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A B S T R A C T   

Redox reactions play fundamental roles in life and are at the core of metabolism. Thus, observing and quantifying 
these reactions is crucial for diagnostics and therapy. Recent advances in inorganic fluorescent nanoprobes have 
revolutionized the field, enabling in vitro diagnostics by providing reliable tools for real-time, quantitative 
determination of redox biomolecule levels in biological samples and cells. Due to their high stability, these 
probes are also widely used in bioimaging, providing real-time information for in vivo diagnostics and guiding 
treatment of diseases associated with redox biomolecules. This review explores the diverse landscape of inor-
ganic fluorescent nanoprobes designed for the detection of biologically relevant reactive oxygen and nitrogen 
species. The discussion is divided into several sections, each focusing on nanoprobes tailored for specific 
oxidative species. The impact of tailored nanoprobes in diagnostics and imaging-guided treatment depends on 
their chemical composition, surface property, and fluorescence mechanism. The discussions highlight the current 
strengths and weaknesses, which will help to design more efficient redox-responsive inorganic fluorescent 
nanoprobes in the future.   

1. Background 

Biomolecules involved in reduction-oxidation (redox) reactions in 
living systems are essential for maintaining cellular homeostasis, 
metabolism, and signaling.[1,2] Based on their role in redox reactions, 
biomolecules are classified as oxidants and reductants. The best-known 
types of oxidants are reactive oxygen species (ROS)[3] and reactive 
nitrogen species (RNS)[4], which mainly include hydroxyl radicals 
(•OH), hypochlorite anions (ClO− ), hydrogen peroxide (H2O2), and 
peroxynitrites (ONOO–). These ROS and RNS can damage bio-
macromolecules (e.g., phospholipids, nucleic acids, and proteins), 
causing destruction, mutation, and dysfunction of cells.[5,6] In addi-
tion, they can activate inflammatory pathways within cells and generate 
inflammatory mediators that contribute to the occurrence of chronic 
inflammation.[7,8] As a result, the level of oxidants, such as ROS and 
RNS, can reflect changes in the redox state and thus be useful in the 
diagnosis of related diseases. Similarly, the concentration of reductants 
can also indicate the redox state as they are on the other side of the redox 
balance in living systems; that means, not only increased oxidant but 
also decreased reductant levels can be an indication of oxidative stress 

and, therefore, specific diseases.[9,10]. Typical reductive biomolecules 
are biothiols (e.g., cysteine, homocysteine, and reduced glutathione), 
[11] reduced nicotinamide adenine dinucleotide (NADH) and its phos-
phate analogue (NADPH),[12] and flavin derivatives (e.g., riboflavin, 
flavin adenine dinucleotide, and flavin mononucleotide),[13] which 
serve as oxidant scavengers or cofactors in various biological reactions. 
[14,15] Some exogenous reductants, such as ascorbic acid and poly-
phenols, can serve as biomarkers and are also widely used as drugs and 
dietary supplements.[16,17] In short, an abnormal change in redox 
biomolecule levels leads to pathological changes, such as occurrence 
and progression of inflammatory disorders,[18] diabetes,[19] cardio-
vascular diseases,[20] and neurodegenerative diseases.[21] Therefore, 
selective and accurate determination of redox biomolecule levels will 
enable diagnosis, guide treatment, and provide feedback for the man-
agement of related diseases. 

Several methods have been proposed to identify these redox bio-
molecules. For different conditions and purposes, different detection 
methods are applied, ranging from chromatography,[22] colorimetry, 
[23] to electrochemical analysis[24], which are well known for their 
reliability, time resolution, and sensitivity, respectively. Compared to 
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light absorption and electrochemical signals used in these methods, 
fluorescence imaging (fluorometry) is more suitable for diagnosis based 
on redox biomolecule detection because of its real-time capabilities, 
robustness in biological environments, high sensitivity, low background 
noise, and applicability to different biological scales (e.g., organelles, 
cells, tissue slices, and living organisms). The above advantages make 
fluorometry feasible not only for in vitro serodiagnostics, but also for in 
vivo bioimaging, which is quite useful for diagnostics.[25,26] A ratio-
nally designed fluorescent probe can interact with one or more specific 
redox biomolecules, resulting in a change of fluorescence signals by 
wavelength, intensity, or lifetime.[27–29] Then, the level of redox 
biomolecule can be reflected by fluorescence signals in either collected 
biofluids or living organisms. On the one hand, the change of fluores-
cence signals can be easily recorded and analyzed by spectroscopy, 
while some of them (e.g., wavelength and intensity) are even distin-
guishable to the naked eye.[30–32] This allows rapid evaluation of 
redox biomolecule levels at the point-of-care. On the other hand, 
benefiting from the development of charge-coupled devices and imaging 
technology, fluorescence bioimaging can perform high-resolution 
mapping and real-time tracking of specific redox biomolecules at the 
cellular level and in vivo, which contributes to continuous monitoring of 
pathological changes.[33–35] In short, by using appropriate probes, 
specific redox biomolecules can be identified and quantified by fluo-
rimetry for both in vitro and in vivo diagnostics. 

Traditionally, the fluorescent probes for the detection of redox bio-
molecules are organic molecular fluorophores, because most of them 
contain long conjugate chains that are active for oxidants.[36] Mean-
while, some functional groups, such as azides, are responsive to re-
ductants.[37] Therefore, the detection of redox biomolecules is highly 
dependent on various organic reactions in the early stage of research. 
However, although these organic redox-responsive fluorescent probes 
can be selective and sensitive, there are many shortcomings. For 
example, most of them have broad fluorescence emission peaks that are 
unfavorable for the spectral multiplexing.[38,39] In addition, photo-
bleaching limits their application in diagnostics due to reliability issues, 
especially in bioimaging.[40,41] There are more disadvantages of these 
organic probes and the details will not be discussed here, but stable 
fluorescent probes with narrow fluorescence peaks will be needed for 
the determination of redox biomolecules and the diagnosis of related 
diseases. 

The first and most straightforward strategy is to replace the organic 
fluorescent core with more stable ones, such as fluorescent metal ions. 
[42–44] The redox biomolecules react with ligands of these inorganic 
molecular probes and affect the coordination field, thereby leading to 
fluorescence change. However, this type of probe still suffers from sig-
nificant hydrophobicity issues. With the development of nanotech-
nology, the fluorescent metal ion-containing nanoprobes have received 
great attention, especially in the field of diagnostics.[45–47] Their 
fluorescence properties are modulable as organic fluorophores but much 
more stable in complex biological environments and upon repeated 
excitation. More importantly, due to electron shielding properties, their 
fluorescence emission peaks are narrow and well differentiated. As a 
result, these fluorescent metal ion-containing nanoprobes are welcomed 
for the determination of redox biomolecules and the diagnosis of related 
diseases. The redox biomolecules interact with the nanoprobes them-
selves or with ligands on their surface, and thereby triggering the fluo-
rescence response through the inner filter effect (IFE)[48] and/or 
fluorescence resonance energy transfer (FRET) pathways.[49] Both 
pathways are accompanied by changes in the absorbance of the 
nanoprobes, but their mechanisms differ: While in IFE the fluorescence 
intensity changes through direct absorption of fluorescence, in FRET it 
changes through a non-radiative relaxation process caused by donor-to- 
acceptor energy transfer. It is worth mentioning that the detection 
mechanism of these nanoprobes is no longer limited by the organic re-
actions. Chemical changes induced by inorganic redox reactions and 
physical changes by non-covalent interactions can also affect the 

fluorescence of the nanoprobe.[50] Therefore, the use of these inorganic 
fluorescent metal ion-containing nanoprobes brings great opportunities 
to the diagnostic field by addressing the stability and hydrophilicity is-
sues, while providing more flexibility. It also motivates further explo-
ration of other redox-responsive inorganic fluorescent nanoprobes for 
diagnostics. 

