Volume 51

Numlber 18

21 September 2022
Pages 7685-8142

Chem Soc Rev

Chemical Society Reviews

e
-«

rsc.li/chem-soc-rev

—

ROYAL SOCIETY
OF CHEMISTRY

s 3
ISSN 0306-0012

TUTORIAL REVIEW

Peng Huang, Xiaoyuan Chen et al.

Management of fluorescent organic/inorganic nanohybrids
for biomedical applications in the NIR-Il region




¥® ROYAL SOCIETY
PP OF CHEMISTRY

Chem Soc Rev

View Article Online
View Journal | View Issue

TUTORIAL REVIEW

Management of fluorescent organic/inorganic
nanohybrids for biomedical applications in the
NIR-Il region

’ '.) Check for updates ‘

Cite this: Chem. Soc. Rev., 2022,
51,7692

Benhao Li,?°“° Mengyao Zhao,1°°“ Jing Lin, * and

Xiaoyuan Chen () *b<d

9 Peng Huang

Biomedical fluorescence imaging in the second near-infrared (NIR-1I, 100-1700 nm) window provides
great potential for visualizing physiological and pathological processes, owing to the reduced tissue
absorption, scattering, and autofluorescence. Various types of NIR-Il probes have been reported in the
past decade. Among them, NIR-II organic/inorganic nanohybrids have attracted widespread attention
due to their unique properties by integrating the advantages of both organic and inorganic species.
Versatile organic/inorganic nanohybrids provide the possibility of realizing a combination of functions,
Received 19th May 2022 controllable size, and multiple optical features. This tutorial review summarizes the reported organic and
DOI: 10.1039/d2cs00131d inorganic species in nanohybrids, and their biomedical applications in NIR-II fluorescence and lifetime
imaging. Finally, the challenges and outlook of organic/inorganic nanohybrids in biomedical applications
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Key learning points

(1) Advantages of organic/inorganic nanohybrids for biomedical applications in the NIR-II region.

(2) Typical organic and inorganic species as building blocks for the construction of NIR-II nanohybrids.

(3) Design strategies of NIR-II nanohybrids for fluorescence and luminescence intensity-based and lifetime-based bioimaging and biosensing.
(4) Notable examples from the literature to highlight the various design strategies and biomedical applications.

(5) Perspectives of the future development of NIR-II organic/inorganic nanohybrids.

1. Introduction

Optical biomedical imaging is a powerful imaging technique in life
science for real-time monitoring of physiological and pathological
processes due to its non-invasiveness, non-ionizing radiation, high
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sensitivity, and high spatiotemporal resolution.'” Recently,

newly emerged fluorescence imaging in the second near-infrared
(NIR-II, 1000-1700 nm) window, which is also called the shortwave
infrared (SWIR) window, has attracted widespread attention in the
biomedical field.*® Photons in the NIR-II range provide a better
opportunity for biological imaging owing to the high resolution
at deeper tissue penetration (~5-20 mm) as compared to light
in visible (400-700 nm) and NIR-I (700-900 nm) regions because
of the decreased tissue absorption, scattering, and autofluo-
rescence.”® Along with the development of fluorescence imaging,
a more careful definition of the NIR region has emerged, including
NIR-II (900-1300 nm), NIR-IIa (1300-1400 nm), NIR-IIx (1400~
1500 nm), NIR-IIb (1500-1700 nm), NIR-Ilc (1700-1800 nm),
and NIR-III (2080-2340 nm)."° According to a previously

reported theoretical model, & = [3u, (u, + u;)]_l/z, where 6 is
the theoretical penetration depth of the photon in bio-tissue,
U, is the absorption extinction coefficient, and pg is the
reduced scattering coefficient, which is directly proportional
to 27" (1 is the excitation or emission wavelength, and the

This journal is © The Royal Society of Chemistry 2022
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exponent w ranges from 0.22 to 1.68 depending on the
different scatterers in biological tissues).'*'* Thus, it is
obvious that the tissue penetration depth of photons will be
enhanced with the bathochromic shift of both excitation and
emission wavelengths."® For example, NIR-II imaging of
mouse lymph vessels exhibited a higher signal-to-
background ratio (SBR) beyond 1100 nm (SBR = 3.3) compared
to those in the visible (SBR = 1.4 at 520 nm) and NIR-I (SBR =
1.3 at 720 nm) regions. Moreover, the bathochromic shifted
signal collection window beyond 1300 nm and 1500 nm
further provided optimized imaging contrast (SBR = 7.3 and
10.5, respectively).'* Besides the imaging collection window,
excitation with a longer wavelength also exhibits superior
spatial resolution and deeper tissue penetration. The NIR-II
hindlimb blood vessel images under NIR-II 1064 nm excitation
(SBR = 4.32) have been demonstrated with much higher SBR than
those under shorter wavelength (655-980 nm) excitation (SBR =
1.9-2.2)."® Thus, NIR-II bioimaging is a desired technique for high
spatially resolved bio-detection under deep penetration depth and
real-time physiological monitoring in vivo.
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Fluorescence (or luminescence) lifetime as an intrinsic
property of fluorescent (or luminescent) materials has also
been investigated for in vitro and in vivo imaging and sensing.
It refers to the average time that the photon stays in its excited
state before transiting back to the ground state.> Compared
with traditional intensity-based imaging, lifetime-based ima-
ging can report on physiological and pathological events more
reliably owing to the independence of material concentration,
excitation laser power, and unknown tissue penetration
depth."® It has been widely used for intracellular ion detection,
and tumor hypoxia quantification.'””'® The premise of fluores-
cence (or luminescence) lifetime imaging is that the photons
emitted from materials are received by the imaging detectors.
Thus, the optical materials with longer emission and excitation
wavelengths are more suitable for fluorescence (or lumines-
cence) lifetime imaging in deep biological tissues.

So far, a lot of optical materials, including rare-earth doped
nanoparticles (RENPs),"> quantum dots (QDs),*® organic
dyes,”™**> metal-ligand complexes,?® single-walled carbon
nanotubes,” and semiconducting polymer nanomaterials®
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NIR-II Organic/inorganic nanohybrids

+

Combination of functions

Organic species

®
@@ OO
X X

Polymethine dyes Donor-Acceptor-Donor

o HHS\: o o
LI5S W \\/\\/\\'4
e

Glutathione DNA

g

Small molecules

NANN

Polymers

Optical properties

Chemical properties

Synergistic properties

Inorganic species

RE" Fe*

Mesoporous silica Inorganic ions

R

Fig.1 Exemplary organic species and inorganic species as building blocks to construct NIR-II nanohybrids. Organic species are mainly divided into
polymethine and donor-acceptor—donor (D—-A-D) dyes with NIR optical properties, and functional small molecules (such as glutathione, DNA) and
polymers without NIR optical properties. Inorganic species consist of quantum dots (QDs) and rare-earth doped nanoparticles (RENPs) with NIR-II

emission, and functional mesoporous silica, inorganic ions.

have been developed for NIR-II fluorescence (or luminescence)
intensity-based or lifetime-based bio-imaging and bio-
detection, such as cancer imaging, biomolecules, and biomar-
ker detection. These materials could be generally divided into
organic and inorganic materials (Fig. 1). NIR-II organic materi-
als show many advantages, including good biocompatibility,
diverse chemical structures, and facile molecular modification.
However, there are also some limitations such as poor photo-
stability and weak chemical stability. In contrast, NIR-II inor-
ganic materials hold good stability and robust spectral
properties, which are suitable for long-time imaging, while
the superior stable optical properties, on the other hand,
hinder their usage as sensors. Thus, in response to the growing
requirement of imaging and sensing sensitivity and reliability,
NIR-II organic/inorganic nanohybrids are developed with
advantages of both organic and inorganic species.*® Surpris-
ingly, besides integrating the advantages, the hybrids also

Prof. Xiaoyuan (Shawn) Chen recei-
ved his PhD in Chemistry from the
University of Idaho (1999). After
being a faculty at the University of
Southern California and Stanford
University and then Senior Inves-
tigator/Lab Chief at the National
Institutes of Health, he is now
Nasrat Muzayyin  Professor in
Medicine and Technology, Yong
Loo Lin School of Medicine and
Faculty of Engineering, National
University of Singapore.  His
current  research interests are
mainly theranostics (radiotheranostics, nanotheranostics, immunothe-
ranostics, magnetotheranostics, phototheranostics, etc.) that can be
clinically translatable. He has published over 900 papers and
numerous books (H index, 170).

Xiaoyuan Chen

7694 | Chem. Soc. Rev., 2022, 51, 7692-7714

exhibit new properties through the synergy of organic and inor-
ganic components, such as organic induced crosslinking of inor-
ganic nanoparticles, inorganic led organic molecule aggregation,
and energy transfer between the organic and inorganic species. By
rational design of the composition, combination strategy, size, and
morphology, versatile functions and optical properties can be
realized. Therefore, NIR-II organic/inorganic nanohybrids have
great potential in the biomedical field.

This tutorial review aims to summarize the recent progress
in various types of organic/inorganic nanohybrids for biomedical
applications in the NIR-II region, such as tumor imaging,
inflammation visualization, biomolecule detection, and so on.
In particular, we summarize the design strategies of NIR-II
organic/inorganic nanohybrids, including (i) organic-organic
component interaction induced nanohybrid aggregation and
disaggregation; (ii) inorganic components as carriers mediating
J-aggregates formation; (iii) fluorescence (or luminescence)
intensity and lifetime biosensors based on energy transfer, dye
sensitizing methods, secondary absorption, absorption
competition-induced emission (ACIE), or dual emitting systems
between organic and inorganic species.

