enhancement in the PA,./
PAys signal could be identified for tumor sites where received
10 Gy X-ray.'*°

Notably, great consistencies have been reported between the
results derived under each mode of dual-modality RNPs,
indicating that one specific modality can be employed to
endorse the results of the others. Therefore, it might be
assumed that such probes can make a more valuable
contribution in realizing personalized therapy. Taking FL/PA
dual-modality as an example, the mutual endorsement of the
results might provide the physicians with reasonable assurance
when it comes to compromise between the sensitivity of the
detection and the penetration depth. Particularly, in case that
the site needed to be screened is located in the ranges that
cannot be visualized by NIR-II FL imaging, the physician
might order the provider company to exclude the FL agent
from the formulation, not to impose unnecessary expenses on
the patient.

3. MINIMIZING FALSIFIED SIGNALS GENERATED BY
RNPS

As mentioned earlier, the complexities of biological micro-
environments might complicate the accurate in situ quantifi-
cation of a specific analyte within a living system. For instance,
various known or unknown processes might get involved in the
progression of the diseases which can dynamically change the
concentration of the analyte of interest. In addition, the
biological environments might offer substances (e.g., proteins,
lipids, biomolecules) which can interfere with the detecting
mechanism of the designed probes. This might happen
through the capability of the interfering substances to compete
with the analyte of interest for the recognition sites of the
probes or via altering the physiochemical characteristics of the
nanosystems. Regardless of the origin of such interferences and
complications, the results obtained from the measurement
might contain falsified information. In this section, the recent
innovative approaches to maximize the accuracy of data
obtained from the biological environment is reviewed. It is
worth noting that although a few of the RNPs introduced in
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Figure 8. (a) Schematic illustration of probe design and the mechanism of ratiometric ROS and/or RNS detection. (b) Absorbance spectra
of the probe upon being treated with ROS and/or RNS. (c) Deconvoluted ratiometric optoacoustic (OA) signals in the absence (0OA,) or
presence (OA,) of ROS and RNS (left). Ratiometric analyses performed by employing the AOA4q, + AOAgy/AOAg, formula. Ratiometric

signal variation in response to the addition of ROS (middle) and RNS (right) at different concentrations. (d) Variation of Froec
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signals upon treating the models with saline (control), UCNs, LPS, and APAP for 90 min. (e) AOAgz, and AOAg, in the region of interest
within liver tissue, following in vivo treatment of the model with UCN, LPS, and APAP for 90 min. Temporal variation of deconvoluted OA
signals in the 680 nm (f) and 800 nm (g) channels, for hepatic inflammation models treated with UCNs, LPS, APAP and their corresponding
metabolite scavengers. Scale bars in frame (d) and (e) represent 1 cm and 5 mm, respectively. Adapted with permission under a Creative
Commons CC BY License from ref. 139. Copyright 2019 Springer Nature.

this section might possess some features that enable them to be
categorized under certain above-mentioned subsections as
well, the themes of their corresponding studies suggest a higher
degree of overlap with the concept of the current section.

3.1. Dual-Responsive RNPs. Thus far, the activatable
ratiometric probes that also have the capability of targeting the
tissues of interest through active targeting have been shown to
be promising for minimizing the false positive or negative
signals. On the other hand, the tumor-specific biomarkers are
multifaceted and might be interconnected with each other. It
has been proven that the abnormalities of the tumor might
have a synergic effect when they coexist, which leads to more
severe effects if they happened individually. Therefore,
developing dual-target triggered RNPs might shed more light
on the correlations between these hallmarks in the micro-
environment of chronic diseases in order to gain more
information about their progression and come up with better
solutions to efficiently treat them.”'*”~'%"

Taking advantage of the dual-channel emitting capability of
Ln-doped upconversion nanocrystals (UCNs), a platform for
concurrently screening the level of superoxide anion (0,*7),
ONOO7, and their interrelation was developed by our
group.”” To this end, the ROS-sensitive HCyS and RNS-
responsive Cy7 fluorophores whose absorption profiles overlap
with FE80) and F&9%8% of UCNS, respectively, were anchored
to the surface of the nanoparticle (Figure 8). Upon NIR laser
excitation and the presence of the species, the manner with
which the energy transferred from the excited UCNs to the
fluorophores gave rise to distinctive alterations in their PA
signals, endowing the platform with disparate ratiometric
characteristics for each of the analytes. Utilizing the probe, we
could simultaneously and orthogonally quantify the oxidative
and nitrosative stresses triggered by endogenous redox agents,
with outstanding spatiotemporal resolution in living mice.