As delving deeper into the study of nanomaterials, some non- 
fluorescent inorganic materials are found to be fluorescent when their 
sizes is reduced to the Fermi wavelength, such as noble metals[51] and 
many semiconductor materials.[52] This unusual phenomenon con-
tributes to the quantum confinement that occurs in all three dimensions 
of the ultrasmall dots, which leads to a discrete quantization of the en-
ergy levels of the electrons and the bandgap energy of the dot becomes 
size-dependent.[53–56] When these ultrasmall dots absorb photons, the 
electrons are excited. During the radiative relaxation, photons are 
released and fluorescence is emitted with the bandgap energy. The 
detailed mechanism and their differences are not discussed here, but as a 
result of the above theory, semiconductor quantum dots (QDs) and 
noble metal nanoclusters (NCs) are explored as new types of inorganic 
fluorescent nanoprobes.[57,58] According to the widely accepted ter-
minology, most QDs are semiconductors (or carbon materials, which is 
beyond the scope of this review) with sizes between 2 and 15 nm, while 
NCs are generally metals or alloys with sizes below 2 nm (different from 
atomically precise clusters).[59] With appropriate functionalization, 
they can also be sensitive to the change of redox biomolecule concen-
tration as fluorescent metal ion-containing nanoprobes. Due to the ultra- 
high surface area, their fluorescence is more sensitive to the change of 
the surrounding environment, which is particularly useful for bio-
detection and serodiagnosis.[60,61] Notably, these redox-responsive 
inorganic fluorescent nanoprobes can also be used for the indirect 
determination of other biomolecules because the redox biomolecules are 
by-products of some biological reactions.[62,63] Therefore, they are not 
only useful for diagnostics of diseases related to redox biomolecules but 
to many substrate biomolecules in enzymatic reactions, which will be 
discussed in detail in the following sections. 

Overall, the developed redox-responsive inorganic fluorescent 
nanoprobes have their own advantages in diagnostics, and their 
important role in this field is undoubtedly based on a considerable 
amount of experimental and industrial evidence. Given the advantages 
of fluorescent signals, these probes can be used not only for in vitro se-
rodiagnostics, but also for in vivo bioimaging, enabling them to meet 
various diagnostic needs and provide real-time information to guide 
treatment (Fig. 1). This review focuses on how the impact of redox- 
responsive inorganic fluorescent nanoprobes in medical diagnostics 
basically depends on their chemical composition, surface property, and 
fluorescence mechanism. It aims to highlight the strengths and weak-
nesses of different inorganic fluorescent nanomaterials as redox- 
responsive nanoprobes. This will be useful to design more efficient 
redox-responsive inorganic fluorescent nanoprobes for diagnostics. 

Fig. 1. Redox-responsive inorganic fluorescent nanoprobes for diagnostics 
through serodiagnostic and bioimaging pathways. 
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2. Oxidant-responsive nanoprobes 

2.1. •OH-responsive nanoprobes 

The •OH is one of the most reactive oxidants containing an unpaired 
electron, which makes it very capable of damaging cells and bio-
molecules in the body.[64] It is produced naturally as a byproduct of 
various biochemical reactions or by exposure to external sources, such 
as radiation and pollutants.[65] Excessively generated •OH will induce 
oxidative stress, which further leads to various diseases, including 
cancer,[66] diabetes,[67] cardiovascular diseases,[68] and neurode-
generative disorders.[69] Therefore, the •OH is a useful indicator not 
only for diagnosis but also for prevention of these diseases. However, 
due to its high reactivity, the •OH has a short lifetime (~10− 9 s), thus 
being difficult to determine in vitro.[70] Therefore, most of the •OH- 
responsive inorganic fluorescent nanoprobes are designed for bio-
imaging in vivo (Table S1), which requires a relatively high signal-to- 
background ratio and deep tissue penetration. 

In view of this, near-infrared (NIR)-excited lanthanide-doped 
nanoprobes are of interest. They are compatible and stable in various 
biofluids, and the NIR excitation generates low background fluorescence 
in vivo. In addition, the NIR excitation has much higher tissue penetra-
tion compared to traditionally used ultraviolet (UV) excitation. In 2015, 
Zhang et al. demonstrated the first example of a lanthanide-doped 
nanoprobe for ••OH quantification in solution.[71] The modified car-
minic acid received the energy from doped Er emitters and quenched 
their fluorescence at 510 nm by fluorescence resonance energy transfer 
(FRET). Since the carminic acid is easily decomposed by •OH, the 
fluorescence at 510 nm recovered in the presence of •OH. This work 
provided a good model for constructing an •OH-responsive lanthanide- 
doped nanoprobe; that is, modifying an •OH-responsive dye on an 
appropriate upconversion nanophosphor to quench its fluorescence. 
Very soon, Liu and his co-workers achieved •OH imaging and hepatitis 
diagnosis in vivo by using an azo dye-modified NaYF4@NaYF4:Yb, 
Tm@NaYF4 nanoprobe.[72] The fluorescence of Tm emitters at 478 nm 
was quenched by the azo dye via FRET and recovered in response to 
•OH. The nanoprobe exhibited outstanding sensitivity with a limit of 
detection in the fM range, allowing sensitive •OH imaging in cells 

(Fig. 2A). As a further step, the nanoprobe was applied to a hepatitis 
mouse model, realizing fluorescence biopsy for hepatitis diagnosis 
(Fig. 2B). Following a similar thought, nanoprobes modified with other 
azo dyes[73] and phenothiazole dyes[74] are explored for the •OH 
imaging in cells and tissue sections. In addition, some works indicated 
that fluorescence ratiometry, including both working and reference 
fluorescence, can effectively improve the determination and diagnostic 
performance by reducing interference from samples.[75] However, with 
a deeper understanding of the FRET process, it was noticed that the 
reference fluorescence near to the working fluorescence was also 
affected by the modified dye as well, especially those emitted from 
higher energy levels than the working emission. This phenomenon 
decreased the change of fluorescence ratio per unit of •OH and thus the 
sensitivity of the nanoprobe. To minimize the influence of modified dyes 
on the reference fluorescence, Zhou et al. constructed Cypate-modified 
NaErF4@NaLuF4 as an •OH nanoprobe and used the short-wave 
infrared fluorescence of Er emitters at 1550 nm as a reference 
(Fig. 2C).[76] Compared with the traditionally used visible reference 
fluorescence in the visible range, at 540 nm, the one at 1550 nm was less 
influenced by the modified Cypate dye, which improved the sensitivity 
(0.00582 for 540 nm reference vs. 0.00912 for 1550 nm reference) 
around 2 times (Fig. 2D). 

Apart from the performance of the developed nanoprobes, more 
attention has been paid in recent years to their practicality and sus-
tainability. Since the oxidation of most organic dyes was irreversible, 
these dye-modified nanoprobes were disposable after •OH determina-
tion, resulting in a significant waste of resources. To address this issue, 
we constructed a recyclable lanthanide-doped nanoprobe based on 4- 
aminosalic acid (4-ASA)-Fe(II) complex.[77] After reaction with •OH, 
the 4-ASA-Fe(II) complex was oxidized to 4-ASA-Fe(III), which would 
generate absorbance by d-d transition and quench the fluorescence of Er 
at 540 nm. Notably, the Fe(III) in the complex could be easily reduced to 
Fe(II) by mild reducing agents (e.g., ascorbic acid and reduced gluta-
thione), resulting in the recovery of fluorescence without any obvious 
change in physical and chemical composition (Fig. 3A). Therefore, the 
designed nanoprobe could be recycled for at least 50 times (Fig. 3B). The 
diagnostic practicability for heavy metal-induced hepatoxicity was also 
demonstrated both at the cellular level and in vivo (Fig. 3C and D). 