2. Construction of NIR-IlI organic/
inorganic nanohybrids
2.1 Organic species

Organic species as building blocks for the construction of NIR-
II nanohybrids can be divided into two categories. The first
kind is small organic molecules with optical characteristics
(absorption and emission), including polymethine dyes, donor-
acceptor-donor (D-A-D) dyes, boron dipyrromethene (BODIPY)
dyes, and others.>®*” The second kind is small molecules
without NIR-II optical properties but exhibit responsive or
recognition functions, such as polymers, DNA, glutathione
(GSH), cyclodextrin (CD)-adamantane analogs of host-guest
pairs, and so on.?®

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 3D plot of molar extinction coefficient and quantum yield versus the maximum absorption wavelength for the major classes of organic dyes for
NIR-II bio-application. The color and transparency of number indicate its maximum absorption wavelength and quantum yield, respectively.

2.1.1 Organic dyes with optical properties. With the rapid
development of NIR-II bioimaging and biosensing, a plethora
of molecular dyes has been designed. Polymethine, D-A-D, and
BODIPY dyes are three main types of organic structures with
optical properties. The typical molecules with their optical
properties are summarized in Fig. 2. Besides some molecules
with excitation and emission wavelengths within 1000 nm which
have been treated as NIR-II contrast agents using the emission tail
fluorescence into the NIR-II window (such as indocyanine green
(ICG), IR-783, IR-12N3, and IRDye800CW>*3°), more molecules
with maximum emission, even maximum excitation beyond
1000 nm, were developed. From the clinically used NIR-I ICG, to
the NIR-II emitting small molecular contrast agent CH1055, then
to NIR-II exciting FD-1080, small molecular dyes showed their
superior in vivo imaging resolution and contrast. In addition to
these advantages, the combination with inorganic materials will
further burst new diversities and more possibilities.

In organic/inorganic nanohybrids, molecular dye as an
organic component plays an important role in Forster resonance
energy transfer (FRET), dye sensitizing methods, secondary
absorption, ACIE, and dual emitting systems, which will be
discussed in detail in Section 4. In general, organic molecular
dyes may realize their function as two roles: emitters, or absor-
bers, which correspondingly require different properties. Hence,

This journal is © The Royal Society of Chemistry 2022

the optical properties of the reported organic dyes (whether or
not to be used to construct organic/inorganic nanohybrids) will
be introduced from two aspects: (i) molecular dyes with high
brightness are suitable as emitters. Among them, most of the D-
A-D dyes and BODIPY dyes with superior photo- and chemical-
stability and robust emission intensity can be used as constant
calibrated reference emitters in ratiometric fluorescence ima-
ging, such as D-A-D structural CH1055," Q4,*> CH4-T,*?
IR-FE,** IR-FPSP,*> H1,”' IR-FTAP,*® H2a-4T,*” HLZ-BTED,*®
68Ga-SCH2,*® pFE*® and MF-1210,"" and BODIPY dyes NAB,*?
NJ-1060,** WH-4,** ZX-NIR,*> ABDPTPA,*° Rhindz*” and THPP.*®
In contrast, some other molecular dyes exhibit structural and
spectral responsiveness towards the disease microenvironment.
For instance, polymethine dyes, especially heptamethine cyanine
dyes, are responsive to reactive species, including oxygen/nitro-
gen reactive species, ROS and RNS, leading to the structure
destruction and fluorescence intensity decrease. Typical hepta-
methine cyanine dyes are ICG,*® MY-1057,"° and A1094.°°
Besides, some polymethine dyes and BODIPY dyes could be
further modified to realize specific responsiveness. For example,
the reported LET-1052,>" APNO-1080,°* and ZX-NIR*®> showed a
“turn-on” fluorescence or absorption signal in the presence of
H', NO, and H,S, respectively. These molecular dyes thus could
be used to construct activatable nanosensors to light up the

Chem. Soc. Rev., 2022, 51, 7692-7714 | 7695
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Fig. 3 The functional organic species without NIR optical properties and
their interactions, including host—guest recognition, bio-recognition, and
stimulus recognition in NIR-Il organic/inorganic nanohybrids. For host-
guest recognition, the pink spheres represent guest molecules, such as
adamantane, azobenzene, ferrocene, etc. The green columns represent
host molecules, such as cyclodextrin, crown ether, etc. Bio-recognition
includes complementary base pairing of DNA and biotin—avidin recogni-
tion. For stimulus recognition, assembly/disassembly of materials can be
achieved under formation and cleavage of covalent bonds.

disease lesions. (ii) Molecular dyes with high absorption cross-
section and extinction coefficient could serve as absorbers. In
FRET and secondary absorption systems, molecular dyes absorb
and quench the emission light of inorganic emitters to quench
the fluorescence signal or influence luminescence lifetime (MY-
1057,*° Flav7,>® 5H5,>* CX-3,>> BTC1070,>® Rh-1029,%” VIX-4,>
NIRII-HD5,%° LET-1052,>" NRh,** NIR-1380,°° and FNIR-1072.%%).
However, in dye sensitizing and ACIE systems, molecular dyes
absorb excitation light, and then either transfer energy to
emitters (in a dye sensitizing system, such as ICG,** ALK-pi,**
and NPh®?) or quench the emitters (in ACIE systems, such as IR-
808,°° and NPTAT®®). In these circumstances, organic molecular
dyes are usually required to endow nanohybrids with “on-off”
signals. As a matter of fact, many organic molecular dyes hold
both high brightness and strong absorbing ability, making them
suitable to be an emitter or absorber in different nanohybrids.
Thus, researchers may take full advantage of these molecules
and their properties instead of constraining them within a fixed
role during hybrid designing.

2.1.2 Functional organic components without optical prop-
erties. Functional organic components without NIR absorption
or emission properties are another class of organic species as
building blocks for the construction of NIR-II organic/inorganic
nanohybrids (Fig. 3). Combining the rationally designed
functional organic species with an inorganic component will endow
nanohybrids with tunable properties and lay the foundation for
versatile biomedical applications. In most cases, functional organic

7696 | Chem. Soc. Rev.,, 2022, 51, 7692-7714
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components drive the inorganic nanoparticles to assemble and
disassemble, producing varying optical emission signals for
bioimaging and biosensing.®” Their responsiveness and func-
tion mainly include host-guest recognition, bio-recognition,
and stimulus recognition.'*®®

Host-guest molecular recognition provides an opportunity
for the construction of assembly and disassembly, allowing the
size of the assembly to be regulated at the molecular level.
Thus, it opens a path for the construction of intelligent
systems."® Typical macrocyclic compounds, such as cucurbi-
turil (CB), cyclodextrin (CD), and calixarene, can act as hosts
with a hydrophilic outer shell and a hydrophobic cavity, and
bind with guests via noncovalent interactions. Macrocyclic
compounds can be modified onto the surface of inorganic
species, thus acting as ‘“host-guest recognition groups” to
further functionalize organic-inorganic nanohybrids.®® Therefore,
host-guest molecules on the surface of inorganic species can
initiate the assembly of nanohybrids to form large aggregates,
thereby prolonging the retention time of nanohybrids at lesions
and improving the SBR during bioimaging. For instance, small
sized AuNPs modified with quaternary ammonium were easily
taken up and pumped out by MCF-7 cells. While after adding CB,
aggregates were formed through interaction between benzyl units
and CB, thereby allowing prolonged intracellular retention time of
nanohybrids.”

Bio-recognition, such as DNA base pairing and biotin-avidin
recognition between nanohybrids would also cause assembly.
Biomolecules with bio-recognition ability are suitable for surface
modification of their inorganic components for bioimaging and
biosensing due to high biocompatibility. DNA as a typical bio-
recognition molecule has been used for crosslinking of inorganic
nanoparticles.”" In general, 20-40 base pairs of complementary
single-stranded DNA fragments are immobilized on the surface
of different nanoparticles, respectively. The assembly between
nanohybrids is easy to achieve when the target DNA binds to the
complementary sequence of the captured DNA. For example, the
surfaces of AuNPs were decorated with a sequence of i-motifs.
The aggregates of AuNPs would be formed along with the
construction of the i-motif structure under acidic conditions,
thereby enhancing the accumulation of nanohybrid at lesions.

Besides the above-mentioned specific recognition, many
small molecules exhibit various physical properties and reactivities.
Stimulus recognition is one of the principles for the design of smart
nanohybrids. Active nanohybrids mainly depend on the design of
organic species. The flexible organic species, such as cyanine dyes,
allow intelligent chemical design with sensitive groups to construct
stimuli-responsive systems.*® Stimuli, such as pH and light, and
redox responsive organic components have been thoroughly
studied.”” Responses to pH and redox are widely exploited and
realized by different organic components, especially in the tumor
microenvironment.”® For instance, poly(2-(diethylamino)ethyl
methacrylate) (PDMAEMA) with hydrophilic/hydrophobic features
under acidic/alkaline conditions, can be used as gatekeepers of
nanohybrids for pH-responsive drug release.”* Meanwhile, some
small organic molecules may provide highly reactive moieties in the
presence of stimuli. For example, introducing organic species with

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 The inorganic species, including emitting inorganic species (RENPs
and QDs) and functional non-emitting species in NIR-II organic/inorganic
nanohybrids. Adjustable NIR-II emission wavelength of RENPs can be
obtained by doping different lanthanide ions, including Nd** (1060 nm),
Ho®* (1185 nm), Tm** (1475 nm) and Er** (1525 nm). Quantum dots (QDs)
with different compositions have different maximum emission peaks, such
as AgS (1058 nm), PbS (1300), InAs(CdSe); 5 (1120 nm). Functional non-
emitting species include mesoporous and inorganic ions.

disulfide bonds into nanohybrids is a strategy to realize redox
responsiveness.”®> The implementation of multiple functions of
nanohybrids can be realized by fusing multiple functional groups
in organic species. Thus, the functional organic components will
bring more opportunities for nanohybrid design.

2.2 Inorganic species

Inorganic species as building blocks for the construction of
NIR-II nanohybrids can also be divided into two categories. One
kind is NIR-II inorganic materials with NIR-II optical proper-
ties, including fluorescence emitting RENPs and QDs. The
other kind is functional inorganic components without NIR-II
emitting properties, such as mesoporous silica, metal ions, etc.
(Fig. 4).

