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In  vivo biomedical imaging provides information with physi-
ological and pathological relevance that is otherwise unattainable 
by in  vitro and ex  vivo imaging on the cellular and tissue lev-

els. In vivo imaging of animal models of human diseases serves as a 
pivotal translational link between fundamental research and clini-
cal applications1,2. Clinical imaging of human patients is routinely 
used in hospitals to diagnose and monitor diseases, guide surgical 
interventions and evaluate treatment efficacy and prognosis3. Ever 
since the publication of the well-known X-ray photograph taken by 
Wilhelm Röntgen, new discoveries in basic sciences have constantly 
inspired new clinical imaging modalities through the development 
of both imaging instrumentations — such as computed tomogra-
phy (CT), magnetic resonance imaging (MRI), positron emission 
tomography (PET), single-photon emission computed tomogra-
phy (SPECT) and ultrasound scanners — and probes (for example, 
iodine/barium-based contrast agents for CT, gadolinium-based 
contrast agents for MRI and fluorodeoxyglucose (FDG)/fluoro-
thymidine (FLT) radioactive metabolic indicators for PET)3.

Most of the medical-imaging modalities used in clinical practice 
today fall under the category of tomographic imaging, which relies 
on deep-penetrating radiation (including both electromagnetic 
waves and moving subatomic particles) to probe both structural 
and functional information of the imaged subject.  Reconstruction 
algorithms subsequently visually generate the spatial distribution 
of signal sources in the context of the anatomy of the human body 
in 3D. Major limitations of the aforementioned tomographic imag-
ing modalities include adverse effects to hazardous ionizing radia-
tion (CT, PET and SPECT), intrinsically limited spatial resolutions 
(MRI and PET), reconstruction-dependent poor temporal resolu-
tion (CT, MRI, PET and SPECT) and lack of both exogenous and 
endogenous probes for molecular or functional imaging. In con-
trast, in  vivo fluorescence-imaging doesn’t suffer from the same 
drawbacks as tomographic imaging modalities, and instead pro-
vides the benefits of real-time wide-field image acquisition and 
diffraction-limited, spatial resolution in living organisms through 
the interaction of non-hazardous optical radiation with the many 
available fluorescent labels (as both structural contrast agents and 
molecular or functional reporters).

Despite the many advantages, in  vivo fluorescence imaging of 
experimental animal models and clinical fluorescence imaging of 
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human patients have been hampered by the poor photon penetra-
tion depth in most mammalian tissues, which are usually opaque to 
light in the visible spectrum (400–700 nm in wavelength) owing to 
evolutionary benefits for terrestrial habitation4. As a result, in vivo 
fluorescence imaging using traditional wavelengths in the visible 
spectrum compromises resolution and contrast with increasing tis-
sue depths due to the substantial photon scattering and/or photon 
absorption by biological tissue, coupled with significant interfer-
ence from tissue autofluorescence5. Therefore, the need for deep-
tissue and real-time fluorescence imaging calls for advances in basic 
science through the development of both imaging instrumentation 
and new fluorescent probes2,6.

Improving the ability of fluorescence imaging to probe physio-
logical and molecular processes deep in the body requires compre-
hensive knowledge of the optical properties of biological tissues, 
since it is the interaction between photons (both excitation and 
emission in a fluorescence process) and tissue that determines how 
deep one can image into a 3D volume of tissue to resolve structures 
faithfully with a high signal-to-noise ratio. To this end, there have 
been two main approaches to achieving deep-tissue fluorescence 
imaging: developing new imaging instrumentation (such as confocal 
microscopy, two- and multi-photon microscopy, light-sheet micros-
copy, adaptive optical microscopy, optical coherence tomography 
and fluorescence-mediated tomography)7–10 and designing new 
imaging agents, such as fluorophores with improved quantum yield, 
photostability, spectral properties and biocompatibility (it is worth 
noting that in terms of light–tissue interactions the spectral proper-
ties of biological tissues are wavelength-dependent). In this Review, 
we focus on recent advances in the discovery of fluorophores with 
more favourable spectral properties than previously explored.