Fig. 2. (A) Emission of SWUCNPs (1.2 mg/mL) loaded with different concentrations of mOG. (B) Upconversion fluorescence imaging of mouse liver section. Mice 
were injected with lipopolysaccharides or physiological saline 24 h prior to nanoprobe injection. Images were acquired at 450–500 nm. Scale bar: 100 μm. 
Reproduced with permission.[72] Copyright 2015, American Chemical Society. (C) Proposed mechanism of energy transfer between csEr and Cypate, calculated by 
density functional theory. (D) Linear relationship between •OH concentrations and I654/I540 and I654/I1550 in the range from 0 to 500 μM. Reproduced with 
permission.[76] Copyright 2019, American Chemical Society. 
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In addition to the NIR-excited lanthanide-doped nanoprobes, QDs 
and NCs were also explored for •OH determination and diagnosis of 
related diseases, and possessed different •OH-responsive mechanisms. 
Lu et al. proposed a hole transfer mechanism to explain the fluorescence 
enhancement of CdTe QDs in •OH solution.[78] The •OH donates holes 
to the valence band of CdTe upon contact, which increases the density of 
excitons and the possibility of recombination. As a result, the fluores-
cence of CdTe QDs is gradually enhanced in response to an increasing 
concentration of •OH. Similarly, Wang et al. showed the fluorescence 
enhancement of Mn-doped Si QDs in the presence of •OH based on 
electron donation from radicals to the conduction band of the QDs.[79] 
In addition, the oxidation of QDs could also lead to so-called oxidation- 
induced quenching (OIQ) of the fluorescence. Zhou and co-workers 
found that the S-QDs were easily decomposed by •OH due to the 
oxidation and their fluorescence was quenched accordingly.[80] As for 
NCs, the aggregation-caused quenching (ACQ) effect was a widely used 
mechanism. Shao et al. demonstrated a ratiometric method for •OH 
detection by using denatured lysozyme-capped Ag NCs.[81] The dena-
tured lysozyme was cross-linked by •OH and induced aggregation of Ag 
NCs, which mainly contributed to the fluorescence quenching. Mean-
while, the oxidation of Ag(0) in Ag NCs to Ag(I) by •OH was also found 
to be a potential reason for the fluorescence quenching. Like denatured 
lysozyme, oligonucleotides and thiols were also cross-linkable ligands 
by oxidation, which were also feasible for the detection of •OH.[82,83] 
These QDs- and NCs-based nanoprobes have also been applied to bio-
imaging. However, as their excitation wavelength was in the ultraviolet 
(UV) to blue light range, the penetration was limited and, therefore, only 
cell imaging was performed. 

2.2. ClO− -responsive nanoprobes 

Typically, the ClO− is generated by myeloperoxidase-mediated per-
oxidation of chloride ions. Therefore, the elevated level of ClO− is al-
ways associated with the abnormal activation of myeloperoxidase 
during severe infections and coronary artery disease. Therefore, it is also 

a valuable indicator for early diagnosis or classification of various dis-
eases. Compared to the •OH, the ClO− have longer lifetime in biofluidic 
samples, therefore, the nanoprobes would be useful for both in vitro 
serodiagnostics and in vivo bioimaging (Table S2). 

Similar to the lanthanide-doped nanoprobes for •OH detection, the 
FRET mechanism was also a favorable mechanism for the construction 
of ClO− -responsive lanthanide-doped nanoprobes. Zhang et al. first 
demonstrated the feasibility of a rhodamine derivative-modified NaYF4: 
Yb,Er,Tm nanoprobe for ClO− detection. Subsequently, cyanine deriv-
ative,[84] metal complexes,[85,86] and MoS2 nanosheets[87] were also 
utilized to construct ClO− -responsive lanthanide-doped nanoprobes. 
Following the same FRET mechanism, some QD-based nanoprobes were 
also constructed with Ag nanoparticles,[88] azobenzene derivative,[89] 
and curcumin[90] as energy acceptor. Utilizing these nanoprobes, im-
aging of ClO− in various cells, zebrafish, and mouse was realized, while 
many disease models (e.g., arthritis, inflammation, and hepatitis) were 
established and successfully diagnosed. 

However, the traditional FRET-based nanoprobes are limited by the 
maximum fluorescence recovery; the energy acceptor quenches the 
fluorescence of the nanoprobe, so the possible maximum of fluorescence 
would be that of the original ones, which would reduce the response 
range for ClO− detection. The traditional idea was to coat an inner or 
sensitizing layer on the lanthanide-doped nanoprobe to minimize sur-
face defects and energy immigration to enhance the fluorescence, but 
the effect was quite limited.[91,92] In view of this, a dye-sensitized (DS) 
mechanism was introduced to the construction of ClO− -responsive 
lanthanide-doped nanoprobes. It was originally a practical strategy in 
solar cells to improve the light-harvesting efficiency. Here, the modified 
dye absorbs the excitation and then transfers the harvested photoenergy 
to the neighboring lanthanide ions (Fig. 4A). Therefore, the lanthanide 
ions are excited more effectively and the fluorescence is enhanced more 
significantly. Chen and co-workers reported IR808 dye-sensitized 
NaGdF4:Yb,Er@NaGdF4:Yb nanoprobe for HClO detection.[93] Under 
808 nm laser irradiation, IR808 dye absorbed the photoenergy and then 
transfers it to Yb3+ and Er3+, emitting strong green fluorescence 

Fig. 3. (A) UV–vis-NIR spectra and photograph (insert) of rUCNP, oUCNP, and oUCNP treated with GSH and AA. (B) Monitoring 800 nm/540 nm of rUCNP recycled 
50 times. (C) The diagram of •OH ratiometric imaging in vivo. (D) Bright-field, color-mapped luminescence, and merged images of mice with and without receiving 
nano TiO2 injection. The box plot of luminescence intensity and 800 nm/540 nm ratio (insert) in the liver region from D. Reproduced with permission.[77] Copyright 
2017, American Chemical Society. 
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centered at 541 nm. As Yb3+ cannot be directly excited by 808 nm 
irradiation, the 808 nm excited green fluorescence depends on the 
modified IR808 dye. When IR808 dye is decomposed by HClO, the green 
fluorescence excited by 808 nm is significantly quenched. At the same 
time, the 980 nm-excited green fluorescence, based on the direct ab-
sorption of Yb ions, is not affected by this change. Therefore, sensitive 
detection of ClO− could be realized by using 808 nm-excited and 980 
nm-excited green fluorescence as working fluorescence and reference 
fluorescence, respectively. After the successful implementation of the 
dye-sensitization strategy, the same group further proposed to enhance 
the fluorescence emission of the nanoprobes by using the heavy atom 
effect (Fig. 4B – F).[94] Similarly, Cy787,[95] IR 845,[96] and IR 792 
dyes[97] were also applied to sensitize the lanthanide-doped nanoprobe 
for ClO− detection, which combined both low detection limit and wide 
linear range. 

However, although the dye-sensitization strategy improved the 
detection performance and benefited in vitro serodiagnosis, the working 
emissions were typically in the visible range, which would be unfavor-
able for bioimaging in vivo due to strong scattering. In view of this, 
Zhang et al. established a Cy7.5 dye-sensitized NaYF4:Er@NaYF4 
nanoprobe, emitting fluorescence in the short-wave infrared (SWIR) 
range under either 808 nm or 980 nm irradiation (Fig. 5A).[98] 
Compared with the fluorescence in the visible and NIR range, the SWIR 
fluorescence can realize precise imaging of ClO− in vivo, with a notable 
resolution of ~477 μm and penetration of 3.5 mm. Therefore, by using 
this nanoprobe, it is practical to diagnose lymphatic inflammation in 
mouse model by evaluating the concentration of generated ClO− in 

lymph nodes. Subsequently, they also constructed glass scaffolds con-
taining IR808 dye-sensitized NaErF4@NaYF4 nanoprobes, which were 
applied to provide accurate evaluation of angiogenesis and inflamma-
tion during bone repair (Fig. 5B and C).[99]. 

QDs were also applied for the detection of ClO− , mainly in vitro, 
though based on different responsive mechanisms. Mancini et al. first 
reported the OIQ of CdSe-CdS-ZnS QDs in the presence of ClO− due to 
the chemical oxidation of S and Se atoms on the surface.[100] This 
etching process increases the amount of lattice defects and results in the 
non-radiative relaxation. In addition, they also noticed that the polymer 
coating can reduce the etching effect, which provided a strategy to 
modulate the ClO− responsive property of QDs. Huang and co-workers 
further studied the influence of polymer on the etching effect in detail. 
[101] QDs with a polymer protection bearing alkylamines or thiols 
showed lower sensitivity to ClO− than those bearing N(CH3)2 groups, 
since functional groups can be reduced. Considering both sensitivity and 
cellular uptake, poly(maleic anhydride-alt-1-octadecene) was chosen to 
modify the QDs for ClO− imaging in cells. These results guided the 
following construction of ZnO,[102] MoS2,[103] and WSe2 QDs[104] 
for OIQ-based ClO− detection and imaging. Another interesting ClO− - 
responsive mechanism for QD nanoprobes is electron transfer from the 
conduction bands of Si QDs to electron-deficient ClO− .[105]. 