2.2.1 NIR-II inorganic materials. A wide range of NIR-II
emitting inorganic materials provide diverse options for build-
ing organic/inorganic nanohybrids. Among them, RENPs'® and
QDs”® are considered as ideal NIR-II inorganic materials.”®
Compared with the aforementioned organic dyes, NIR-II inor-
ganic materials have relatively high QY, long-term photostability,
as well as narrow-band and adjustable emissions. The adjustable
NIR-II emission wavelength of RENPs can be obtained by doping
different lanthanide ions, including Nd** (1060 nm and
1334 nm), Ho®>" (1185 nm), Pr** (1289 nm), Tm>" (1475 nm)
and Er’* (1525 nm).”” The emission peak width (30-50 nm) of
RENPs is narrow, which is suitable for multiplex imaging. Mean-
while, RENPs have excellent photostability under physiological
conditions, indicating the possibility of long-term monitoring of
dynamic physiological processes. For example, Ho and Er-doped
nanoparticles are able to achieve real-time multispectral NIR-II
imaging of xenograft tumors.”® QDs as the other class of NIR-II
emitting inorganic materials also exhibit their excellent features,
including high QY, large Stokes shift, and adjustable emission
wavelength by controlling their size and shape. Ag,S dots are
NIR-II QDs that have been applied to monitor cell proliferation,
organs and circulatory imaging, and real-time monitoring of the
distribution of human mesenchymal stem cells.”® Subsequently,

This journal is © The Royal Society of Chemistry 2022
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several NIR-II QDs have been reported for blood vessel imaging
and blood flow detection, including PbS, PbS-CdS, InAs, CdSe,
and ZnSe QDs.”” These NIR-II luminescent inorganic materials
provide building blocks for the construction of NIR-II organic/
inorganic hybrids.

2.2.2 Functional inorganic components without NIR-II
optical properties. Besides NIR-II luminescence emitting
materials, functional inorganic species without NIR-II optical
properties, like silica nanoparticles, are also introduced as
supporting skeletons to form nanohybrids with specific organic
species.®® Silica nanoparticles have been widely used in bio-
medical applications due to their controllable morphology,
ease of surface functionalization, and good biocompatibility.
Moreover, mesoporous silica with high specific surface area is
suitable as a carrier for loading organic species such as drugs
and dyes.®"®> After loading into the mesopores, the optical
properties of organic dyes will be altered due to the transfor-
mation from monomers to aggregates (including H-aggregates
and J-aggregates), which will be discussed in Section 3.3.
Inorganic ions, such as iron ions, rare earth ions, and copper
ions, are another group of important functional inorganic
materials. Ions can act as bridges to coordinate with organics,
thus forming complexes with adjustable optical properties.

2.3 Fabrication strategies of NIR-II organic/inorganic
nanohybrids

Different fabrication strategies have been reported for the
construction of NIR-II organic/inorganic nanohybrids. Overall,
there are two main methods, including surface functionalization
and wrapping. Here, we briefly summarize the preparation
methods of NIR-II nanohybrids, which may provide reference
for designing more ideal nanohybrids in the future.

Surface functionalization on inorganic species is the most
common method to fabricate NIR-II nanohybrids. The amphi-
philic functional polyethylene glycol (PEG)-phospholipids are
powerful to endow nanohybrids with good biocompatibility
and functionality.'® For example, the oleic acid-encapsulated
RENPs can be modified with amine-PEG-phospholipid on a
hydrophobic surface through van der Waals interaction.®* And
the amino group provides a reactive site for subsequent mod-
ifications. Carboxyl or thiol group-terminal PEG or lipids have
also been successfully attached to inorganic species, which
provides an opportunity to construct NIR-II nanohybrids.®®
Meanwhile, click chemistry with a high reaction yield provides
a reliable and convenient approach that has been used to
fabricate different NIR-II nanohybrids.®* Organic species with
some special groups can directly coordinate with inorganic
species to form NIR-II nanohybrids.®® For instance, GSH with
two carboxyl groups has been modified on RENPs to form NIR-
I nanohybrids with good biocompatibility and functionality.>®

Wrapping is another fabrication strategy to build NIR-II
nanohybrids via noncovalent interaction between organic and
inorganic species. Mesoporous inorganic species with large
surface area are suitable for carrying organic species through
direct precipitation methods. For example, IR-140%> and FD-
1080°" fluorophores can enter the cavity of mesoporous silica

Chem. Soc. Rev,, 2022, 51, 7692-7714 | 7697


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2cs00131d

Open Access Article. Published on 21 July 2022. Downloaded on 7/19/2025 4:26:45 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chem Soc Rev

through hydrophobic or electrostatic interaction to form J-
aggregation in nanohybrids for NIR-II bioimaging. In another
case, hydrophobic dyes easily encapsulated into the PEG layer
on inorganic nanoparticles surface via hydrophobic inter-
action, such as NIR-II nanohybrids composed of MY-1057 and
RENPs.*® These approaches not only integrate organic and
inorganic species, but also offer great opportunities to tune
the properties of nanohybrid materials by regulating inorganic
and organic species.

2.4 Property and function of NIR-II organic/inorganic
nanohybrids

Through the combination of organic and inorganic species,
nanohybrids can create new properties including the size,
morphology, surface properties, and optical properties, which
are crucial in the design of potentially useful nanohybrids for
biomedical applications. Thus, an in-depth understanding of
the properties and functions of nanohybrids is of great impor-
tance when looking into the relationship between structures,
properties, and performances. In this subsection, NIR-II
organic/inorganic nanohybrids for biomedical applications
are categorized in two parts: (1) the nanohybrids realize their
new features based on the function of single species (organic or
inorganic); (2) the nanohybrids realize their new features
through the interaction between organic and inorganic species.
The morphology, assembly/disassembly, and optical properties
of nanohybrids are summarized to motivate the development of
nanohybrids with better performances.

When the nanohybrids realize their new features based on
the individual species, the function of the organic or inorganic
component is critical for the nanohybrids. Integrating organic
or inorganic components with various responsive moieties
(such as pH or redox sensitive groups) into nanohybrids can
be used for the detection or treatment of related diseases.”>**%”
Self-assembly or disassembly of NIR-II organic/inorganic nano-
hybrids can be implemented by introducing functional or
stimulus-responsive organic species (Fig. 5A). New properties
and functions can be generated by designing stimulus-
responsive nanohybrids. Typically, functional organic species
can realize self-assembly of nanohybrids by host-guest inter-
actions, bio-recognition, and stimulus-responsive crosslinking.
For example, GSH with redox characteristics can be modified to
the surface of inorganic components with an exposed
sulfydryl.>® In the presence of ROS at lesions, nanohybrids
can specifically crosslink to form clusters due to the formation
of disulfide bonds between organic species. The formation of
aggregation at the lesion can increase the accumulation of
nanohybrids and improve the imaging signal intensity. Moreover,
the aggregation with large volume shows long retention at lesions,
which extends the imaging time window due to a slow excretion
rate. Furthermore, external stimuli, such as light and tempera-
ture, could trigger the disassembly of aggregates in specific sites,
achieving the rapid excretion in vivo.®® On the other hand, many
inorganic materials with high specific surface area are suitable as
carriers for loading organic species, which may induce unique
properties, such as dye aggregates with bathochromic or
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hypochromatic shifted absorbance and emission peaks compared
to monomers (Fig. 5B). For instance, mesoporous silica as nano-
carriers has been used to induce and stabilize J-aggregates formed
by cyanine dyes.

In other NIR-II nanohybrids, unique synergistic properties,
especially optical properties, are generated based on interaction
between organic and inorganic species. The transfer process of
photons between organic and inorganic species provides an
opportunity to design a variety of sensing mechanisms or
strategies for different biomedical applications, including FRET,
dye sensitizing methods, secondary absorption, ACIE, and dual
emitting systems (Fig. 5C-H). The synergistic properties between
organic and inorganic components of nanohybrids based on the
above mechanisms will be discussed in detail in Section 4. In
general, inorganic species, such as RENPs and QDs, have robust
optical properties, which are suitable to serve as donors in
energy transfer systems or reference signals in ratiometric
fluorescence systems.® In contrast, organic species, such as
polymethine dyes with flexible structural modification, stimuli
responsiveness, or relatively weak structural stability, are suita-
ble to act as responsive signals.® Based on energy transfer, dye
sensitizing methods, secondary absorption, ACIE strategy, and
dual emitting systems, nanohybrids can be constructed to detect
analytes. In addition, FRET based nanohybrids can also be used
as probes for fluorescence (or luminescence) lifetime imaging
and sensing.*>%®

Versatile NIR-II organic/inorganic nanohybrids based on
functional organic and inorganic species provide the possibility
to not only realize a combination of functions, but also create
new diversities and more responsiveness for biomedical appli-
cations, which will be discussed in detail in the next two
sections.

3. NIR-Il nanohybrids based on
functional organic/inorganic species
for enhancing performance

In nanohybrids consisting of the NIR-II emitter and functional
components without NIR-II optical properties, the functional
components could regulate the optical performance of the
nanohybrids through recognition or responsiveness. This section
will be divided into three parts: (i) organic recognition induced
nanohybrid aggregation; (ii) responsive organic component
induced nanohybrid assembly and disassembly; (iii) inorganic
component mediated organic molecular J-aggregates formation.