An ideal spectral window for biomedical imaging should have 
reduced scattering, minimum absorption and negligible autofluores-
cence (Box 1 and Fig. 1), affording higher signal-to-background ratio 
(SBR) through increases in signal (by reducing scattering and absorp-
tion) and decreases in background noise (by reducing scattering and 
autofluorescence). Compared with the visible spectrum extensively 
employed for fluorescence imaging — partly owing to the wide avail-
ability of fluorophores in this window — the broadly defined NIR 
window (700–1,700  nm in wavelength) can afford deeper tissue 
optical imaging with improved SBR at increased tissue depths due 
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In vivo fluorescence imaging requires an excitation light source, an 
emission light detector, and image-forming optics in between to 
generate a visual representation of the imaged object on the basis 
of the spatiotemporal distribution of fluorescent labels, which 
are either exogenously introduced or endogenously expressed to 
impart contrast to anatomical structures, biological molecules 
and physiological functions. Fluorescent labels that impart such 
visual contrast are distributed in three dimensions in biological 
tissues — where the third dimension, depth, can range from a 
few millimetres to tens of centimetres in experimental animals 
and human subjects. Therefore, in order for the excitation light 
to reach each individual fluorescent label and excite it, and for 
the emitted light from each fluorescent label to reach the detector 
to be collected for image formation, both excitation and emis-
sion photons have to travel extensively through biological tissue, 
where the interactions between these photons and the surround-
ing biological tissue become increasingly important at greater 
depths. Besides fluorescence emission from fluorescent labels in 
the tissue, four other processes related to light–tissue interactions 
are relevant in this discussion: interface reflection, in-tissue scat-
tering, in-tissue absorption and tissue autofluorescence (Fig. 1a).

First, when the excitation light (usually a monochromatic light 
source such as a laser or a lamp with a properly installed excita-
tion filter) impinges on the surface of the imaged object, due to the 
refractive-index difference between air (n  ~1.0) and the superfi-
cial tissue of the object (usually dermis for in vivo animal imaging, 
n ~1.4)196, a substantial portion of the incoming excitation light is 
reflected at the air/tissue interface (the amount of reflected light is 
dependent on the incidence angle and the refractive-index differ-
ence, and it is wavelength-independent due to the small changes 
of refractive index as a function of wavelength, according to the 
Fresnel equations). The interface reflection usually does not lead to 
significant image distortion or loss of signal, as long as the surface 
roughness and curvature are small compared with the imaged fea-
ture of interest and the irradiation of excitation is close to normal. 
In the case of diffuse reflection at the air/tissue interface due to 
rough surfaces, not only do reflected photons contribute to a signal 
loss, but the randomized refraction of fluorescence emission at the 
interface also adds to the background noise. This can be a problem; 
however, the application of refractive-index-matching medium can 
easily ameliorate the randomized wavefront at the tissue surface, 
especially for high-resolution in vivo brain and eye imaging197,198.

Second, excitation photons that are not reflected at the tis-
sue surface penetrate into the tissue and encounter scattering 
events, owing to the inhomogeneity of refractive indices of differ-
ent components of animal tissue (such as water, lipid membrane 
and subcellular organelles). Empirical measurements of scatter-
ing in tissues by light with different wavelengths reveal that the 
degree of scattering for almost all biological tissues follows an 
inversely proportional wavelength relationship (Fig. 1b), whereas 
the exponent for wavelength dependence varies for tissue phan-
tom and different tissues (including skin, subcutaneous tissue, 
muscle, mucous tissue, brain tissue and cranial bone)2,196,197: 
μʹs(intralipid tissue phantom)/mm–1  =  1.60(λ/μm)–2.40, μʹs(skin)/
mm–1 = 0.11(λ/μm)–4 + 1.61(λ/μm)–0.22 (note that the first term is 
attributed to Rayleigh scattering and the second to Mie scatter-
ing), μʹs(subcutaneous tissue)/mm–1 = 0.96(λ/μm)–0.68, μʹs(muscle)/
mm–1 = 0.56(λ/μm)–1.045, μʹs(mucous tissue)/mm–1 = 0.61(λ/μm)–1.62, 
μʹs(brain tissue)/mm–1  =  4.72(λ/μm)–2.07 and μʹs(cranial bone)/
mm–1 = 1.72(λ/μm)–0.65.

The declining trends for all these scattering curves suggest 
reduced scattering for all tissue types at longer wavelengths, with 

brain tissue showing the greatest degree of wavelength depend-
ence, which is evidenced by the largest absolute value of the 
exponent (and best represented by the intralipid tissue phantom). 
Since scattering processes turn photons originally contributing 
to a signal into stray light that deviates from its original path — 
thus adding to the background noise — longer-wavelength pho-
tons in the >700  nm NIR region facilitate deep-tissue imaging 
by improving the SBR via reduction in scattering events, as these 
NIR photons travel through different biological tissues.