Ratiometric MRI contrast agents have been developed by
exploiting the degradability of magnetic metal oxide nanoma-
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Figure 9. (a) Schematic illustration of probe constituents and the mechanism of MMP-9 detection. (b) Variation of fluorescence intensity for
FEtsd, and FEE550) signals upon incubating the probe with MMP-9 for different time intervals. (c) Ratiometric (FEty)/Fe850)) fluorescence
intensities of the probe as a function of MMP-9 concentrations. (d) Temporal fluorescence intensity arising from the tumor site, in the CyS.5
and ANNA channels. The right panel represents the fluorescence signals arising from major organs collected from the sacrificed animals, in
the corresponding channels (1—9: heart, liver, spleen, lung, kidney, intestine, bone, muscle, and tumor). (e) Quantified expression level of
the enzyme (upper panel) and acidity (lower panel) within the tumor microenvironment, obtained by employing multimodality imaging and
ANNA emission, respectively. (f) Quantified pH and enzyme mapping within the tumor site and the growth direction of the tumor, during 4
days. (g) Upper panel: H&E staining for a tissue slice. Lower panel: merged immunofluorescence staining of two adjacent slides stained for
E-cadherin expression (red) and MMP-9 expression (green), respectively. The arrows indicate the boundaries between the tumor and
healthy tissues where the enzyme is highly expressed. The scale bar represents 200 gm. Adapted with permission from ref. 7. Copyright 2018

American Chemical Society.

terials (MMONPs) into free metal ions and water molecules,
under conditions characterized by low pH and high H,0,
concentration. Although MMONPs are known as negative
contrast agents for T,-weighted MRI, the release of metal ions
would not only simultaneously lead to a decrease in T, and an
increase in T, signals,140 but also can mimic Fenton reaction
and trigger a chemodynamic effect by inducing intracellular
oxidative stress.'*' Thus, cobalt oxide (Co;0,) nanoprisms
possessing photothermal characteristics were loaded with
doxorubicin (DOX) to prepare a platform for ratiometric
monitoring of H,0, and pH level as well as exerting
concurrent photothermal, chemodynamic, and chemothera-
peutic effects. The probe could successfully visualize the level
of analytes in human colorectal carcinoma-bearing mice and
induce tumor ablation.'*

Since the state of spatiotemporal heterogeneity in the
properties of a tumor can affect the therapeutic administration,
noninvasively quantifying the feature is highly valuable.

Through an antibody-conjugated MMP-9 cleavable peptide,
Fe; O, nanoparticles were covalently attached to molecules of a
fluorescent dye, namely, 3-amino-1,2,4triazole-fused 1,8-
naphthalimide (ANNA). Due to the broad absorption profile
of Fe;0, covering the emission of the dye, the fluorescence of
ANNA in the absence of MMP-9 was expected to be in “off”
state, regardless of the pH value. In the presence of the enzyme
and upon the cleavage of the linking peptide, the fluorescence

got revived and exhibited an increasing trend in its Feurs,

signal and a stable FZ%7 signal, in response to the reduction in
pH value from 7.1 to 5.7. By taking the interaction of light with
tumorous and its surrounding healthy tissues into consid-
eration, the authors could semiquantitatively correlate the 2D
fluorescence imaging results with the 3D heterogeneous
structures of tumor in order to endow the probe with pH
mapping capability.'*’ However, although the accurate in vivo
binding kinetics of antibody—antigen is not well-understood, it

is presumable that some of the dye—antibody conjugates tend
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to detach from the surface antigen after some time of
residence, diffusing toward the surface of the tumor and its
surrounding healthy tissues with a diffusion coefhlicient which is
difficult to be obtained. The challenges impair the pH imaging
contrast for prolonged monitoring and makes the correlation
between pH imaging and the heterogeneity of the tumor
difficult. By introducing pH- and MMP-9-insensitive CyS.5 dye
(F6s%) to the ANNA-Fe,O, probe, our group employed a
similar strategy to gain a better understanding of the in vivo
correlation between pH and MMP-9 (Figure 9). The design
allowed obtaining an on/off ratio of 17 within 4 h for the
fluorescence intensity attributed to ANNA, while the intensity
of F65% did not encounter any noticeable variation. The
obtained results from the prepared RNP as well as those of
histopathological and immunohistochemical analyses con-
firmed that although the probe homogeneously distributed
within the tumor, the expression of MMP-9 and also the
lowered value of pH were consistently heterogeneous.
Moreover, not only were the levels of two abnormalities
strongly correlated, but also they had a synergic effect on the
metastatic nature of the tumor and could drop a hint about the
direction of tumor motility in a spatiotemporal manner.”
Differentiating ONOO™ from the hypochlorite ion (ClO™)
and also inspecting the correlation between abnormal levels of
the two species are of great physiological and pathophysio-

logical importance.144 Employing an alkyl chain linker, a C1O™
responsive precursor (phenothiazine-based coumarin) whose
sulfur atom was prone to be rapidly oxidized by CIO™ was
fused with an ONOO™ sensitive carrying structure (2(benzo-
[d]thiazol-2-yl)aniline) in which the benzyl boronic ester unit
underwent a cleavage reaction in the presence of peroxynitrite.
The variations in intramolecular charge transfer associated with
the separate or concurrent existence of the analytes in the
environment-induced spectral shift(s) in the fluorescence
profile of the probe. The luminophore precursors were
selected as such to provide minimum spectral crosstalk,
endowing the probe with the capability of ratiometrically
detecting the solely- or coexistence (regardless of the order of
introduction in the environment) of CIO~ and ONOO~ in
LPS/PMA-induced inflammatory RAW 264.7 cells and
zebrafishes.'*