Apart from the QDs, the metal NCs can also be oxidized and etched 
by ClO− . Benefiting from their high surface area, the metal atoms on the 
NCs were highly active and thereby could be oxidized and ionized in the 
presence of ClO− , generating defects and resulting in fluorescence 
quenching. Therefore, the Ag,[106] Cu,[107] Au,[108] and AuAg NCs 

Fig. 4. (A) Schematic illustration of analyte-dependent energy transfer in NIR dye-sensitized upconversion nanoprobes, showing the composition of 980/808 nm 
dual-excitation nanoprobes and the mechanism of dye-sensitized upconversion fluorescence quenching by ClO− . Energy transfer landscape, indicating intersystem 
crossing of NIR dye from the singlet (S1) to the triplet state (T1) before transfer to lanthanides. Reproduced under CC-BY 4.0 license.[93] (B) Schematic illustration of 
the intersystem crossing from S1 to T1 of IR808 due to the heavy atom effect of CsLu2F7:Yb/Er nanoprobes. (C) Femtosecond transient absorption spectra of free 
IR808 and IR808 in IR808-modified CsLu2F7 nanoprobes, respectively. The curve from blue to orange shows the stimulated emission at different delay times. (D) 
Kinetic curves of free IR808 and IR808 in IR808-modified CsLu2F7, NaYF4 nanoprobes probed at the stimulated emission center (822 nm), respectively. (E) Inter-
system crossing efficiency of the IR808 on the surface of a series of nanoprobes from NaYF4 to CsLu2F7 with different concentrations of Lu3+ and Cs+. (F) Time- 
resolved fluorescence spectra (delay time = 150 ms, gate time = 1 ms) of IR808-modified CsLu2F7 and CsLu2F7:Yb NCs upon excitation at 808 nm. Reproduced 
with permission.[94] Copyright 2022, Wiley-VCH. 
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[109] were also explored as OIQ-based nanoprobes for ClO− detection. 
Notably, the visible fluorescence of NCs can be captured by the naked 
eye and smartphone camera, which enables point-of-care and in-field 
detection of ClO− . He and co-workers used a smartphone to record 
and analyse the fluorescence of QDs.[110] By taking photos of NC dis-
persions under daylight and 365 nm UV light, the ClO− concentration 
could be semi-quantified according to the fluorescence intensity. How-
ever, most of the ClO− -responsive nanoprobes were based on oxidation, 
which made them suffere from •OH interference. 

2.3. H2O2-responsive nanoprobes 

H2O2 plays a vital role in most biological processes. It is not only a 
biomarker for diseases, but also an indicator of the concentration of 
other biomolecules and the activity of enzymes. Compared to •OH and 
ClO− , many more inorganic fluorescent nanoprobes have been devel-
oped for H2O2 (Table S3). Most H2O2-responsive lanthanide-doped 
nanoprobes were based on the FRET and IFE mechanisms by using 
different dyes,[111–115] semiconductor nanomaterials,[116–118] and 
metal nanomaterials,[119] similar to the previously discussed •OH– and 
ClO− -responsive nanoprobes. Zhou and co-workers developed cyanine 
derivative-modified NaYF4:Yb,Er,Tm nanoprobes for H2O2 imaging in 
inflammation models on cells, mice, and zebrafish.[111] The immune 
response induced by phorbol-12-myristate-13-acetate was monitored by 
using the H2O2-responsive ratiometric fluorescence of nanoprobes. To 
improve the tissue penetration and spatial resolution, Zhang et al. pro-
posed an Er-sensitized NaErF4:Ho@NaYF4 nanoprobe with modification 
by the H2O2-responsive dye IR1061.[115] The nanoprobe was excited 

by 1530 nm irradiation and emitted two fluorescence bands in the NIR 
second window (NIR II) centered at 980 nm and 1180 nm, which can 
indicate the H2O2 concentration through oxidation of the IR 1061 dye. 
By doping the nanoprobe onto a microneedle patch, high-resolution 
detection of H2O2 and dynamic inflammation monitoring could be 
realized in vivo (200×200 μm). The QD- and NC-based nanoprobes were 
also constructed in a similar manner. For example, Dong et al. used Au 
nanoparticle-modified CdTe QDs to detect H2O2 through the IFE.[120] 
The AuCl4− was reduced by H2O2, inducing the growth of Au nano-
particles and the increase of absorbance at 520 nm. Then, the fluores-
cence of CdTe QDs was quenched by competitive absorption. Nyokong 
et al. developed FRET-based nanoprobes based on the conjugation of 
CdTe-ZnS QDs to different H2O2-responsive metal tetraamino- 
phthalocyanines and compared their difference on sensitivity and 
selectivity.[121] Chu et al. demonstrated tetramethyl benzidine (TMB)- 
modified Au NCs for H2O2 detection.[122] The Au NCs served as H2O2 
catalysts, which induced oxidation of TMB and quenched the fluores-
cence of Au NCs. Compared to other energy acceptors, MnO2 nano-
materials were the most widely used. Prasad et al. constructed MnO2 
nanosheets modified with NaYF4:Yb,Er@NaYF4:Yb,Nd nanoprobes for 
H2O2 detection.[123] The MnO2 nanosheet could be decomposed by 
H2O2 and release Mn2+, which resulted in fluorescence recovery 
(Fig. 6A). However, most remarkable in this approach is the ability of 
the released Mn ions to act as a catalyst for the decomposition of 
hydrogen peroxide. 

2.3.1. H2O2-responsive imaging-guided tumor treatment 
Due to the limited oxygen delivery and rapid metabolism, the 

intratumoral H2O2 level is elevated, which has been explored as a po-
tential target for tumor treatment.[124] In tumors, the MnO2 de-
composes, which not only allows fluorescence imaging for tumor 
diagnosis, but it can also catalyze the decomposition of endogenous 
H2O2, generating oxygen, alleviating the intratumoral hypoxia, and 
sensitizing it to oxygen-dependent tumor treatment. Shi et al. used MnO2 
nanosheet-modified NaYF4:Yb,Er,Tm nanoprobes to improve the intra-
tumoral oxygen content and enhance radiotherapy (Fig. 6B).[125] 
Zhang and Xing reported MnO2 nanosheet-modified NaYF4:Yb, 
Tm@NaYF4 and MnO2 nanosheet-modified NaYF4:Yb,Tm,Nd@NaYF4: 
Nd nanoprobes to sensitize the tumor for photodynamic therapy. 
[126,127] In addition, utilizing the paramagnetism of Mn2+, Lin et al. 
further demonstrated a mesoporous MnO2-coated NaGdF4:Yb,Er 
nanoprobe for H2O2-activated T1-weighted magnetic resonance imaging 
(MRI) to provide information with high spatial resolution, which was 
complementary to fluorescence imaging with high temporal resolution. 
[128] Therefore, the use of MnO2 as an energy acceptor allows the 
expansion from tumor diagnostics to therapy. Similarly, QDs[129–132] 
and NCs[133,134] were also functionalized with MnO2 nanomaterials as 
FRET-based H2O2 nanoprobes for in vitro detection and in vivo imaging. 
For example, Sun et al. showed MnO2 nanosheet-modified Ag2Se QDs for 
the NIR II fluorescence imaging of H2O2 and production of oxygen inside 
the tumor for radiotherapy sensitization (Fig. 6C – F).[131] Therefore, 
with a rationally designed chemical composition, H2O2-responsive 
fluorescent nanoprobes are feasible for tumor imaging-guided treat-
ments that use elevated intratumoral H2O2 levels as a target. 