3.1 Organic recognition induced nanohybrid aggregation

Since the surface of inorganic components can be modified
with organic species, inorganic components can be used as
scaffolds to design nanohybrids for biomedical applications.
Nanohybrids are convenient platforms due to the surface
multifunctional modification and large specific surface
area.® Functional organic species of NIR-II nanohybrids based
on host-guest recognition and bio-recognition are the most

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 The overview of mechanism of NIR-Il organic/inorganic nanohybrids for intensity-based and lifetime-based bioimaging and biosensing, including
assembly and disassembly between nanohybrids (A), forming J-aggregates based nanohybrids (B), energy transfer (C and H), dye sensitizing methods (D),
secondary absorption (E), absorption competition-induced emission (ACIE) (F), and dual emitting system (G).

widely utilized approaches to fabricate smart systems for MPS to improve the imaging SNR is of urgent need. In vivo
biomedical applications. assembly and disassembly of probes have been developed to
Although in vivo NIR-II bio-imaging has shown advantages increase SNR at lesions. Introducing small organic groups with
of high resolution with deeper penetration, the low specific spontaneous recognition, such as the host-guest interaction,
accumulation of NIR-II probes at lesions still leads to a low and DNA base pairing, into hybrids systems is also suitable for
signal-to-noise ratio (SNR), which is mainly due to the high this purpose (Fig. 6A).°!
capture by the mononuclear phagocyte system (MPS) after The complementary base pairing of DNA is the fundamental
intravenous (i.v.) injection into animals.?® Thus, smart systems law of nature’s genetic materials, whose high specific recogni-
with high accumulation at the lesion site and less capture by tion provides an ideal tool as a surface ligand to trigger in vivo
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Fig. 6 Assembly based organic/inorganic nanohybrids for NIR-II bio-imaging. (A) Schematic of nanohybrids for in vivo aggregation based on organic
specific recognition. (B) Schematic of assembly based nanohybrids containing DNA and DCNPs for NIR-II bioimaging guided surgery. (C) Optical photo
and NIR-II bioimaging of human ovarian adenocarcinoma peritoneal metastases model after injecting nanohybrids. Reproduced with permission from
ref. 83, copyright 2018, Springer. (D) Schematic of host—guest induced assembly at tumor and NIR laser-regulated disassembly at liver of nanoprobes
containing azobenzene (Azo) modified UCNPs and B-CD modified DCNPs for NIR-II bioimaging. (E) NIR-II bioimaging and optical photo of human
ovarian adenocarcinoma peritoneal metastases model after nanohybrids based in vivo assembly and disassembly strategy. (F) T/NT ratios of tumors at
different times. Reproduced with permission from ref. 19, copyright 2018, Wiley-VCH.

aggregation of inorganic nanoparticles. Nanohybrids containing
DNA and Nd*" doped downconversion nanoparticles (DCNPs)
were constructed as imaging probes for in vivo assembly
(Fig. 6B).** After DNA recognition, nano-aggregation within the
size of 100-500 nm was formed at the tumor site and the
accumulation content reached 17.5%ID g~ (percent of injected
dose per gram), leading to the high SNR (SNR > 11) during NIR-
II imaging in the human ovarian adenocarcinoma peritoneal
metastases tumor bearing mouse model (Fig. 6C).

In addition, reversible and controllable supramolecular
recognition also exhibits its potential to improve the NIR-II
imaging SNR by increasing contrast agent accumulation at
lesions and decreasing capture by MPS. Zhang and coworkers
developed an efficient in vivo assembly through B-cyclodextrin—
azobenzene (B-CD-Azo) recognition at the tumor site to increase
probe accumulation. Meanwhile, 980 nm NIR light was applied to
mediate disassembly at the liver site to reduce the background
signal and improve the SNR of NIR-II bioimaging (Fig. 6D)."® B-CD
modified Nd** doped downconversion nanoprobes (DCNP@
B-CD) and azobenzene modified Tm** doped upconversion
nanoparticles (UCNP@Azo) were sequentially i.v. injected into
subcutaneous tumor-bearing mice. After assembly through
host-guest interaction between the two nanohybrids, nanoaggre-
gates were formed at the tumor site, leading to an increased signal
and accumulation (9.97 + 0.60%ID g~ '). Under 980 nm laser
irradiation, the UCNPs emitted ultraviolet (UV) and blue light at
365 and 475 nm, which were capable of triggering transformation

7700 | Chem. Soc. Rev., 2022, 51, 7692-7714

of the azo group between trans and cis configurations, and then
inducing disassembly of nanohybrids in the liver. Therefore,
during NIR-II tumor imaging, the NIR light-regulated assembly/
disassembly strategy exhibited a low background signal, leading
to a high tumor-to-liver ratio (2.62 + 0.22) and SNR (SNR > 15).
Then, the authors studied the potential application using this
strategy for surgical excision of peritoneal metastatic human
ovarian adenocarcinoma under NIR-II image guidance (Fig. 6E),
NIR-II imaging showed a high tumor SNR (SNR > 10) and a
tumor-to-liver ratio (1.5-3.0) (Fig. 6F).

These results demonstrated that two goals can be achieved
by the in vivo assembly and disassembly strategy. One is that
the nanohybrids would specifically crosslink at lesions, increasing
the accumulation by enlarging the size, which would enhance the
signal intensity at lesions. The other goal achieved is that the
in vivo disassembly strategy can be used to reduce the amount of
nanohybrids deposited in normal tissues, which would decrease
the background signal in normal tissue. These flexible assembly
and disassembly strategies enable the fabrication of multifunc-
tional nanohybrids by integrating functional organic species for
enhanced NIR-II bioimaging and biosensing.

3.2 Responsive organic components induced stimuli-
activated assembly and disassembly of nanohybrids

NIR-II organic/inorganic nanohybrids can be used not only for
bio-imaging but also for the detection of some biological
substances, such the acidic microenvironment, ROS, RNS, etc.

This journal is © The Royal Society of Chemistry 2022
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Fig. 7 Responsive organic molecules for nanohybrid aggregation during
NIR-II biosensing. (A) Schematic of responsive organic based aggregation
of nanohybrids. (B) Schematic of cross-link induced aggregation of glu-
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inflammation bio-detection. (C) NIR-Il imaging (left) and SNR (right) of the
acute local epidermal inflammation with nanohybrids. Reproduced with
permission from ref. 25, copyright 2019, Wiley-VCH.
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The NIR-II bio-sensing for analytes can be realized by utilizing
the responsive organic components.

The principle of aggregation/disaggregation (or assembly/
disassembly) based nanohybrids is that the analytes can trigger
size changes of nanohybrids (Fig. 7A and 8A). For example,
ROS, such as hydroxyl radical (OH® "), and hydrogen peroxide
(H,0,), as analytes have been used in in vivo assembly of
inorganic nanoparticles.”® Typically, GSH modified ultrasmall
DCNP (DCNPs@GSH) nanohybrids can respond to ROS for
acute local epidermal inflammation bio-sensing (Fig. 7B).>®
The exposed sulfhydryl group of organic components, GSH,
could be oxidized by ROS to form a disulfide bond, leading to
the aggregation of nanohybrids at the inflamed area. After
in vivo aggregation, NIR-II bioimaging at inflammation lesions
has a high SNR of 3.5, which is 2.9 times higher than that of the
control group (hydroxy modified DCNPs) (Fig. 7C).

Besides the assembly/disassembly of “always on” NIR-II
nanohybrids, there is another “off-on” strategy for NIR-II bio-
sensing. In these aggregates, fluorophores and quenchers
aggregate based on the coordination and hydrophobic interactions.
Due to FRET or secondary absorption between fluorophores
and quenchers, the fluorescence signal would remain “off”.
Under stimuli, disaggregation would be triggered to “turn on”
the fluorescence signal (Fig. 8A). In addition, nanohybrids with
in vivo assembly/disassembly features can not only realize the

This journal is © The Royal Society of Chemistry 2022
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Fig. 8 Responsive organic molecules for nanohybrid disaggregation
during NIR-I1I biosensing. (A) Schematic of stimulus (e.g. enzyme, H, laser
etc.) responsive organic molecule-based nanohybrids for disaggregation
during NIR-II biosensing. (B) Schematic of acidic tumor microenvironment
induced disaggregation of nanohybrids containing Fmoc-His, Er®*, Ag.S,
DOX, and NIR-II dye A1094 for NIR-Il detection of peritoneal metastatic
tumor. (C) NIR-II whole-body image (left) and ex vivo organs and tumor
image (right) after the administration of nanohybrids. Reproduced with
permission from ref. 85, copyright 2020, Wiley-VCH. (D) Schematic of NIR
light induced disaggregation of nanohybrids containing gold nanorods,
light-responsive polyprodrug PolyRu, NIR-II dye IR1061 for NIR-II bioima-
ging guided cancer synergistic chemo-PDT cancer therapy. (E) Emission
spectra of nanohybrids under 808 nm laser irradiation with different
periods of time (left). NIR-Il tumor image of MCF-7 tumor bearing mice
with nanohybrid administration (right). Reproduced with permission from
ref. 92, copyright 2020, Ivyspring International Publisher.

detection of analytes, but also combine therapeutic properties of
organic or inorganic components for diagnosis and treatment.
Wang and coworkers reported acidic tumor microenvironment
(TME) induced disaggregation of nanohybrids containing Fmoc-
His, Er’", Ag,S QDs, chemotherapeutics doxorubicin (DOX), and
NIR-II quencher A1094 for detection and therapy of peritoneal
metastatic tumors (Fig. 8B).*> Through breaking intermolecular
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forces, including metal coordination and hydrophobic interac-
tions, nanohybrids would disaggregate in response to the acidic
TME, decreasing the quenching effect of A1094 to turn on the
NIR-II fluorescence signal of Ag,S QDs (SNR > 5), and releasing
DOX within the tumor to realize chemotherapy (Fig. 8C). Besides
the TME responsive disassembly, laser mediated disassembly
was also developed by Song and coworkers with spatiotemporally
controllable drug release. The inorganic quencher gold nanorods,
NIR-II organic emitter dye IR1061, and light-responsive polypro-
drug (polyRu) were assembled through hydrophobic interactions.
808 nm NIR light was used to trigger the release of the Ru drug
and change the hydrophobicity of the polymer, leading to the
disaggregation (Fig. 8D). The turn-on NIR-I signal achieved the
NIRII bioimaging guided synergistic chemo-photodynamic
cancer therapy (Fig. 8E).””> These aggregated nanohybrids are
promising platforms to realize multifunction for in vivo NIR-II
bio-sensing and disease therapy.