Being the main components of proteins makes L-amino acids
inseparable elements for certain physiological activities in
biological systems. For instance, L-lysine (L-Lys) is one of the
essential amino acids that is not synthesized by the human
body and has to be supplied by one’s diet. On the other hand,
both the excess and shortage of the amino acid might be a
signature or the cause of some medical complications, such as
anemia, hair loss, hyperlysinemia, cystinuria, Alzheimer’s, etc.,
highlighting the importance of developing methods for
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accurate and rapid detection of L-Lys.'** It is important to note
that the detection techniques should afford enantioselective
identification in order to differentiate the analyte from its
enantiomer which might have inconsistent or even opposite
physiological functions."*” In an attempt to develop such
probes, Chang et al. adopted a hydrothermal method to
synthesize dual-emission carbon dots (CDs) out of urea and a
phenazine dye (neutral red) as precursors, providing a
structure with a fluorescence quantum yield (QY) of 32%
and the capability of concurrent detection of pH and r-Lys.
The free amino group of L-Lys is located relatively far from its
zwitterionic center, facilitating the hydrogen bond formation
between NH;* of the amino acid and oxygen-containing
groups (—COOH and —OH) which are usually abundant on
the surface of measuring probes.'* Following the hydrogen
bond formation and as a consequence of an enhancement in
the 7-conjugation as well as a restriction in vibrations of CDs’
functional groups, the intensity of Foioy, signal increased while
that of F3) remained invariable. However, the exact
opposite trends in fluorescence intensities were observed in
response to increasing pH from 2 to 8, providing the possibility
of concurrent monitoring of pH and L-Lys level in HeLa cells
and also living zebrafishes.'*

3.2. RNPs with Dynamic Response. Living organisms are
characterized by the existence of numerous biological entities
and the occurrence of a great deal of biological events that
might dynamically interact with one another under different
environmental parameters either to perform specific functions
or as a response to external stimuli. The subtle interplay of the
entities, regardless of being advertent or fortuitous, introduces
enormous complexity to biological systems, complicating the
close in situ inspection of a specific biological event of interest.
For example, upon the occurrence of oxidative stress and as a
result of the vital and dynamic processes in order to restore the
disturbed balance between cellular oxidant and reductant
couples, the concentration of these coulples might change
spatiotemporally within living organisms. > This fact high-
lights the importance of endowing RNPs with the capability of
detecting analyte concentration in a reversible manner, which
has been accomplished by some researchers."”'~"*” In contrast
to those RNPs whose analyte-sensitive moieties undergo
irreversible cleavage during the recognition process, the RNPs
with dynamic response might make a more significant
contribution to long-term in vivo inspection of tissues of
interest.

As one of the most reactive species, ¢OH is known as highly
toxic with the capability of triggering oxidative stress following
the reaction with a variety of endogenous biomolecules. On
the other hand, together with NO and carbon monoxide
(CO), H,S is recognized as an important endogenous gas
neurotransmitter (gasotransmitter) and a potent reducer that
plays a vital role in many physiological and cytoprotective
functions.'*®'*? In contrast to a healthy liver, the ROS level
gets elevated in hepatitis during the inflammatory progres-
sion.' Following the administration of N-acetyl cysteine
(NAC) as an anti-inflammation drug, acylase I metabolizes the
drug into L-cysteine, which in turn can be converted into H,S
by cystathionine-y-lyase (CSE).'®" Thus, the real-time
inspection of the fluctuation in the concentration of eOH/
H,S redox couple is of great importance to reflect the degree of
liver inflammation as well as evaluate the potency of the
administered anti-inflammation drugs in individual cases. The
NIR absorption profiles of the EMs composed of organic 7-

electron structures are subjected to reversible alteration in
response to fluctuation in the level of ®OH and H,S, making
the materials great candidates for photoacoustic imaging of the
redox couple. The structure of EMs was designed such that the
rapid and selective oxidization by eOH rendered the diene
structure (EM 1) into dication form (EM 1**) while H,S-
induced reduction could rapidly switch the structure back to
EM 1 (Figure 10). Following the reversible structural
transformation, the initially weak PAgy, signal encountered a
successive increase and decrease with regards to sequential
oOH oxidization and H,S reduction, respectively, in an “off—
on—off” manner for PAgy, signal. On the other hand,
incorporating a semiconducting polymer (PCPDTBT) togeth-
er with the EM 1 structure into a DSPE-PEG micellar system
provided the “always on” reference PAg,s signal due to the
insensitivity of the polymer to most of the biological and
physiological hallmarks.'®> Thus, upon eOH-induced oxida-
tion of the structure, the value of PAy,/PAg,; reached 5 times
its initial level, and then switched back to the initial value
following the H,S-induced reduction. It was shown that the
prepared reversible ratiometric imaging agent could success-
fully realize the real-time diagnosis of LPS-induced liver
inflammatory process and the successive drug-induced anti-
inflammation hepatic response through the noninvasively
monitoring of «OH/H,S fluctuation.">*