2.3.2. Enzyme-based detection of other biomolecules 
Beside tumor treatment, another important application for these 

H2O2-responsive fluorescent nanoprobes is the detection of other bio-
molecules based on enzymatic reactions (Table S4). Among all the 
different reactions, glucose oxidase-catalyzed oxidation of glucose is the 
most studied. On the one hand, glucose is the essential indicator to 
evaluate the onset and progression of diabetes, one of the most 
dangerous metabolic diseases of the last decades. On the other hand, this 
reaction is thoroughly studied and therefore a typical model for enzyme- 
based biodetection. Chu et al. utilized MnO2 nanosheet-modified NaYF4: 
Yb,Tm@NaYF4 for the detection of glucose in blood using glucose 

Fig. 5. (A) Schematic illustration of the ratiometric response of DCNP@Cy7.5 
to HOCl based on an absorption competition-induced emission mechanism. 
When excitation is performed in the absorption overlapping region (808 nm), 
the fluorescence of DCNPs is quenched due to the energy filtration of excitation 
light by strongly absorbing Cy7.5. The quenching process is reversed after the 
degradation of Cy7.5 by HOCl oxidation. In the absorption non-overlapping 
region, the fluorescence of DCNPs under 980 nm excitation is unaffected, 
thus providing a ratiometric readout. Reproduced with permission.[98] Copy-
right 2019, American Chemical Society. (B) Schematic illustration of angio-
genesis monitoring (i) and cranial window (ii), absorption and emission spectra 
(iii) of ErNPs and LZ-1105. (C) NIR-II fluorescence images of neovascularization 
in the bone defect region at different time points. Reproduced with permission. 
[99] Copyright 2022, American Chemical Society. 
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oxidase (GOx).[135] This nanoprobe possessed a low detection limit of 
3.7 μM in buffer and can vary in blood samples. However, as the MnO2 
can also be degraded by biothiols, which will be discussed later, this 
nanoprobe would be significantly affected by the high concentrations of 
GSH and cysteine in biofluids. Therefore, better energy acceptors were 
developed for glucose-responsive lanthanide-doped nanoprobes, such as 
Ag nanoparticles,[136] Au nanoparticles,[137] a squaric acid-Fe(III) 
complex,[138] and dopamine.[139] These energy acceptors provided 
better selectivity to the nanoprobes as they were not sensitive to bio-
thiols. In addition, the joint use of multiple enzymes can also improve 
the selectivity.[140,141] Wang et al. reported the combination of GOx, 
horseradish peroxidase (HRP), TMB, and NaYF4:Yb,Er for the detection 
of glucose.[140] The GOx catalyzed the oxidation of glucose to produce 
H2O2 as a byproduct, which can oxidize TMB through a HRP-catalyzed 
reaction. Since the TMB was inert to most biomolecules, the enzymatic 
cascade reaction is orthogonal to the cell metabolism due to the high 
selectivity of GOx and the reactivity of TMB in presence of HRP. Rhee 

et al. used the same cascade reaction and CdSe-ZnS QDs for glucose 
detection.[142] The HRP-induced H2O2 decomposition directly resulted 
in the oxidation of the QDs, forming the oxidation defects and quenching 
the fluorescence. Su et al. further utilized Fe3O4 to replace HRP in this 
cascade reaction and realized much more sensitive glucose detection. 
[143] Following a similar thought, H2O2-responsive nanoprobes have 
also been developed for the detection of alcohol,[144] uric acid, 
[145,146] lactate,[147,148] choline,[149,150] acetylcholine, 
[134,149,151] and xanthine[152] by using corresponding enzymes. 
Notably, recent works paid more attention on the sustainability and 
construction of devices. For example, Willner et al. presented DNA- 
stabilized Ag NCs as a reversible H2O2 nanoprobe.[153] In the pres-
ence of H2O2, oxidative traps formed on the surface and the fluorescence 
of Ag NCs was quenched, but this oxidation process could be reversed by 
using ascorbic acid. However, due to material limitations, the fluores-
cence of Ag NCs could be quenched by quinones, resulting in a reduced 
selectivity. In addition, Koh et al. constructed a microfluidic bioassay 

Fig. 6. (A) Schematic diagram of H2O2-responsive UCNPs-MnO2. Reproduced with permission.[123] Copyright 2018, American Chemical Society. (B) Confocal laser 
scanning microscopy images of hc-4 T1 cells after incubation with UCSMs for 8 h (left) and 20 h (right), respectively. The nucleus is stained with DAPI to emit blue 
luminescence while the UCNP core of UCSMs could emit yellow luminescence (merging of green and red luminescence) upon NIR excitation. Reproduced with 
permission.[125] Copyright 2015, Wiley-VCH. (C) Schematic illustration of oxygen self-supply nanoprobe emitting in the NIR-II window to guide and enhance 
radiotherapy by promoting anti-tumor immunity. (D) Fluorescence imaging of mice after intravenous injection of Mn-doped nanoprobes at time intervals of 24 h. (E) 
Tumor volume growth curves of different groups of mice during 14 days after various treatments. (F) Photos of excised tumors from mice on day 14 after different 
treatments. Reproduced with permission.[131] Copyright 2021, Wiley-VCH. 
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based on hydrogel entrapping glucose oxidase and alcohol oxidase- 
conjugated QDs (Fig. 7).[144] The hydrogel arrays were prepared by 
photolithography in the microchannels, generating multi-color patterns 
for simultaneous detection of glucose and alcohol. 

2.4. Onoo–-responsive nanoprobes 

ONOO–, one of the most typical RNS, is also associated with many 
different diseases, especially chemical liver injury, for example, the 
apoptotic hepatocytes will activate the Kupffer cells in response to 
overdose of paracetamol and trigger the generation of RNS. In contrast 
to •OH, the oxidative property of ONOO– is more selective to specific 
organic structures and functional groups. Therefore, more attention has 
been paid to the design and construction of ONOO–-responsive mole-
cules, and thus most inorganic fluorescent nanoprobes for ONOO– 

detection are conjugated with organic dyes based on the FRET mecha-
nism (Table S5). Peng et al. designed a ONOO–-responsive cyanine de-
rivative and conjugated it with NaYF4:Yb,Tm@NaYF4 nanoparticles. 
[154] The fluorescence intensity of the nanoprobe was positively 
dependent on the ONOO– concentration, which would be useful to 
indicate paracetamol-induced hepatotoxicity. With a similar thought, 
the same group developed many different ONOO–-responsive dyes for 
functionalization of lanthanide-doped nanoparticles to improve selec-
tivity and sensitivity, such as pyran,[155] quinoneimine,[156] and 
other cyanine derivatives.[157]. 

In addition, Wang et al. tuned the working and reference emission to 
the NIR II wavelength range to improve tissue penetration for in vivo 
ONOO– imaging.[158] By constructing an A1094 dye-conjugated 
NaErF4@NaYF4@NaYF4:Nd@NaYF4, the two NIR II fluorescence emis-
sions centered at 1060 nm, the ONOO–-responsive working emission, 
and 1550 nm, the reference emission, were combined for ratiometric 
imaging and diagnosis of hepatotoxicity in a mouse model. To simplify 
the chemical structure of the nanoprobe, they utilized QDs to replace the 
complex core-multi-shell lanthanide-doped nanoparticles as the fluo-
rescence donor. By using the same A1094 dye as the fluorescence 
acceptor, a Ag2S QDs-based nanoprobe was constructed to study the 
generation of ONOO– in traumatic brain injury (Fig. 8).[159] Instead of 
studying the structure of the nanoprobe, Wang and co-workers paid 
more attention to expanding the application scenario of these ONOO–- 
responsive nanoprobes, including ischemic stroke,[160] acute myeloid 
leukemia,[161] and peripheral vascular disease.[162]. 

2.5. Inorganic fluorescent nanoprobes for other biological oxidants 

In addition to those specifically introduced above, inorganic fluo-
rescent nanoprobes that respond to other biological oxidants are also 

available, but only limited work exists. For example, Han et al. 
demonstrated the application of Au NCs for cell imaging of superoxide 
anion radicals (•O2

–), which was realized by the fluorescence quenching 
effect of •O2

– due to the oxidation of Au atoms in NCs.[163] Wang et al. 
reported a carbon nanodot-functionalized CdTe QDs for visual detection 
of NO2 with a low limit of detection of ~19 nM, which would be useful 
for point-of-care serodiagnosis of NO2-related diseases.[164]. 

3. Reductant-responsive nanoprobes 

3.1. Biothiol-responsive nanoprobes 

Biothiols are a class of biomolecules that contain sulfhydryl groups, 
which play a vital role in regulating cellular redox balance, maintaining 
the tertiary structure of proteins, and in detoxification processes. Among 
them, three have attracted the most attention due to their characteristic 
functions, namely cysteine (Cys), homocysteine (Hcy), and reduced 
glutathione (GSH). Therefore, most of the biothiol-responsive nanop-
robes were designed trageting these three biomolecules. 