3.3 Inorganic component mediated organic molecular
J-aggregates formation

NIR-II organic molecules are commonly used as contrast agents
during bioimaging and biosensing. Interestingly, their optical
properties could be entirely different after ordered aggregation.
For instance, J-aggregates are formed by a highly ordered head-
to-tail arrangement of individual molecules.”® Compared with
monomers, J-aggregates have excellent photophysical properties,
such as red-shifted absorption and emission bands, enhanced
absorption coefficients, and so on. J-aggregates could be induced
by some inorganic skeletons. Mesoporous silica with flexible
surface functionalization, porous structure, and controlled mor-
phology is considered as an excellent carrier for biomedical
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applications. Surprisingly, the porous structures could not only
load the organic molecules, but also induce the ordered aggrega-
tion of organic molecular dyes.

Nanohybrids formed from organic dyes, especially polymethine
dyes, induced by some inorganic components (Fig. 9A). Sletten and
co-workers reported that J-aggregates NIR-I dye IR-140 (Abs./Em.:
862/875 nm) were formed inside hollow mesoporous silica nano-
particles (HMSNs) (Fig. 9B).*> IR-140 J-aggregates showed two
different forms of aggregates in the absorption spectrum, J1-
aggregates (Abs./Em.: 965 nm/non-emission), and ]2-aggregates
(Abs./Em.: 1040/1047 nm). Zhang and co-workers also developed
FD-1080 J-aggregates (Abs./Em.: 1360/1370 nm) formed by self-
assembly of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC)
and cyanine dye FD-1080.>* The same group also found that
FD-1080 can be loaded and induced into mesoporous silica coated
titanium plates (MSTPs) to form FD-1080 J-aggregates for NIR-II
imaging guided osteosynthesis (Fig. 9C-E).*" Beyond all doubt,
J-aggregate based nanohybrids are a new class of NIR-II probes
for bioimaging or biosensing in a broad region. Inorganic materials
may provide a method to obtain the aggregates, and nanohybrids
can be constructed by fully exploring the properties of existing
organic species and combining with inorganic species.

4. Interaction between organic and
inorganic species of NIR-1l nanohybrids
for enhancing the performance

This part will discuss the unique optical properties of NIR-II

organic/inorganic nanohybrids based on interactions between
organic and inorganic species to achieve intensity and lifetime
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Fig. 9 NIR-1l nanohybrid J-aggregates for bioimaging and biosensing. (A) Schematic of J-aggregate based nanohybrids for NIR-II bio-imaging.
(B) Chemical structure of IR-140 (left). Schematic of nanohybrid J-aggregates containing IR-140 and hollow mesoporous silica nanoparticles (middle).
Absorption spectra of nanohybrid J-aggregates (right). Reproduced with permission from ref. 82, copyright 2019, American Chemical Society.
(C) Chemical structure of FD-1080 (left). Schematic of nanohybrid J-aggregates containing FD-1080 and mesoporous silica coated titanium plates
(MSTPs) (right). (D) Absorption spectra of monomer and nanohybrid J-aggregates. (E) NIR-1I images in vivo implantation of nanohybrid J-aggregates at
mice hindlimb. Reproduced with permission from ref. 81, copyright 2021, Wiley-VCH.
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bioimaging and biosensing. The interactions between organic
and inorganic components will be mainly summarized into
four parts: FRET, dye sensitizing methods, secondary absorp-
tion, and ACIE. Interestingly, the energy transfer between
organic and inorganic components can not only alter the
fluorescence (or luminescence) intensity, but also affect the
fluorescence (or luminescence) lifetime of the energy donor
and acceptor, which could be used for fluorescence (or lumi-
nescence) intensity and lifetime biosensing.

Most commonly, researchers tend to modify organic mole-
cular dyes into single inorganic nanoparticles to construct
nanohybrids to realize NIR-II bioimaging and bio-sensing.
As mentioned above, organic components, such as IR-1061,
MY-1057, and FD-1080 with high absorption -coefficients
and high fluorescence emission could be used as both fluoro-
phores and quenchers.*>®* Organic species with flexibly designed
responsive moieties are easily stimulated by the analytes to
change their spectral characteristics. In contrast, inorganic com-
ponents, such as QDs and RENPs, with robust emission features,
are hardly used as probes for bio-sensing themselves. Neverthe-
less, they are suitable as energy donors and reference signals
owing to their stable spectral properties.® Based on an in-depth
understanding of design mechanism, an optimized NIR-II nano-
hybrid can be designed and fabricated for diverse functions and
enhanced performances.

4.1 FRET based nanohybrids

Energy transfer is an electrodynamic phenomenon that occurs
between a donor in the excited state and an acceptor in the
ground state. Energy transfer without the emission and reab-
sorption of a photon is an energy exchange process based on
long range dipole-dipole interaction with a similar resonance
frequency between the donor and acceptor. The rate of energy
transfer is related to the following aspects: the extent of overlap
between the emission spectrum of the donor and absorption
spectrum of the acceptor (the acceptor is not required to have
the characteristic of fluorescence emission); the relative orien-
tation of the donor and the acceptor transition dipoles; the QY
of donor; the distance between the donor and acceptor. Here
are some points of energy transfer that should be noted: (1)
there is no photon in the energy transfer process, (2) the energy
transfer is not a process where photons emitted by the donor
are absorbed by the acceptor, and (3) the energy transfer
between the donor and acceptor is through dipole-dipole
interactions.

Controllable energy transfer between organic and inorganic
species in the NIR-II region could be achieved through a
suitable selection of components in the nanohybrids. Among
energy transfer based nanohybrids, inorganic species are often
used as FRET donors, and organic species with responsive
optical changes can be used as FRET acceptors (Fig. 10A). Thus,
the optical characteristics usually stem from inorganic species
of NIR-II nanohybrids. For example, Wang and coworkers
developed FRET nanohybrids system V&A@Ag,S containing
Ag,S QDs (as the donor), and NIR-II dye A1094 (as the acceptor)
for real-time vascular inflammation biosensing (Fig. 10B).>°

This journal is © The Royal Society of Chemistry 2022
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Upon addition of ONOO™, the NIR-II fluorescence intensity of
Ag,S QDs increased along with the destruction of A1094
(Fig. 10C). Thus, energy transfer based nanohybrids can achieve
NIR-II vascular inflammation biosensing with a high SNR
(SNR = 10.2) in the traumatic brain injury mouse model
(Fig. 10D). Similarly, RENPs could also be used as an energy
donor in nanohybrids. Mei and coworkers reported an energy
transfer system containing RENPs (donor) coated with meso-
porous silica and NIR-II dye FD-1080 (acceptor) for the detec-
tion of ClO™ in raw milk (Fig. 10E).°® After reacting with ClO~,
the NIR-II fluorescence intensity of nanohybrids recovered due
to the destruction of FD-1080 (Fig. 10F and G). Besides mono-
mers, dye aggregates could also serve as an energy acceptor.
Zhang and coworkers reported an energy transfer system using
Nd** and Er**-doped RENPs as donors, and NIR-II FD-1080
J-aggregates as acceptors for CIO~ sensing (Fig. 10H).>” FD-1080
J-aggregates exhibit a maximum absorption wavelength at
1360 nm, which overlaps well with the Nd** emission at 1330.
Energy transfer from Nd** to FD-1080 J-aggregates was observed
by the decrease of a lifetime (173 ps to 51 ps) at 1330 nm under
808 nm excitation. Meanwhile, FD-1080 J-aggregates were sen-
sitive to ROS. Thus, by utilizing the Er*" 1550 nm emission as a
reference signal, the nanohybrids exhibited a ratiometric
response for ClO™ in lipopolysaccharide (LPS)-treated mice
(Fig. 10I). These multifunctional organic/inorganic nanohy-
brids provide new ideas for the design of nanohybrids with
tunable properties and related functions.

4.2 Dye sensitizing methods based nanohybrids

In addition to the above-mentioned energy transfer from inor-
ganic to organic species, there is also an energy transfer path-
way from organic to inorganic species. Dye sensitized
nanohybrids are designed to generate the enhanced fluores-
cence (or luminescence) emission for imaging and sensing by
direct non-radiative energy transfer from excited states of
organic species to inorganic species (Fig. 114).°>*°%% Dye to
their abundant 4f energy level configuration, RENPs with narrow
(~10 nm) and small absorption cross section (~107>° ecm™?),
and nonblinking narrow band emission are widely used as
inorganic species in this strategy.'® Organic species are generally
cyanine dyes with a large absorption cross section (10 '® cm ™2
for ICG), which act as light harvesting antenna.'® Thus, dye
sensitized nanohybrids provide a way to solve the performance-
limiting problem, generating multifold brightness higher than
that of RENPs without dye sensitization. Prasad and coworkers
reported dye sensitized nanohybrids consisting of NaYF,:Yb*"/
X* @NaYbF,@NaYF,:Nd*" (X = null, Er, Ho, Tm, or Pr) and the
organic dye, ICG, attached to the surface (Fig. 11B and C).®* This
nanohybrid can produce enhanced (~ 4-fold) multicolor narrow-
band emissions (1000 nm for Yb**, 1165 nm for Ho*", 1310 nm
for Pr¥*, 1460 nm for Tm*", and 1530 nm for Er**) with a large
Stokes shift (>200 nm), by direct non-radiative energy transfer
from the light-harvesting surface of ICG to emitter X** in the core
(Fig. 11D). Then, a sharp NIR-II image of injection point through
3 mm mouse tissue was observed after subcutaneous injection of
ICG-sensitized Er’*-doped nanohybrids (Fig. 11E). Meanwhile, Li
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Fig. 10 FRET based organic/inorganic nanohybrids for NIR-II biosensing. (A) Schematic of FRET based nanohybrids after stimulation by enzymes, H*,
ROS, RNS, etc. for NIR-II bio-sensing. (B) Schematic of the FRET system of nanohybrid V&A@ Ag,S containing Ag,S (donor), and NIR-II dye A1094

(acceptor) for ONOO™ detection. (C) Chemical structure of A1094 (left). Absorption and emission spectra of nanohybrids in response to ONOO™

(right).