Boron dipyrromethene (BODIPY) dye was employed as a
chemical skeleton and formed a micellar structure by using
DSPE-PEG, in order to dynamically monitor the interaction
between superoxide O,*” and glutathione (GSH) as a natural
redox couple within our bodies. The ortho-phenolic hydroxyl
group on the skeleton underwent an oxidation reaction with
0,°7, inducing antagonistic trends in the photoacoustic signals
of the dye (ie, PAg and PA,g). On the other hand, the
oxidized form of the probe could be readily reduced by GSH,
reversing the O, -associated alterations made in the photo-
acoustic signals.'®> The nanomicelle was successfully employed
to visualize the localized redox homeostasis between the
species in EMT6 tumor-bearing mice following the successive
treatment of the animals with phorbol myristate acetate
(PMA) and a-lipoic acid (LPA) as the inducers of O,*” and
GSH species. Particularly, it was shown that PA,5,/PAgg, signal
for mice treated with PMA underwent a 6.3-fold enhancement,
then encountered a reduction following the treatment of the
animals with LPA, confirming the capability of the probe in
visualizing the dynamic interaction of the analytes.'>

Spiro rings that can be reversibly opened and closed in
response to the acidity of microenvironments have been
exploited to design pH-activated RNPs.'*~'*® For example, a
structure consisting of a tetrastyrene unit and rhodamine was
constructed in which the spirolactam ring of the latter got open
in media with lowered pH values (from 8 to 2). Consequently,
the FRET mechanism was triggered between the constituents

and led to a reduction in the intensity of the initial FE:¥es

signal and emergence of the F&350; signal. It was shown that
the probe could ratiometrically and dynamically determine the
pH level in zebrafish.'®” In addition, quinoline units might also
be able to serve as proton recognition sites in a dynamic
manner. For instance, following the protonation of quinoline
moiety incorporated in a chemical conjugation consisting of
methyl carbitol-substituted carbazole, the electron-withdrawing
ability of the moiety was intensified and resulted in an
enhancement in ICT mechanism. Thus, a red shift in the

fluorescence profile was achieved (i.e., from F&X3) to F&H2),
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and the signals were employed for in vivo observation of pH
alteration in LPS-induced inflammation in mice models.
However, the process could be reversed in response to the
deprotonation of the moiety, affording a dynamic response.'®”
Deprotonation of hydroxyl groups in the presence of OH™ is
another method with which ratiometric pH sensors for in vivo
applications have been designed.'””'”" To take advantage of
this property, a probe based on rhodamine derivative
containing an electron donor (phenolic hydroxyl) and a
positron acceptor (nitrogen) was designed. It was demon-
strated that the deprotonation of the hydroxyl would lead to an
enhancement in the ICT process between the donor and the
acceptor as well as a reduction in the energy level gap between
HOMO and LUMO. The consequent redshift from F&336¢ to
F233% induced by elevating the pH value from 5.8 to 10.0 led
to a 20-times enhancement in the FE20 /FE330 signal. The
strategy was shown to be effective in ratiometrically observing
pH levels in living cells and zebrafishes as well as during
autophagy in mitochondria.'”’

3.3. RNPs for Neutralizing Microenvironmental-
Induced Interferences. The susceptibility of certain analytes
of interest to be scavenged by specific in situ compounds or the
dependency of their activities on environmental parameters,
such as pH, might result in falsified sensor response and
misleading output. For instance, the in situ catalytic activity of
the majority of peroxidase mimetics can be suppressed due to
the discrepancy between the intracellular pH and the favorable
pH for the occurrence of the catalytic reaction.'””'”” In
addition, the intermediates or the final products of the catalytic
reaction are prone to be reduced by GSH, prior to being
identified by the sensor.'’*'”> To address the challenges,
developing advanced strategies for alleviating the effect of
unwanted reactions by providing a favorable microenviron-
ment for optimal functioning of RNPs as well as protecting the
reaction products from being altered before the completion of
the transduction process might be helpful to neutralize the
microenvironment-disruptive interferences.