3.1.1. Cys/Hcy-responsive nanoprobes 
Cys is an amino acid necessary for cell regeneration, while Hcy, with 

only one additional methylene group in its chemical structure, is an 
experimental indicator of cardiovascular diseases such as coronary ar-
tery disease and pulmonary embolism. The design of both Cys- and Hcy- 
responsive nanoprobes always focuses on their sulfhydryl, which is a 
strong reducing functional group (Table S6). Li et al. constructed yolk- 
shell NaLuF4:Yb,Er,Tm nanoparticles to encapsulate Cys/Hcy recogni-
tion dyes for the construction of a FRET-based nanoprobe.[165] 
Compared with other structures, this yolk-shell nanoparticle can afford 
more dyes in its hollow interior, thus showing excellent FRET efficiency. 
Although it cannot identify Cys and Hcy well, Cys imaging in cells was 
still realized as the concentration of Hcy in normal cells is quite low. 
Afterwards, some similar FRET-based nanoprobes were presented, based 
on lanthanide-doped nanoparticles, but the selectivity did not improve. 
[166,167] Similarly, QDs were used for Cys/Hcy detection based on the 
FRET mechanism.[168] Not surprisingly, the mechanism becomes 
different when it comes to NCs. Shang and Dong studied the fluores-
cence of Ag NCs in the presence of Cys and proposed the mechanism of 
the fluorescence quenching effect.[169] The Ag atoms on the surface of 
the NCs formed Ag-S bonds with Cys and became reactive, which made 
them much easier to be oxidized by the dissolved oxygen in water, 
thereby inducing the fluorescence quenching. Since the concentration of 
Cys in biofluids is significantly higher than that of Hcy, up to date, there 
are no reliable inorganic fluorescent nanoprobes that can identify Hcy 
without any influence from Cys in biofluids. 

Fig. 7. (A) Schematic illustration of fabricating arrays of hydrogel microstructures entrapping QD-enzyme conjugates in microfluidic devices. (B) Light-field and (C) 
fluorescence image of six microchannels incorporating hydrogel microarrays entrapping QD-GOx (green) and QD-AOx conjugates (red). Fluorescence images ob-
tained after filling the microchannels with (D) glucose only solution or (E) alcohol only. Reproduced with permission.[144] Copyright 2012, Elsevier Ltd. 
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3.1.2. GSH-responsive nanoprobes 
GSH is a tripeptide biothiol consisting of cysteine, glutamic acid, and 

glycine. It is abundant in living organisms and plays a vital role in 
detoxification, maintaining cellular redox balance, and protecting cells 
from oxidative stress. 

Deng and co-workers reported the MnO2 nanosheet-modified NaYF4: 
Yb,Tm nanoprobe for imaging of GSH in cells.[170] Like those MnO2- 
modified nanoprobes with H2O2 responsive property, the MnO2 nano-
sheet was decomposed by GSH, which resulted in fluorescence recovery 
and can show the GSH distribution in cells. Based on a similar FRET 
strategy, many GSH-responsive nanoprobes were constructed by using 
lanthanide-doped nanoprobes[171–173] and QDs.[174–176] When it 
came to NCs, the GSH-responsive mechanism was different. Chen et al. 

observed that the in the presence of GSH, the fluorescence of histidine- 
capped Au NCs was significantly and linearly enhanced. To explain this 
phenomenon, they proposed that the GSH replaces the histidine cap on 
the surface of Au NCs through the formation of Au-S bonds, and then 
donates electrons to the Au NCs, which not only minimizes the surface 
quenching effect but also increases the probability of radiative recom-
bination.[177] Following this mechanism, Au NCs with other capping 
were also explored as nanoprobes for GSH detection and imaging. 
[178,179] Further efforts have been made to bioimage GSH in vivo. To 
improve the sensitivity of the nanoprobe to the intratumoral GSH level, 
Liu et al. proposed a Cy-GSH dye-modified NaYF4:Yb,Er@NaYF4:Nd 
nanoprobe based on dye-sensitization strategy, which achieved a 
significantly improved signal-to-background ratio of ~30 (Fig. 9A and 

Fig. 8. (A) Time course of NIR-II fluorescence in mice with vascular brain injury and healthy mice at different time points after injection of V@Ag2S, V&A@Ag2S, 
and A@Ag2S. (B)Time-dependent signal-to-noise ratio changes determined by the NIR-II fluorescence imaging of mice after different treatments. Reproduced with 
permission.[159] Copyright 2020, Wiley-VCH. 

Fig. 9. (A) Schematic illustration of the construction of Cy-UCNPs probes and the detection of GSH by target-modulated sensitization. (B) In vivo upconversion 
fluorescence images after injection of 50 μL Cy-UCNPs (20 mg kg− 1 body weight) for 1 h in tumor tissues (red arrows) and opposite normal tissues (green arrows). 
The mice were preintravenously injected with 50 μL saline (a) or 50 μL N-methylmaleimide (20 mg kg− 1 body weight) (b) 20 min before Cy-UCNPs injection. 
Reproduced with permission.[180] Copyright 2018, American Chemical Society. (C)Schematic illustration of the blinded study of eight tumor-bearing mice. (D)NIR- 
II luminescence lifetime images of tumor bearing mice. (E)Luminescence lifetime distribution of the eight tumors. Reproduced with permission.[182] Copyright 
2022, Wiley-VCH. 
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B).[180]. 

3.1.3. GSH-responsive tumor treatment 
Notably, GSH levels in blood and major organs are relatively high 

(25 – 1000 μM), and are significantly elevated in malignant tumors 
(>3000 μM) due to intratumoral hypoxemia and inflammation. There-
fore, GSH-responsive nanoprobes are more likely to be used in selective 
imaging of tumors and guidance of therapy (Table S7). Lin et al. reported 
a Pt(IV) complex-functionalized NaYF4:Yb,Tm nanoprobe for GSH- 
responsive bioimaging and chemotherapy of tumors.[181] The ultravi-
olet and blue emissions of Tm were quenched by Pt(IV) complex, and 
recovered in the presence of GSH as the Pt(IV) complex was reduced to 
cisplatin. The produced cisplatin was a typical chemo-drug that will 
induce apoptosis of tumor cells, thereby realizing fluorescence imaging- 
guided chemotherapy in vivo. As the unavoidable and inhomogeneous 
signal intensity attenuation hampers the quantification of GSH con-
centration, the fluorescence intensity always leads to false results in 
deep tissue. In view of this, Chen et al. demonstrated a series of 
lanthanide-doped nanoprobes for the quantification of GSH in vivo.[182] 
The energy transfer to MnOx reduced the fluorescence lifetime of the 
lanthanide-doped nanoprobe, and was blocked when MnOx was reduc-
tively decomposed by GSH. Therefore, in the presence of GSH, the 

lifetime of MnOx-modified lanthanide-doped nanoprobes increased and 
was linearly related to the GSH concentration. The lifetime was an 
intrinsic property of the nanoprobe that was not affected by the absor-
bance and scattering of biosamples and thereby allowed quantitative 
analysis in deep tissues (Fig. 9C and D). By analyzing the fluorescence 
lifetime of nanoprobes in tumors, the intratumoral redox state can be 
detected non-invasively in real-time, which has been used for subse-
quent therapeutic guidance for precise tumor treatment (Fig. 9E). 