(D) NIR-1I imaging of the traumatic brain injury model after nanohybrids V&A@ Ag,S administration. Reproduced with permission from ref. 50, copyright
2019, Wiley-VCH. (E) Chemical structure of FD-1080. (F) Schematic of the energy transfer system of nanohybrids containing RENPs (donor), and NIR-II
dye FD-1080 (acceptor) for ClO™ detection. (G) Recovery of the emission spectra of nanohybrids in response to ClO™. Reproduced with permission from
ref. 96, copyright 2021, American Chemical Society. (H) Schematic of FRET nanohybrids containing Nd** and Er**-doped RENPs (donor), and NIR-II
FD-1080 J-aggregates (acceptor) for ClO™ detection. (I) NIR-1I images and corresponding ratiometric images of LPS-treated mouse at different time
points after nanohybrid administration. Reproduced with permission from ref. 97, copyright 2022, Chinese Chemical Society.

and coworkers developed dye sensitized nanohybrids containing
dye, ALK-pi, and Er’*-doped RENPs with boosted NIR-IIb emis-
sions (Fig. 11F).®* Thanks to ~40-fold enhanced brightness via
Alk-pi sensitization, the NIR-II vascular network of mice with
high spatial resolution can be observed (Fig. 11G).

Besides, the above mechanism interpretation may shed light
on the design of stimuli-responsive dye sensitized nanohybrids
as promising contrast agents. In general, light-harvesting dyes
are designed as responsive groups, allowing nanohybrids for
NIR-II biosensing (Fig. 11H). Song and coworkers reported dye
sensitized nanohybrids containing GSH-responsive cyanine

7704 | Chem. Soc. Rev,, 2022, 51, 7692-7714

dye, NPh, and Er*"-doped RENPs for NIR-II bioimaging of
orthotopic colorectal cancer mice (Fig. 111).°* NPh reacted with
GSH to form Cy7-SG with a high QY, leading to the turn-on
luminescence of nanohybrids at 1550 nm under 808 nm excita-
tion via non-radiative energy transfer from Cy7-SG to emitter
r**-doped RENPs. However, under 980 nm excitation, the
luminescence intensity of nanohybrids at 1550 nm remains
unchanged due to the negligible absorbance of Cy7-SG at
980 nm. Thus, the ratiometric emission intensity at 1550 nm
with 808 nm and 980 nm excitation can be used for GSH
detection and NIR-II ratiometric bioimaging (Fig. 11]).

This journal is © The Royal Society of Chemistry 2022
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Fig. 11 Dye sensitizing method based NIR-II organic/inorganic nanohybrids for bioimaging and biosensing. (A) Schematic of dye sensitizing method
based NIR-Il nanohybrids for bioimaging. (B) Schematic of dye sensitized nanohybrids and energy transfer pathway from ICG to RENPs. (C) Chemical
structure of ICG. (D) Normalized multichannel NIR-II emission spectra from nanohybrids with different lanthanide ions. (E) NIR-1I fluorescence imaging of
a mouse after subcutaneous injection of ICG-sensitized Er**-doped nanohybrids (excited at 800 nm). Reproduced with permission from ref. 62,
copyright 2016, American Chemical Society. (F) Schematic of dye sensitized nanohybrids with energy transfer from organic dye Alk-pi to RENPs. (G) NIR-
Il brain vascular imaging and the corresponding magnified images using Alk-pi-sensitized nanohybrids. Reproduced with permission from ref. 63,
copyright 2021, American Chemical Society. (H) Schematic of dye sensitizing method based NIR-Il nanohybrids after stimulation for NIR-1I bio-sensing. (1)
Schematic of dye sensitized nanohybrids for ratiometric detection of GSH and tumor bioimaging. (J) NIR-II bioimaging of orthotopic colon cancer with
nanohybrid administration under 808 nm and 980 nm laser illumination at different time points, respectively. Reproduced with permission from ref. 64,
copyright 2021, Wiley-VCH.

Dye sensitizing methods are designed to improve the emis- insufficient light harvesting. By integrating the advantages of
sion intensity of RENPs, which mainly alleviates the problem of large absorption cross-sections of organic dyes and abundant

This journal is © The Royal Society of Chemistry 2022 Chem. Soc. Rev,, 2022, 51, 7692-7714 | 7705
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energy levels of RENPs, nanohybrids with high brightness and
tunable emission wavelengths are available. Meanwhile,
stimulus-responsive dyes as antenna endow nanohybrids with
sensing ability in the NIR-II region.

4.3 Secondary absorption based nanohybrids

In some cases, if the distance between inorganic and organic
components is too far to have an energy transfer process
happen, organic species with a high absorption coefficient can
still be used as a photon filter layer to absorb the emission of
inorganic species, which is known as secondary absorption,
causing the nanohybrid’s fluorescence (or luminescence) signal
intensity to change (Fig. 12A). Both energy transfer and second-
ary absorption between organic and inorganic species will cause
absorption and emission spectral changes. However, the fluores-
cence (or luminescence) lifetime variation of the donor and
acceptor will only occur during the energy transfer, but not
during the secondary absorption process. Zhang and coworkers
reported a secondary absorption based nanohybrid containing
Er*" sensitized RENPs with 980 and 1180 nm emissions under
1530 nm excitation.”® NIR-II dye IR1061 was used as an H,O,
responsive filter to absorb emission at 980 nm. Upon addition of
H,0,, the emission at 980 nm of the nanohybrids recovered
along with decomposition of IR1061. Meanwhile, the emission at
1180 nm of RENPs remained unaltered, which served as a stable
reference signal for NIR-II ratiometric biosensing of epidermal
inflammation (Fig. 12B). In a secondary absorption system, there
is no strict requirement for the distance between emitters and
absorbers. Thus, this strategy could be used in larger scaled
devices, such as microneedles and 3D printed devices.

4.4 ACIE based nanohybrids

Compared with lanthanide ions, organic species have a higher
absorption coefficient (usually 10° times higher), making them

7706 | Chem. Soc. Rev.,, 2022, 51, 7692-7714
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an efficient absorption layer to absorb not only emission light,
but also excitation light. Therefore, nanohybrids composed of
organic species with high absorption coefficient and inorganic
species with low absorption coefficient become competitors
towards laser excitation, which was reported as ACIE.®® RENPs
are widely used as inorganic species in this strategy, due to
their multi-excitation bands, low absorption coefficients, and
natrow emission spectra. For instance, Nd**-doped RENPs can
emit fluorescence at 1064 nm under both 730 and 808 nm laser
excitations, and Er**-doped RENPs have emissions at 1525 nm
under 808 and 980 nm laser excitations.®® Stimulus-responsive
organic dyes are well suited as competition absorbers for
absorbing one of the excitation wavelengths. On the other
hand, the stable fluorescence signal of RENPs under another
excitation wavelength can be utilized as a reference signal.
Thus, stimulus-responsive organic species of nanohybrids serve
as photon filtration layers affecting only one excitation wave-
length, achieving ratiometric NIR-II bioimaging or biosensing
(Fig. 13A). Based on this mechanism, Zhang and coworkers
reported ACIE nanohybrids containing DCNPs and NIR dye
NPTAT for monitoring gastrointestinal drug release
(Fig. 13B).°® NIR dye, NPTAT, with a maximum absorption of
around 625 nm was used as an absorbing competitor to absorb
730 nm excitation energy. Meanwhile, due to the very weak
absorption of NPTAT at 808 nm, the emission at 1060 nm of
DCNPs under 808 nm excitation remained constant, which
could serve as a stable reference signal for NIR-II biosensing.
The NIR-II signal recovered under 730 nm excitation with
NPTAT labeled bovine serum albumin (BSA) model drug
release, achieving real-time monitoring of gastrointestinal drug
release (Fig. 13C). Furthermore, using the microenvironment
responsive molecular dye as an absorbing competitor could
realize disease detection. Peng and coworkers developed ACIE
nanohybrids containing DCNPs and NIR dye, compound 1, for
the detection of H,S in a liver failure mouse model (Fig. 13D).
In the presence of H,S, the emission at 1064 nm of DCNPs
recovered along with compound 1 (competitive absorption of
808 nm excitation) destruction for NIR-II imaging of LPS
induced hepatic inflammation.'®*

In this ACIE strategy, the ratio of the sensing signal to
reference signal has been further used to achieve semi-
quantitative ratiometric NIR-II biosensing. Zhang and coworkers
also reported ACIE nanohybrids containing Er**-doped DCNPs,
and NIR dye Cy7.5 (as absorbing competition acceptor) for
monitoring lymphatic inflammation (Fig. 13E).** Cy7.5 modified
on the surface of DCNPs act as a photon filtration layer for
absorbing 808 nm excitation energy, leading to quenching of
emission at 1550 nm under 808 nm excitation. Robust emission
at 1550 nm under 980 nm excitation serves as a reference signal.
Thus, NIR-II biosensing of the inflamed lymphatic system
was achieved due to the decomposition of Cy7.5 (Fig. 13F). Mean-
while, they also reported 3D-printed bioactive glass scaffolds as
ACIE nanohybrids containing Er*"-doped DCNPs and NIR dye IR-
808 (as absorbing competition acceptor) for monitoring the early
inflammation, angiogenesis, and implant degradation during
mouse skull repair (Fig. 13G).*> CIO™ responsive IR-808 acted as