Inflammation can be attributed to the deviation of the ROS
level from their physiological concentrations in a specific part
of our bodies.'”® Real-time and quantitative visualization of the
inflammatory response during the process of treatment is
considered an effective method for early prediction of the
treatment efficiency. However, the persistent incidences of
inflammation in the neighboring areas around the location of
interest inevitably impose signal disruption and falsified output.
For example, bone repair consists of several stages among
which inflammation, angiogenesis and bone remodeling can be
mentioned. Disturbance in either of the stages can lead to
abnormalities such as the dissolution of bone minerals and
degradation of organic bone matrix in response to inflamma-
tion dysregulation, skeletal diseases caused by the lack of
sufficient newly formed vasculature as well as implant
degradation in the remodeling stage.'”” The swelling of tissues
surrounding the bone hinders the accurate inspection of
inflammatory response during the bone repair process. To
address the issue, bioactive glass (BG) scaffolds containing
hexagonal-phase NaFErF,@NaYF, (ErNPs) were prepared
whose surfaces were further engineered with a hypochlorous
acid (HCIO)-bleachable IR808 dye. Although the intensity of
Fex80% < arising from ErNPs was suppressed due to the IF effect
exerted by the presence of IR808, the bleaching of the dye by
HCIO could limit the competition in favor of ErNPs and revive
the intensity. Meanwhile, the F&%0,< signal of ErNPs did not

show any sensitivity toward the analyte, serving as the
reference signal. Following the in situ implantation of the
scaffold in mice with bone defects, the ratiometric feature of
the platform could successfully assist in sensitive mapping of
inflammation by detecting the HCIO concentration in the
tissue microenvironment. Moreover, long-term angiogenesis
and bone remodeling stages could also be visualized through
the absolute intensity-dependent signal readout of the
platform. The authors also reported that not only the host
matrix of the scaffold showed excellent osteogenic perform-
ances, but also it protected the emission of ErNPs from the
water quenching effect as well as reduced the interference of
tissue swelling-induced signal fluctuation. It indicated that a
lower power density of laser could be adjusted, which in turn
led to the lower IR808 photobleaching as well as a reduction in
thermal damage to healthy tissues by a laser-induced
overheating effect.”*

As another attempt to minimize the interference of the tissue
swelling-induced signal in the process of quantification of
ROS-induced inflammation, Li et al. developed MRI-based
RNPs for predicting the therapeutic efficiency of inflammatory
therapy in early stages. Hollow mesoporous silica nanoparticles
(MSN) doped with manganese were grafted by tempol as ROS
scavengers and coated with a porous, ROS-permeable platelet
membrane as the active targeting agent for inflammation
regions based on its high affinity toward the von Willebrand
factor. Following the degradation of the structure triggered by
the elevated acidity and ROS level, the covalent bond between
the silica framework and manganese dissociated to release
Mn?" ions, turning the T-weighted MRI signal “on” in such a
way that the signal intensity positively correlated with the
degree of abnormalities in pH and ROS levels. More
specifically, the probe could quantitatively assess the state of
inflammation in acute liver failure (ALF) and acute pancreatitis
(AP) animal models by taking advantage of the linear
relationship between the variation in longitudinal relaxivity
(AR,) and the concentration of H,0,, a well-known hallmark
of the ALF and AP.'” Since the decrease in the concentration
of transaminases in blood serum can be attributed to the
recovery or exacerbating the hepatic and pancreatic failure,
monitoring the biochemical indicators in blood samples might
easily lead to subjective misinterpretation about the disease
progression.'”” Therefore, Li et al. showed that compared to
the conventional biochemical tests, analyzing inflammation-
induced ROS provided a more accurate and reliable strategy to
identify the progression stage of the disease, offering more
appropriate and personalized treatment approaches.'®’ More-
over, the capability of MSN to mimic a Fenton reaction in
order to decompose H,O, into oxygen and also the ability of
tempol molecules to scavenge O,°” and eOH enabled the
probe to exhibit radical-scavenging property and suppress the
hypoxia-inducible factor (HIF-1a) in the inflammatory region,
which in turn could alleviate oxidative stress and protect tissue
against attributed damages.'®’

Apart from the variation of R, employed in the above-
mentioned study, our group showed that the alteration in both
the longitudinal and transversal relaxivities (AR; and AR,,
respectively) could be quantitatively attributed with GSH
concentration.'®" To this end, ultrasmall Fe;O, nanoparticles
were first coated with maleimide groups. Subsequently, the
resulting product was further conjugated to a ligand in which
RGD and angiopep-2, as the targeting and BBB permeable
peptides, respectively, were fused through a disulfide bond
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Figure 11. (a) Schematic illustration of probe design and the aggregation formation in the presence of GSH. (b) TEM image of the probe
following GSH-induced agglomeration. Scale bar represents 30 nm. (c) Temporal variation in hydrodynamic size upon incubating the probe
with GSH for different time intervals. (d) Variations and corresponding linear fittings for R, and R, values, as a function of iron
concentration. (e) The experimental AR,/AR, values for the tumor site of mice bearing subcutaneous xenografts, as a function of tumor
GSH contents determined by ELISA. The dashed line represents the theoretical fitting obtained by the mathematical model. (f) In vivo MR
imaging of intracranial tumors at different time points postinjection of probes. NP-S-S-Pep and NP-Pep indicate GSH-sensitive and GSH-
insensitive probes, respectively. Upper and lower panels represent T,- and T,-weighted images of mice bearing orthotopic U87MG
glioblastoma xenografts. Right-top represents relative T, and T, values recorded from the tumor site at the time points. Right-bottom
represents H&E staining of brain slices. Adapted with permission from ref. 181. Copyright 2021 John Wiley and Sons.