Although intratumoral GSH can be quantified through imaging and 
is available to guide tumor treatment, the previous works neglected the 
individual differences in intratumoral conditions, which are quite 
common in the solid tumor cases due to their unpredictable intratumoral 
oxidative stress. It leads to unpredictable therapeutic performance. 
Consequently, we proposed a customized photothermal therapeutic 
mode to meet individual treatment demands.[183] The intratumoral 
GSH levels were individually determined by fluorescence imaging and 
linked to the GSH-dependent photothermal conversion property of the 
nanoprobe. To guide the treatment, we constructed nine tumor models 
with different redox states and nanoprobe accumulations and measured 
temperature changes under different laser prescriptions as a reference 
(Fig. 10A). Based on these results, an individual laser prescription, 
including laser power density and irradiation time, is determined for 

Fig. 10. (A) The Eigen temperature (E.T.) of rRE-SiMo under different irradiation power density and time in vivo. The rRE-SiMo was formed in situ in nine typical 
intratumoral conditions with two variable factors including intratumoral (GSH) and accumulated (RE-SiMoVI). (B) Scheme of optimization of irradiation prescription 
(irradiation power density and time) for customized photothermal therapy of randomly selected mice. (C) The E.T. of rRE-SiMo in three randomly selected mice after 
receiving customized irradiation and unified high or low irradiation prescriptions (non-customized). The E.T. in the effective range (42–45 ◦C) is outlined by a dark- 
red dotted line. The E.T. outside the effective range is marked by a red cross. Reproduced with permission.[183] Copyright 2021, Wiley-VCH. Difference in (D) tumor 
size, (E) viability, and (F) body weight change of mice after 12 days receiving non-uniform irradiation according to the customized prescription (n = 10). Mice 
receiving uniform high and low irradiation were used for comparison. Reproduced with permission.[184] Copyright 2023, Wiley-VCH. 
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each case to raise the temperature to a safe range for therapy (42–45 ◦C); 
that is, a stronger laser and longer irradiation time were used for the 
cases with lower intratumoral GSH levels, while weaker and shorter 
irradiations were used for the higher cases (Fig. 10B and C). Thus, all 
cases received effective photothermal treatment with less risk of over-
treatment. In a further step, we expanded the customized therapeutic 
strategy to the GSH difference between multiple tumors in the same 
individual.[184] Customized laser prescriptions were established for 
each tumor and performed by using a self-constructed laser array. By 
utilizing the synergistic effect of photothermal therapy and chemo-
therapy, simultaneous and efficient treatment of multi-tumor cases was 
successfully achieved (Fig. 10D – F). 

Due to their characteristic sulfhydryl group, biothiols could be 
distinguished from other biological reductants. However, it is still 
difficult to selectively identify individual biothiols because all of their 
reducing properties contribute to the sulfhydryl group, which would be 
unfavorable for biodetection and precise diagnosis.[185–188]. 

3.2. Ascorbate-responsive nanoprobes 

Unlike biothiols, ascorbates are not endogenous biological re-
ductants in the human body due to lack of L-gulonolactone oxidase. 
However, it is involved in many biological processes (e.g., biosynthesis 
of norepinephrine as a cofactor of dopamine β-hydroxylase) and is 
associated with various diseases (e.g., scurvy). Therefore, it is widely 
used in dietary supplements, whereas ascorbate-responsive nanoprobes 
can indicate disease progression and evaluate health status (Table S8). 

Sakka et al. reported a CePO4:Tb nanoprobe for the determination of 
ascorbate.[189] In the presence of KMnO4, the Ce3+ in the nanoprobe is 
oxidized to Ce4+, resulting in the reduction of energy transfer from Ce3+

to Tb3+ under UV excitation. Similarly, Yan et al. demonstrated KMnO4- 
treated CdTe QDs as ascorbate nanoprobes by using the reversible Te2− - 
Te4+ cycle.[190] Therefore, the fluorescence was quenched and can be 
recovered by adding reducing agents, such as ascorbates. Then, Chu 
et al. constructed a FRET-based nanoprobe for ascorbate determination 
by using CoOOH nanosheet as an energy acceptor, which is quite similar 
to their MnO2-functionalized H2O2-responsive nanoprobe.[191] By a 
similar thought, Au NCs with L-DOTA-Fe(III) complex and MnO2 as 
energy acceptor were also established by Sony’s and Wang’s groups. 
[192,193] Apart from the above two mechanisms, Liang et al. demon-
strated an unusual dye-sensitization method to selectively detect 
ascorbate over other reductants. They prepared a CyBSO-sensitized 
NaYF4:Yb,Er nanoprobe and found that its fluorescence can be 
enhanced by triethylamine because it increases the nucleophilicity of 
the solvent and leads to dye shedding from the nanoparticles. However, 
ascorbate can react with triethylamine and eliminate this effect, thereby 
quenching the dye-sensitized fluorescence. Since other biological re-
ductants, such as the studied Cys, did not react with triethylamine, this 
nanoprobe showed extraordinary selectivity for ascorbate.[194] 
Another interesting approach was made by Nie and co-workers by 
realizing imaging of ascorbate in cells and living animals.[195] They 
constructed a dual-emitting Au NCs-PbS QD nanocomposite as the 
ascorbate-responsive nanoprobe. The fluorescence of PbS QDs at 813 nm 
is quenched by ascorbate due to electron transfer, while the fluorescence 
of Au NCs at 640 nm remained stable, which enabled the ratiometric 
imaging of ascorbate in vivo. 

Notably, like the H2O2-responsive nanoprobes, the ascorbate- 
responsive nanoprobes can also be used to evaluate enzymatic activ-
ity. Jin et al. noticed that alkaline phosphatase can induce the hydrolysis 
of L-ascorbic acid 2-phosphate and produce ascorbate.[196] Therefore, 
the activity of alkaline phosphatase, which is a clinical indicator of liver 
injury, can be determined using ascorbate-responsive CdSe-ZnS@Au 
hybrid nanoprobes. By tracking the change in the fluorescence signal, 
the activity of alkaline phosphatase can also be monitored by fluores-
cence imaging in cells. 

3.3. Inorganic fluorescent nanoprobes for other biological reductants 

In addition to biothiols, NAD(P)H and flavin derivatives are impor-
tant endogenous biological reductants. Since they always act as co-
factors in enzymes, the determination of NADH and flavin derivatives is 
also useful to evaluate the enzymatic activity. Willner and co-workers 
applied Nile Blue-functionalized CdSe-ZnS to determine NADH levels 
in the NAD+-dependent biotransformation process of alcohol dehydro-
genase and D-glucose.[197] It can monitor the biocatalytic reaction in 
vitro as well as the intracellular metabolic pathway through fluorescence 
imaging. As for the flavin derivatives, due to their conjugated structure, 
they have strong absorbance in the blue spectral region and are them-
selves energy acceptors for fluorescence detection. For example, 
Natrajan et al. used the blue emission of Gd4O2S:Yb,Tm at 475 nm to 
detect flavin mononucleotide (FMN) by FRET.[198] Since the reduced 
form of FMN is colorless, this nanoprobe can also report the turnover of 
flavoproteins (e.g., pentaerythritol tetranitrate reductase). Interestingly, 
the same group used a similar strategy to achieve fluorescence detection 
of NADPH that uses flavoenzyme pentaerythritol tetranitrate reductase 
as the energy acceptor of the Gd4O2S:Yb,Tm-based nanoprobe.[199]. 

Phenols are another important type of exogenous biological re-
ductants other than ascorbates, which are important as dietary supple-
ments and pharmaceuticals. Wang et al. reported the detection of 
chlorogenic acid and oligomeric procyanidins using a square acid-Fe(III) 
complex-functionalized NaYF4:Yb,Tm nanoprobe.[200] The poly-
phenols can reduce Fe3+ in the complex, decrease the IFE effect, and 
induce the recovery of fluorescence. However, it suffered from the 
interference of stronger biological reductants, such as reduced gluta-
thione and ascorbic acid, resulting in poor selectivity of this nanoprobe. 

4. Summary and conclusion 

The above examples show that different types of inorganic fluores-
cent nanoprobes have their own specific advantages. First, we compared 
their fluorescence properties by counting their excitation and emission 
wavelengths. In terms of excitation wavelengths, the vast majority of 
redox-responsive lanthanide-doped nanoprobes are excited in the NIR 
region, whereas the excitation wavelengths of QDs and NCs are gener-
ally distributed in the visible region (Fig. 11A). In contrast, the primary 
fluorescence emission ranges of the three probes are essentially the same 
(Fig. 11B). It is noteworthy that lanthanide-based systems can only be 
excited at a few specific wavelengths, which have a similar semi-linear 
character as their emission. This is mainly caused by the discontinuity 
in the 4f electronic energy level of the lanthanide ions. Therefore, QDs 
and NCs are more flexible, with continuously tunable excitation and 
emission wavelengths, and are relatively more user-friendly. Consid-
ering the fact that tissues scatter and absorb NIR light weakly and that 
the majority of biomolecules do not fluoresce under NIR excitation, 
lanthanide-doped nanoprobes are more conducive to the detection of 
redox molecules in vivo, enabling diagnostic and imaging-guided tumor 
therapy. For diagnostics at the level of biological fluids, cells, and tissue 
sections, QDs and NCs are more practical, largely due to the fact that 
instruments such as commercially available microplate readers, flow 
cytometers, and microscopes are commonly equipped with visible light 
excitation sources. Fig. 12. 