This journal is © The Royal Society of Chemistry 2022
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Fig. 13 ACIE based NIR-II organic/inorganic nanohybrids for biosensing. (A) Schematic of the absorption competition-induced emission (ACIE) system
based nanohybrids before and after stimulation for NIR-II bio-sensing. (B) Schematic of ACIE nanohybrids containing DCNPs and NIR dye NPTAT (as the
absorbing competition acceptor) for monitoring gastrointestinal drug release. (C) NIR-II imaging of mice at different times after oral nanohybrid
administration. Reproduced with permission from ref. 66, copyright 2017, Springer. (D) Schematic of ACIE nanohybrids containing DCNPs and NIR dye
Cy7.5 derivate for detection of H,S (left). NIR-II imaging of LPS induced hepatic inflammation after nanohybrid administration (right). Reproduced with
permission from ref. 101, copyright 2021, American Chemical Society. (E) Schematic of ACIE nanohybrids containing Er**-doped DCNPs and NIR dye Cy7.5
derivate (as the absorbing competition acceptor) for monitoring lymphatic inflammation. (F) NIR-II bioimaging of the inflamed lymphatic system after
nanohybrid administration. Reproduced with permission from ref. 84, copyright 2019, American Chemical Society. (G) Schematic of the 3D-printed
bioactive glass scaffold-based ACIE hanohybrids containing Er**-doped DCNPs and NIR dye IR-808 (as the absorbing competition acceptor) for monitoring
of the early inflammation, angiogenesis, and implant degradation during mouse skull repair. (H) NIR-II bioimaging of the early infllammatory process during
mouse skull repair after nanohybrid administration. Reproduced with permission from ref. 65, copyright 2022, American Chemical Society.

an absorbing competitor for 808 nm excitation. Thus, an early The ACIE strategy fully uses the different absorbing abilities
inflammatory process during mouse skull repair was observed between organic dyes and inorganic nanoparticles. Without an
after nanohybrid administration under 808 and 980 nm excitation energy transfer process, responsive nanohybrids could be con-
(Fig. 13H). structed for biosensing. Compared to the secondary absorbance

This journal is © The Royal Society of Chemistry 2022 Chem. Soc. Rev,, 2022, 51, 7692-7714 | 7707
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Fig. 14 Dual emitting organic/inorganic nanohybrids for NIR-II ratiometric biosensing. (A) Schematic of ratiometric nanohybrids before and after
stimulation for NIR-II bio-sensing. (B) Schematic of nanohybrids Er-CSSNPs@Cy925 containing DCNPs (reference signals at 1525 nm) and NIR-I dye
Cy925 (response signals at 925 nm) for CIO™ detection (left). Ratiometric NIR-I/NIR-Il imaging of carrageenan induced arthritis mice after nanohybrid
administration (right). Reproduced with permission from ref. 102, copyright 2019, American Chemical Society. (C) Schematic of CMTNs@IR1061/DCNPs
nanohybrids containing MoO,2~, sodium carbonate, PEGylated liposomes, DCNPs (reference signals at 1550 nm), and NIR-1l dye IR1061 (response
signals at 1060 nm) for ratiometric measurement of H,O,. (D) H,O, response of emission spectra of nanohybrids. (E) NIR-Il imaging of MCF-7 tumor-
bearing mice after nanohybrid administration. Reproduced with permission from ref. 103, copyright 2021, Wiley-VCH. (F) Schematic of DCNP@SeTT
nanohybrids containing DCNPs (reference signals at 1550 nm) and NIR-I dye SeTT (response signals at 1150 nm) for ratiometric measurement of ClO™
(left). CIO™ responsive emission spectra of nanohybrids (middle). Ratiometric imaging of 4T1 tumor-bearing mice after nanohybrid administration (right).
Reproduced with permission from ref. 104, copyright 2020, American Chemical Society.

strategy in which organic component requires absorbance in the
NIR-II region to quench the emitter, the ACIE strategy has more
choices in organic components because the organic molecule
only needs to absorb excitation lasers, most of which are in
visible and NIR-I region. Furthermore, the longer emission
wavelength of nanohybrids could be used for biosensing, such
as collection window beyond 1500 nm, which could be hardly
realized by the secondary absorbance strategy.

4.5 Dual emitting system based nanohybrids

Besides the above-mentioned FRET, dye sensitizing, secondary
absorbance, and ACIE, both organic and inorganic materials
can serve as emitters in different channels. Through ratio-
metric imaging between the responsive organic sensing signal
and robust inorganic reference signal, NIR-II biosensing could
be realized by the nanohybrids (Fig. 14A). Li and co-workers
reported 808 nm excited nanohybrids Er-CSSNPs@Cy925 con-
taining Er’* doped DCNPs (as the reference signal at 1525 nm)
and NIR-I dye Cy925 (as the responsive signal at 925 nm) for

7708 | Chem. Soc. Rev., 2022, 51, 7692-7714

ClO™ detection in living arthritis mice (Fig. 14B).'*> After
reacting with CIO™ at the arthritis site, fluorescence emission
at 925 nm decreased along with the decomposition of Cy925,
while the emission at 1525 nm remained unchanged. Thus, the
ratio of two NIR emission channels (NIR-I/NIR-II) can be used
for bio-sensing of arthritis. Similarly, Chen and co-workers
developed CMTNs@IR1061/DCNPs nanohybrids containing
DCNPs (reference signal at 1550 nm) and NIR-II dye IR1061
(response signal at 1060 nm) for ratiometric measurement of
'0, generation (Fig. 14C)."*® In the presence of H,0,, 'O, was
generated under CMTNs catalysis, causing a gradual decrease
of fluorescence emission at 1060 nm along with the decom-
position of IR1061, while the emission at 1550 nm remained
unchanged (Fig. 14D). Dual NIR-II emissive nanohybrids can be
used for monitoring H,O, in MCF-7 tumor-bearing mice
(Fig. 14E). Meanwhile, Song and reported
DCNP@SeTT nanohybrids containing DCNPs (reference signal
at 1550 nm) and NIR-I dye SeTT (response signal at 1150 nm) for
ratiometric measurement of ClO~ (Fig. 14F).'** After reacting

co-workers
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with ClO™ at the osteoarthritis site, fluorescence emission at
1150 nm gradually decreased along with decomposition of SeTT
through oxidation by ClO™, while the emission at 1550 nm
remained unchanged. Thus, the ratio of two NIR-II emission
signals can be used for CIO™ bio-sensing in a rabbit model of
osteoarthritis. In these dual emitting nanohybrids, organic and
inorganic components do not interfere with each other, and
there is no interaction between them. Hence, it is easy to design
and obtain these nanohybrids for semi-quantitative biosensing.

4.6 NIR-II lifetime imaging

When penetrating the bio-tissue, a variety of interactions would
occur between biological tissues and excitation/emission
photons, including interface reflection for excitation light and
tissue scattering of excitation/emission light, leading to the
unavoidable tissue autofluorescence and signal intensity
attenuation.®7%88 Therefore, it is difficult to achieve in vivo
quantitative analysis using fluorescence (or luminescence)
intensity based bioimaging, even in the NIR-II region.

Organic/lnorganic nanohybrids for NIR-II lifetime bio-sensing

Energy transfer based nanohybrids
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Ratiometric fluorescence imaging can eliminate the interfer-
ence of probe concentration. However, the different photon
absorbance and scattering at different emission wavelengths
still hamper the accuracy of ratiometric fluorescence based
quantitative biosensing.® Meanwhile, excitation-free optical
imaging, including bioluminescence imaging, and afterglow
imaging, can eliminate real-time excitation to minimize back-
ground noise.'” %7 Unfortunately, photons emitted from
materials still interact with biological tissue and affect
quantification.

Fluorescence (or luminescence) lifetime is related to the
time that photons stay on average in the excited state of
fluorophore before emission takes place. It is an essential
feature of a fluorophore, which is independent of the excitation
and emission wavelength range and emission intensity.*®
Therefore, compared with fluorescence (or luminescence)
intensity imaging, lifetime imaging is a promising method for
bioimaging and biosensing.”® Lifetime-based imaging has great
potential for distinguishing and locating different probes with
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Fig. 15 Organic/inorganic nanohybrids for NIR-II lifetime bio-sensing. (A) Schematic of energy transfer induced NIR-II luminescence lifetime variation before
and after stimulation for bio-sensing. (B) Schematic of FRET nanohybrids DSNP@MY-1057-GPC-3 containing DCNPs (as donor) and NIR-1I dye MY-1057 (as the
acceptor) for hepatocellular carcinoma (HCC) detection and ONOO™ quantify. (C) Luminescence lifetime decay profile of nanohybrids in response to ONOO™.

(D) Experimental setup used for NIR-II luminescence lifetime imaging. (E) NIR-

Il intensity imaging (left), lifetime imaging (middle) and magnetic resonance

imaging (MRI) (right) of HCC tumor bearing mouse after nanohybrid administration. Reproduced with permission from ref. 49, copyright 2020, Wiley-VCH.
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different lifetimes at the same excitation and emission wave-
lengths. For example, Nothdurft and coworkers have reported a
fluorescence intensity and lifetime imaging system, which can
observe intracellular distributions of two dyes, cypate and 3,3-
diethylthiatricarbocyanine iodine (DTTCI), with similar emission
wavelengths (between 800 and 840 nm) under 773 nm laser
excitation.'®® Intensity-based imaging failed to distinguish distribu-
tion of co-incubated two dyes due to the similar emission wave-
length. However, as for lifetime-based imaging, there are distinct
differences to distinguish and locate the distribution of the two
dyes because of the different lifetime values of 0.5 and 1.1 ns.
Meanwhile, Ortgies and coworkers developed a series of Yb*'-
doped RENPs with different lifetimes (0.1-1.5 ms) under 800 nm
laser excitation.'” Lifetime-based imaging can observe the distri-
bution of NaY, ,Yb,Nd,,F,@CaF, NPs and NaY, Yb,1Nd,;F,@-
CaF, NPs with different lifetime values of 0.7 and 1.3 ms after oral
and intravenous administration in the same emission wavelength.
Thus, compared with intensity-based imaging, lifetime-based ima-
ging overcomes spectral overlap, tissue background interference,
excitation and emission wavelength and intensity, which is a
promising method for quantitative biosensing.