(Figure 11). In the tumor microenvironment, 2 GSH-mediated
redox reaction led to the cleavage of the bond between the
peptides, preparing reactive thiol groups on the surface of the
probe, initiating a particle aggregation through interparticle
cross-linking of the thiol with maleimide groups on the
adjacent particles.'® This resulted in a reduction in surface
area and total hydration number of the magnetic particles,
leading to reversed variation tendencies in R; and R, values
with respect to GSH concentration. Subsequently, a
mathematical model was established to quantitively visualize
the in vivo GSH heterogeneous distribution within brain

gliomas tumor. It was shown that there was a great consistency
between the results predicted by the model and those derived
from immunohistochemistry analyses. Interestingly, we iden-
tified that the tumor regions with higher proliferation activity
exhibited higher GSH concentration."®'

The challenges such as low stability, relatively big size and
high cost of the natural enzymes have spread the interest in
developing and optimizing enzyme mimetic compounds in the
past few decades. For instance, with the help of simulating
natural peroxidase enzymes, nanosystems for catalyzing the
oxidation of peroxidase substrates have emerged and exploited
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Figure 12. (a) Schematic of microenvironment tailored catalytic nanoprobes (MTCNs) for providing favorable pH and protecting the
reaction intermediates from the microenvironmental interfering species. Variation of (b) absorbance and (c) fluorescence spectra in
response to different concentrations of H,0,. Linear relationship between (d) F&308& /F980 and (e) PAgys/PA;g4s versus different
concentrations of H,0,. Quantification of the concentration of H,0, in 4T1 tumor-bearing mice via ratiometric (f) NIR-II fluorescence
imaging and (g) photoacoustic imaging upon intravenous injection of MTCNs and catalyst-free MTCNs as the control. Adapted with
permission from ref. 95. Copyright 2022 John Wiley and Sons.
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for the detection of H,0O, through converting it to other ROS achieved by the permeability of the membrane to H,O, and its
and the subsequent transduction into a measurable signal.'® impermeability toward hydrophilic ions and molecules.
Nevertheless, the optimal pH required for the efficient Although the intensity of the IR1048 fluorescence signal
performance of the nanosystems might not always be provided (F&9%%) and that of its photoacoustic signal (PA;o,5)
by the complex intracellular microenvironment of the tissue. In remained unchanged, the production of ABTSe*, which
addition, ROS generated in the catalytic reaction are showed a strong absorbance at 808 nm, fostered competition
susceptible to be scavenged by the cellular reductants such among the intermediate and DCNPs for the excitation light,

resulting in a sharp reduction in the intensity of F&iis:, as well

as a noticeable increase in the photoacoustic signal of the
nanoprobe at 808 nm (PAgy). The reference and altered
signals gave rise to a dual-ratiometric H,O,-responsive probe
with the feasibility of inactively targeting the tumor site of mice
bearing 4T1 breast cancer in order to precisely visualize the
level of intratumoral H,O,. Moreover, contrary to the mice

as GSH,'®" falsifying the signal output. In an attempt to
address the issues, Chen et al. came up with the idea of
microenvironment tailored catalytic nanoprobes. To this end,
liposome-based nanoprobes were constructed such that its
lipid membrane incorporated with NIR-II dye IR1048 and its
hydrophilic cavity was loaded with ferrous ions (Fe*"), citric
acid (CA), 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) diammonium salt (ABTS), and PEGylated DCNPs