In addition, we have performed statistical analyses on the response 
mechanisms of the different nanoprobes. The response mechanisms of 
lanthanide-doped nanoprobes are mainly FRET and DS, both of which 
mainly rely on the energy transfer between lanthanide ions and nearby 
response groups. Therefore, lanthanide-doped nanoprobes are often 
nanocomposites containing a pair of rare-earth doped energy donors and 
energy acceptors modified on the surface. A similar situation occurs for 
QDs, but so far, no redox-responsive QD nanoprobes based on the DS 
principle have been reported, which could be a direction for future 
research. Since QDs and NCs generally contain metal monomers or non- 
metal anions that are susceptible to oxidation, they can be used to 
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construct responsive probes based on the OIQ mechanism. Since 
lanthanide-doped nanoprobes are generally chemically stable and 
typically not undergo redox reactions, OIQ-based construction of 
lanthanide-doped nanoprobes has not been reported so far. However, 
some lanthanide ions, such as cerium ions, are able to participate in 
redox reactions and affect the fluorescence of other lanthanide ions 
through cross-relaxation during valence changes. Therefore, the devel-
opment of OIQ-based lanthanide-doped nanoprobes should also be 
possible. However, the monomers or ions in the probes are oxidized 
during the OIQ process, accompanied by the risk of potential heavy 
metal ion leakage. Therefore, the biosafety of this class of OIQ-based 
nanoprobes needs to be further evaluated. Overall, the redox response 
mechanism of NCs is richer than that of lanthanide-doped nanoprobes 
and QDs. This not only makes it easier to develop redox-responsive NCs, 
but also points a route to use these mechanisms to develop novel redox- 
responsive lanthanide-doped nanoprobes and QDs. 

In short, the advantages of these three probes can be summarized as 
follows: (1) Lanthanide-doped nanoprobes can be excited by the near- 
infrared light and emit semi-linear fluorescence, which benefits in vivo 
bioimaging. (2) QDs are rather inexpensive and have tunable excitation 
and emission wavelengths, which is favorable for practical application. 
(3) NCs show different mechanisms in response to various analytes, 
which brings great opportunity to construct nanoplatforms for orthog-
onal and multiplexed detection. 

5. Perspective 

In this review, we have summarized recent advances in biological 
oxidant- and reductant-responsive inorganic fluorescent nanoprobes for 
diagnostics and treatment. Due to their stable but tunable chemical/ 
physical properties, inorganic fluorescent nanoprobes are favorable for 
bioapplications as they can meet the challenges of complex biological 
conditions⋅H2O2-responsive nanoprobes have the highest translational 

potential for clinical serodiagnostics compared to other oxidant- 
responsive nanoprobes due to the short lifetime of •OH, ClO− , and 
ONOO– in biofluids. In the future, these nanoprobes may replace H2O2- 
responsive indicators in commercially available kits (e.g., TMB in 
enzyme-linked immunosorbent assays), since they can also be used with 
enzymes to detect a wide range of other biomolecules to diagnose 
related diseases. Furthermore, most reductant-responsive nanoprobes 
have potential for clinical serodiagnostic applications. While redox- 
responsive inorganic fluorescent nanoprobes have translational value 
for in vivo imaging, further systematic studies are required to assess their 
biocompatibility, particularly with regards to nanotoxicity. 

To choose an appropriate nanoprobe for a specific application, there 
is more to consider besides its stability in biosystems such as sensitivity 
and selectivity to target molecules, reliability and reproducibility of the 
results, as well as applicability in real practice. For in vivo applications, 
their morphology, surface modification, biocompatibility, and meta-
bolism should also be taken into consideration. Therefore, although 
much attention has been paid to this topic in the last decades, redox- 
responsive inorganic fluorescent nanoprobes still need in-depth explo-
ration to attain usefulness in clinical applications. Here, we would like to 
define and recommend future studies regarding redox-responsive inor-
ganic fluorescent nanoprobes and related bioapplications. The field 
would greatly benefit from addressing the following questions and 
challenges.  

1) The current selection of fluorescent materials is mainly limited to 
rare earth nanomaterials, oxide quantum dots, and noble metal 
nanoclusters, while other materials are less frequently used to 
construct nanoprobes, such as chalcogenide quantum dots with 
excellent fluorescence performance and inexpensive non-rare earth 
transition metal doped materials. An expanded material system will 
provide more options for probe construction to target different bio-
logical applications and meet different application requirements. 

Fig. 11. Excitation (A) and emission wavelength (B) distributions of lanthanide-doped nanoprobes, QDs, and NCs included in this review, based on the data pre-
sented in Tables S1 – S8. 

Fig. 12. Response mechanisms of oxidant-responsive (A) and reductant-responsive nanoprobes (B) included in this review, based on the data presented in Tables S1 – 
S8. FRET: Fluorescence resonance energy transfer; IFE: Inner filter effect; OIQ: Oxidation-induced quenching; ACQ: Aggregation-caused quenching; DS: Dye- 
sensitizing. 
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2) Much of the current work emphasizes probe sensitivity and pays less 
attention to selectivity. However, when assessing diagnostic accu-
racy, too much sensitivity can lead to an increased rate of false 
positives in the diagnosis. Therefore, equal attention should be given 
to both in studies. The current redox-responsive nanoprobes suffer 
from low selectivity because most focus only on their redox property. 
Therefore, more attention should be paid to the characteristic 
properties of the molecule other than redox properties. Synergistic 
determination will be beneficial to obtain better selectivity. For those 
with extremely similar chemical structures (e.g., Cys and Hcy), 
attention could be paid to the structural stability of the intermediate 
formed between them and the recognition group (e.g. ring strain).  

3) A major advantage of inorganic fluorescent nanoprobes is their 
ability to provide real-time information through fluorescence imag-
ing, but most current probes require minute or hourly response 
times, making it difficult to monitor and track molecules. Therefore, 
the development of probes with fast response performance can 
highlight the advantage of inorganic fluorescent nanoprobes. Spe-
cifically, for organic responsive recognition groups, such as •OH- 
responsive cyanine skeletons, the electron density should be 
increased as well as the reactivity with hydroxyl radicals by func-
tional group modification. In addition, by combining high- 
throughput screening techniques and machine learning, improved 
reactivity and response times of the recognition groups can be 
predicted.  

4) For the application of redox-responsive inorganic fluorescent 
nanoprobes in imaging-guided treatment of tumors, current work 
has focused on the construction of novel nanoprobes, while the 
interaction between nanoprobes and tumors has been less studied. 
For example, it is important to know how the levels of redox mole-
cules change over time when the nanoprobes react with them and 
how this change affects the proliferation and metabolism of tumor 
cells. In addition, redox molecules are not only markers of the tumor 
microenvironment, but also have implications in a number of other 
diseases such as inflammation, infection, and diabetes. Therefore, 
nanoprobes may also be used in imaging-guided therapies for dis-
eases other than cancer and deserve to be explored in future work.  

5) There is a lack of systematic studies on biocompatibility, distribution 
and metabolism of the probes. Although some work has initially 
investigated rare earth nanomaterials, quantum dots and clusters, 
their biological behavior may be different as the surface properties of 
the probes become more complex after modification with recogni-
tion groups. Therefore, studying the biological behavior of probes 
will improve bioavailability and benefit biological applications, 
especially therapeutic applications.  

6) For those H2O2-responsive nanoprobes used for various biomolecular 
assays based on enzymatic reactions, endogenous H2O2 will affect 
the assay results and increase the false-positive rates of diagnosis. 
Although it is currently possible to remove endogenous H2O2 by 
adding peroxidase or reducing agents, this adds cost and complexity 
to the assay system. Therefore, the ability to avoid the interference of 
endogenous H2O2 by establishing an internal reference specifically 
for H2O2 or other means will be key to determining the clinical 
reliability of this type of nanoprobes. 
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