The energy transfer between organic and inorganic compo-
nents can change the fluorescence (or luminescence) lifetime of
the energy donor in nanohybrids, which could be used for
lifetime bio-sensing (Fig. 15A). Other processes in the nanohy-
brids, such as secondary absorption, and ACIE, will not affect
the lifetime of nanohybrids, so they cannot be used for lifetime
biosensing. Zhang and coworkers have developed energy transfer
nanohybrids DSNP@MY-1057-GPC-3 containing Nd**-doped

Table 1 Summary of NIR-II organic/inorganic nanohybrids
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DCNPs (donor) and NIR-II dye MY-1057 (acceptor) for hepatocel-
lular carcinoma (HCC) detection and quantitative ONOO™ sensing
(Fig. 15B).* After reacting with ONOO™, a kind of RNS in the
tumor, luminescence lifetime of nanohybrids gradually recovered
from 203 ps to 298 ps along with decomposition of MY-1057
(Fig. 15C). Compared with fluorescence intensity imaging, lifetime
imaging of nanohybrids showed negligible change under different
tissue penetration depths, indicating that lifetime imaging has
high accuracy for quantitative detection. NIR-II luminescence life-
time imaging and intensity imaging can be achieved using an
InGaAs camera (Fig. 15D). HCC lesions can be easily distinguished
from normal tissue by NIR-II luminescence lifetime imaging, but
hardly by luminescence intensity imaging. Meanwhile, lumines-
cence lifetime imaging, magnetic resonance imaging (MRI), and
dissected imaging of the HCC tumor bearing liver were consistent,
suggesting the accuracy of lifetime imaging (Fig. 15E).

Luminescence lifetime imaging is an important modality to
detect and image analytes or physiological and pathological
processes because of its independence of sensor concentration
or initial signal intensity. Combined with the advantages of
deep tissue penetration, NIR-II luminescence lifetime imaging
provides more opportunities for qualitative and quantitative
bio-sensing in deep biological tissues.

5. Conclusion and outlook

In this tutorial review, we summarized the reported NIR-II
organic/inorganic nanohybrids, including the types of organic

Organic species Inorganic species

Designed mechanism

Biomedical applications Ref.

NIR-II Azobenzene/f- Tm**-UCNPs/Nd**- In vivo assembly/disassembly Peritoneal metastases tumor imaging 19
bio-imaging  cyclodextrins DCNPs
DNA Nd**-DCNPs In vivo assembly Imaging guided ovarian tumor 83
resection
IR-140 HMSNs J-Aggregates Metabolic imaging 82
FD-1080 MSTPs J-Aggregates Imaging guided osteosynthesis 81
ICG DCNPs Dye sensitizing In situ imaging 62
Alk-pi Er*'-UCNPs Dye sensitizing Vascular imaging 63
NIR-II GSH Nd**-DCNPs In vivo assembly Inflammation biosensing 25
bio-sensing ~ Fmoc-His, DOX, Ag,S In vivo disassembly Peritoneal metastasis tumor 85
A1094 biosensing
PolyRu, IR1061 Gold nanorod In vivo disassembly Imaging guided cancer synergistic 92
therapy
A1094 Ag,S ONOO™ responsive FRET system Traumatic brain injury bio-sensing 50
FD-1080 Nd**-DCNPs ClO™ responsive FRET system Analysis of real milk samples 96
FD-1080 J-aggregates Nd*'/Er**-DCNPs ClO™ responsive FRET system Inflammation biosensing 97
NPh Nd*'/Er**-DCNPs GSH responsive dye sensitizing Orthotopic colon cancer biosensing 64
IR1061 Er*"-UCNPs H,0, responsive secondary absorption Inflammation dynamic detection 95
system
Cy7.5 derivate Nd**-DCNPs H,S responsive ACIE system Hepatic inflammation biosensing 101
NPTAT, BSA, SSPI Nd**-DCNPs PH responsive ACIE system Monitoring gastrointestinal drug 66
release
Cy7.5 derivate Er**-UCNPs ClO™ responsive ACIE system Inflammation detection 84
IR-808 Er*"-UCNP ClO™ responsive ACIE system In situ bone repair 65
Cy925 Er’*-DCNPs ClO™ responsive dual emitting system Arthritis bio-sensing 102
IR1061 Er*-DCNPs, MoO,>~ 'O, responsive dual emitting system  Monitoring tumor H,0, 103
SeTT Er*"-DCNPs ClO™ responsive dual emitting system Osteoarthritis bio-sensing 104
NIR-II lifetime MY-1057 Nd**-DCNPs ONOO ™ -activatable FRET system Imaging of hepatocellular carcinoma 49
imaging
7710 | Chem. Soc. Rev,, 2022, 51, 7692-7714 This journal is © The Royal Society of Chemistry 2022
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and inorganic species, advantages, and biomedical applica-
tions (Table 1). Organic and inorganic species can be divided
into two categories: materials with NIR-II optical properties,
and functional materials without optical properties. Poly-
methine dyes (FD-1080, LZ-1105, MY-1057, IR1061), D-A-D
dyes (SeTT), and functional moieties (DNA, responsive ligands),
are used as organic species. RENPs (Tm’*'-UCNPs, Nd*'-
DCNPs), QDs (Ag,S), and mesoporous silica are employed as
inorganic species. Organic/inorganic nanohybrids can integrate
the advantages including responsiveness of organic species and
stable fluorescence (or luminescence) properties of inorganic
species to obtain new optical properties, chemical character-
istics, and biological properties, providing unique perfor-
mance. For instance, nanohybrids with self-aggregation or
disaggregation features can not only specifically accumulate
in lesions, but also reduce the nanomaterial capture in normal
tissues, thereby improving imaging SNR. Meanwhile, by com-
bining their optical properties, some strategies, including
FRET, dye sensitizing methods, secondary absorption, ACIE,
and dual emitting system are constructed for biomedical
applications, such as bioimaging of brain vasculature, monitor-
ing drug release, and biosensing of traumatic brain injury.
Besides, energy transfer based NIR-II nanohybrids can also
serve as luminescence lifetime probes for quantitative biosen-
sing in deep biological tissues.

Although promising, NIR-II organic/inorganic nanohybrids
for biomedical applications still face many challenges. From the
design of nanohybrids to their biomedical applications, the
following issues should be considered: (1) Developing more
NIR-II organic/inorganic nanohybrids with new materials.
Currently, only a few organic and inorganic materials have been
used to construct NIR-II nanohybrids, including RENPs, QDs,
and polymethine dyes. In the future, other materials such as
semiconducting polymer nanomaterials, functional small mole-
cules, and metal clusters, may also be employed. Each class of
materials has its unique properties, such as metal clusters with
magnetic properties. Through full integration of the character-
istics of organic and inorganic species, nanohybrids will have
more unique properties for biomedical applications. (2) Devel-
oping NIR-II organic/inorganic nanohybrids with excitation and
emission in NIR-ITa and NIR-IIb regions. At present, the fluores-
cence emission wavelengths of most NIR-II organic/inorganic
nanohybrids are concentrated in the range of 1000-1200 nm,
mainly due to the difficult design and synthesis of molecular
dyes with spectral wavelengths beyond 1200 nm. In fact, NIR-IIa
and NIR-IIb regions should be further valued for biomedical
applications, especially the NIR-IIb region, owing to the extre-
mely low tissue absorption, scattering, and autofluorescence at a
longer wavelength. Besides, the excitation wavelength of nano-
hybrids is also a concern. The excitation wavelengths of reported
nanohybrids are mainly located in the NIR-I region. As men-
tioned above, photons in the NIR-II region have deeper tissue
penetration and higher maximum safe exposure, compared with
visible and NIR-I photons. Thus, developing nanohybrids with
excitation and emission in the NIR-II region is a promising
direction for biomedical applications. (3) Developing NIR-II

This journal is © The Royal Society of Chemistry 2022
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organic/inorganic nanohybrids with multiplexed activation. Dis-
eases are accompanied by the changes of multiple physiological
parameters in biological tissues, for example, low pH value, high
GSH, H,0,, and enzymes."'® The currently reported NIR-II nano-
hybrids are mostly responsive to a single disease related stimuli
for bio-sensing. However, in a complex and dynamic physiological
environment, this method may suffer from non-specific responses
and cause false positive results. (4) Developing theranostic
potential of NIR-II organic/inorganic nanohybrids. The currently
reported NIR-II nanohybrids mainly focus on bioimaging and
biosensing of analytes. Integrating the therapeutic potential of
organic and inorganic species, NIR-II organic/inorganic nano-
hybrids can realize the diagnosis and treatment of diseases
simultaneously. Thus, nanohybrids have great potential applica-
tion prospects in the field of theranostics. (5) Developing more
NIR-II organic/inorganic nanohybrids for fluorescence (or lumi-
nescence) lifetime imaging. Compared with fluorescence (or
luminescence) intensity imaging, fluorescence (or luminescence)
lifetime imaging has some further advantages, including inde-
pendence of probe concentration and unknown tissue penetra-
tion depth. Meanwhile, fluorescence (or luminescence) lifetime
imaging provides a powerful imaging modality with quantitative
analysis ability in biomedical applications. Thus, researchers
should pay more attention to biomedical applications of
organic/inorganic nanohybrids using fluorescence (or lumines-
cence) lifetime imaging. (6) The large absorption cross-section
and high extinction coefficient of organic dyes make them super-
ior contrast agents for photoacoustic imaging, and responsive
organic molecules could further lead to photoacoustic signal
changing. Thus, like fluorescence and luminescence imaging
and sensing, the NIR-II photoacoustic technique may be com-
bined with the organic/inorganic nanohybrids to realize biomedi-
cal imaging and sensing under deep tissue.
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