(Fe:898. ). While Fe2* catalyzed the oxidation reaction between with healthy sentinel lymph nodes (SLNs), the injection of the
ABTS and H,0, in the satisfactory acidic pH provided by CA probe to the mice suffering from metastatic SLNs led to a 4.1-
inside the cavity, the liposomal lipid membrane protected the fold enhancement and a 2.7-fold decline in the PAgoe/PA,g45
intermediate products (ie, ®OH and ABTSe") from being and F&808 /RS0, signals within 2 h, respectively, which
reduced by GSH, providing a tailored microenvironment for allowed the quantification of the H,O, level in early stages of
H,0, sensing in a wide range of pH values (Figure 12). This lymphatic metastasis.”
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Excited metal complexes might encounter an oxygen-
induced quenching process in which O, molecules can
interfere with the normal radiative relaxation of the complexes
from their excited triplet state to the ground state, through two
competing nonradiative pathways (i, charge transfer or
noncharge transfer).'® The mechanism has been employed in
the designing of RNPs for directly detecting the concentration
of 0,."% For instance, an amphiphilic cyclic oligosaccharide,
namely, f-cyclodextrin (#-CD), was employed to incorporate
bis(2-(2'-benzothienyl)-pyridinato-N,C3’) iridium 4,6-dioxo-
heptanoic (Ir-BTPHSA) inside its hydrophobic cavity in a
host—guest strategy. In addition, f-CD was further conjugated
with Cy7, a well-known O,-insensitive NIR-I emissive
fluorescent dye (F&7d)s). Ir-BTPHSA was designed such that
it contained metalated heterocyclic ligands and an oxygen-
donor ligand (4,6-dioxoheptanoic) to improve the QY of the
complex (F&48) and aqueous stability of the dye, respectively.
Through this strategy, Xiao et al. could protect the heterocycle
ligands from the surrounding microenvironment, alleviating
the adverse impact of their hydrophobicity on direct O,
sensing. In addition, the cyclometalated Ir(III) complexes
could also provide a salient affinity toward the tumor cells
which, in contrast to normal cells, are inherently rich in
lipophilic cations, serving as a kind of targeting agent to
increase the specificity of the probes toward the tumor cells. In
the anoxic conditions, the intensity of the FEit signal, which
was under suppression by an O,-induced quenching effect, got
rapidly revived and experienced a significant enhancement,
while that of the reference NIR-I signal remained constant.
The results of in vitro and in vivo experiments demonstrated
that the probe could target the nuclei of LS180 colorectal
cancer cells for quantitatively determining the oxygen level as
well as mapping the hypoxic condition in the tumor site of
intratumorally treated cancer-bearing mice."®’”

4. CONCLUSION

The accurate and comprehensive assessments of the abnormal
levels of biomarkers and their potential correlations with one
another are of utmost importance not only for timely
diagnosing the onset of the diseases but also to provide the
physicians with reliable inspection techniques to assess the
therapeutic effect of the prescribed medications during the
course of treatment. Undeniably, such advances would help
scientists take further steps toward translating early diagnosis
and individual therapy techniques into widespread clinical
practices in order to relieve discomforts and maximize the
lifespan of patients. It has been suggested that the detection
methodologies affording the ratiometric characteristics are
better candidates in order to take part in the realization of
these universal desires, compared to the conventional absolute-
intensity dependent methods. The long-lasting obsession with
the improvement in the performance of the noninvasive
diagnostic techniques has been a driving force for researchers
in the field to prepare RNPs with the capability of deriving
maximized amount of data from in vivo microenvironments.
Moreover, falsified signals, which might be obtained as the
result of inevitable interferences induced by the complex
biological systems in in vivo signal transduction, highlight the
necessity for developing advanced techniques to boost the
reliability of the results. Accordingly, the recent and key
advances in the design of RNPs with the capabilities of
minimizing the falsified signals as well as revealing maximized
information from the areas of interest were reviewed. The

results of the above-mentioned studies clearly state that deeper
insights on the etiological factors involved in the development
and progression of diseases can be achieved by means of the
advanced RNPs, which in turn might lead to the emergence of
better methods or medications for preventing or curing
illnesses. We hope that our work provides researchers with
further enlightenment and understanding about the current
status and challenges of the research area in order to promote
further exciting ideas and foster collaboration in the field.

5. CHALLENGES AND FUTURE PERSPECTIVE

Although numerous high-performance RNPs have been
successfully developed for visualizing different types of
biomarkers of life-threatening diseases, addressing some
unmet challenges as well as the necessity of performing further
optimizations in the methods or the molecular architecture of
the current RNPs might offer plenty of room for improvement.

Ideally, RNPs should be able to provide maximized
information from the biological microenvironment, while
avoid getting affected by the undesirable interferences induced
by their host organisms. As reviewed above, some steps toward
achieving the goal have been taken. For instance, dual-modality
NIR-II emissive imaging agents were isolated from the
interfering substances of the biological microenvironment.”®
It can be expected that the idea of minimizing the affectability
of RNPs from their surroundings multifaceted media might be
further employed to prepare innovative RNPs with dynamic
and reliable responses. We envision that such integrated
strategies might have the most potential to be translated to
clinical applications, in case that they satisfy the primary
requirements such as biosafety and cost-effectiveness.

Although RNPs with a dynamic response are in favor of real-
time monitoring of the pathological variations, the cycles of
reversibility reported in the corresponding studies are mostly
low. This means that after a few cycles of the induced
variations in the level of the analyte, the ratiometric signal
might not be able to provide reliable information. This might
be caused by the perturbation in stability or degradation of the
chemical structure in the host microenvironment. Thus, further
optimizations in the chemical structures of the corresponding
probes might be needed. As implied in the previous paragraph,
one feasible approach to prolong the lifespan of the probe
might be the encapsulation of the probes with analyte
permeable shells to shield the structure from being degraded
in the microenvironment.

The recognition units incorporated in the structure of
certain RNPs might lack specificity toward the analyte of
interest, in some cases. For instance, hydrazide compounds and
diphenyl phosphinate, which have been extensively employed
as the ONOO™-sensitive moieties in RNPs, can also react with
0,*” and HCIO species, respectively.””'**~'*° As another
example, although C=C or C=N bond in the structure can be
regarded as the recognition sites for hydrogen sulfide, some
other entities such as thiols, hydroxyl groups and ONOO™
would also be able to trigger a nucleophilic addition reaction
with the bonds.”® Consequently, the issue might lead to the
generation of false positive or negative signals while the
corresponding probes are residing in the complex biological
systems. Thus, further attempts are expected to be made on
introducing “super-exclusive” sets of recognition units to
improve the specificity of certain measurements.

The short half-lives of many reactive species have troubled
researchers to determine the “benign intracellular concen-
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tration” of some of them,'”’ which in turn leads to a

questionable judgment about the sufficiency of their
corresponding sensors’ sensitivity. On the other hand, the
sensitivity values of some of the developed RNPs for detecting
those species with known benign intracellular concentrations
do not seem to be sufficient. For instance, it has been reported
that during liver injury, the concentration of NO in the liver
could get elevated to about 0.5—25 nM, which is S times its
normal value in the tissue.'°"'”> Meanwhile, the limit of
detection (LOD) values for most of the reported NO detectors
are far beyond the range.”'°*'*° Thus, it seems that extra
interdisciplinary efforts should be made to determine the
intracellular “safe margin” of the species as well as improving
the LOD of their corresponding detectors.

As described above, the lack of sensitivity of NIR-II emissive
agents (e.g, QDs, Ln-doped DCNPs, efc.) toward the
biological entities has made researchers employ certain dye
molecules together with the agents to prepare NIR-II emitting
RNPs by taking advantage of mechanisms such as IF. However,
some potential drawbacks of dyes such as low QY and
photostability might have negative impact on the performance
of corresponding RNPs. Hence, developing NIR-II emitting
agents with the capability of independently affording
ratiometric characteristics might offer valuable opportunities
for improving the performance of the NIR-II RNPs.

As reviewed above, the majority of constructed RNPs were
designed based on the susceptibility of certain chemical groups
to undergoing irreversible cleavage or destruction during the
sensing process of analytes of interest. The irreversible
recognition mechanism prevents the corresponding RNPs
from taking part in long-term in vivo inspection of the species
whose concentrations are spatiotemporally changed in
response to microenvironmental stimuli. Therefore, it is
expected that providing solutions for overcoming the challenge
would further promote researchers’ interests.

As it can be inferred from the reviewed studies, fluorescence
and photoacoustic modes have exhibited great potential for
getting involved in dual-modality ratiometric practices, which
as mentioned above might make a valuable contribution to
realizing personalized therapy. The relatively similar imaging
parameters such as excitation pathways and acquisition time
have made these photon-based modalities more technologi-
cally compatible compared to other sets of modalities. On the
other hand, in addition to chemically engineering the
constituents of the corresponding RNPs in order to provide
more potent probes, it can be envisioned that the fast-paced
technological advancements in other fields of engineering (e.g.,
mechanical and electronic) might lead to the emergence of
instruments with the capability of merging compatible imaging
techniques or deriving maximized data during a conventional
single-mode ratiometric measurment. For instance, advance-
ments in electronic engineering are constantly contributing to
the development of more sensitive photomultiplier tubes,
which in turn enables the researchers to visualize the dimmest
signals arising from the biological microenvironments, max-
imizing the obtained data by RNPs.'””
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VOCABULARY

Disease-associated physiological hallmarks, are those physio-
logical characteristics that are known as the indicators of onset
or progression of the diseases. Noninvasive detection of the
bioindicators at the molecular level is of paramount
importance for realizing the early diagnosis of the diseases;
Ratiometric nanoprobes (RNPs), are a category of smart
diagnostic probes that can provide their outputs in two
separate channels. This enables the researchers to employ the
information provided in one of the channels as the reference
and the other one as the detecting indicator; Spatiotemporal
heterogeneity, is defined as the time- and space-dependent
variations in the level of biomarkers in the lesion area. This
might be caused by the dynamic interactions of the biological
entities with each other or as the result of certain physiological
processes; Self-illuminating probes, can emit light without the
necessity of real-time external excitation such as laser light.
They can eliminate the autofluorescence phenomenon and
minimize the photobleaching effect; Forster resonance energy
transfer (FRET), is a mechanism with which the energy is
transferred from one fluorophore (donor) to another adjacent
fluorophore (acceptor) that has satisfactory quantum yield and
spectral overlap with the donor; Internal charge transfer
(ICT), is a mechanism that enables the transfer of electron
from an electron-donating group to an electron-deficient
moiety within a molecule; Inner filtration (IF) effect, refers to
the phenomenon in which the energy that has been supposed
to radiatively release from a fluorescent molecule is absorbed
by a quencher in the vicinity of the molecule
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