Third, biological tissue is a remarkable collection of endoge-
nous biological molecules, many of which are chromophores that 
turn excitation and/or fluorescence photons into heat dissipation. 
For example, haemoglobins — a common class of chromophores 
in vertebrate tissue — are a red protein responsible for transport-
ing oxygen in blood circulation by means of chromophoric heme 
groups. Despite the differences in absorption spectra of oxy-
genated and deoxygenated haemoglobins, they both contribute 
strongly to the light absorption of blood in the <600 nm range 
(as shown in Fig. 1c for human blood with 1-mm path length), 
thus giving rise to the red colour of blood. Besides haemoglob-
ins, there are a number of other biomolecules with indispensa-
ble functions that maintain normal metabolic pathways while 
showing strong absorption to ultraviolet or short-wavelength vis-
ible light. Common chromophoric biomolecules include differ-
ent forms of melanins, aromatic amino acid residues in proteins 
(tryptophan, tyrosine and phenylalanine), reduced nicotinamide 
adenine dinucleotide (NADH), as well as heterocyclic flavins199. In 
addition to these UV–visible chromophores, water also has a non-
trivial contribution to the extinction spectrum (mostly in the NIR 
region) of biological tissue. Liquid water has a number of vibra-
tional overtone bands and combination transitions shown as local 
maxima at 970 nm, 1,200 nm, 1,450 nm and beyond 1,800 nm, 
and thus sets the boundaries of suitable optical windows for 
deep-tissue imaging122 (Fig.  1d). With the extinction spectra of 
all major light absorbers in biological tissues taken together, the 
entire 700–1,700  nm spectral region (excluding a narrow water 
bending overtone band centred at 1,450  nm) should allow for 
deep-tissue imaging with the benefit of low absorption and scat-
tering of both excitation and fluorescence emission photons.

A fourth factor limiting tissue penetration is interference 
from the non-specific, tissue autofluorescence background. The 
wavelength dependency of autofluorescence from vital organs 
and bodily fluids has been found to show progressively decreas-
ing level of autofluorescence with increasing detection wave-
length5. Many of the aforementioned endogenous chromophores, 
such as NADH and flavins, contribute strongly to background 
tissue autofluorescence (the broadband fluorescence emis-
sion of NADH is centred at 460 nm and that of flavins is in the 
500–600  nm range)199. Moreover, a number of pigmented cel-
lular structures, such as lipofuscin (with emission in the broad 
450–650 nm range) and reticulin (fluorescence at 470–520 nm, 
attributed to collagen and elastins), have been reported to have 
strong fluorescence on illumination200. As a result, the autofluo-
rescence spectra of rodent tissues manifest as a slowly decaying, 
trailing tail that extends into the NIR window and that eventu-
ally disappears into a truly autofluorescence-free region beyond 
~1,500  nm, as has recently been independently confirmed123–125 
(Fig. 1e). The existence of a truly autofluorescence-free window 
will facilitate the fluorescence imaging of biological systems with 
minimum interference in this far end of the NIR spectrum, espe-
cially for imaging endogenous-fluorophore-rich organs such as 
the liver123.

Box 1 | Interaction of fluorescence light with biological tissue.
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to reduced photon scattering, absorption and tissue autofluores-
cence interference (see detailed analysis in Box 1). In the past dec-
ade, advances in biomedical fluorescence imaging in the NIR range 
have focused on the traditional NIR window (NIR-I, 700–900 nm), 
and have recently extended to the second NIR window (NIR-II, 
1,000–1,700 nm). The NIR-I window is traditionally defined as the 
‘biological transparency NIR window’ because at these wavelengths 
there is low tissue absorption and background fluorescence in vivo 
(in comparison with tissue absorption and background florescence in 
the visible spectrum). The expansion of optical fluorescence imaging 
to the underexplored NIR-II window in the last seven years has only 
been made possible by the continuous development of biocompat-
ible NIR fluorophores with increasingly longer wavelengths through 
advances in chemistry, materials science and nanotechnology, in 
conjunction with the improvement of more efficient and affordable 
photon detectors with adequate sensitivity for in vivo imaging in the 
NIR-II window. In vivo NIR-II fluorescence imaging outperforms 
imaging in the NIR-I window as a result of further reduced scattering, 
absorption and tissue autofluorescence. We therefore provide in this 
Review a unified definition of the NIR window in the 700–1,700 nm 
range as the combination of the first and second biological transpar-
ency windows11. In what follows, we will discuss progress made on all 
fronts in NIR-I imaging and then in NIR-II imaging.

NIR imaging in the 700–900 nm range
The US Food and Drug Administration (FDA) approved the first 
NIR fluorophore, indocyanine green (ICG; emission ~800 nm), for 
clinical use more than half a century ago5, followed by methylene 
blue (MB; emission ~700  nm), fuelling advances in biomedical 

fluorescence imaging in the NIR-I window in the past decades 
(Table 1 and Supplementary Table 1). Both ICG and MB have been 
used in NIR fluorescence-based intraoperative imaging for struc-
tural visualization of anatomical features, including blood and 
lymphatic vessels, the gastrointestinal (GI) tract, bile duct and ure-
ters12–17, functional imaging of cardiac perfusion13, as well as intra-
operative image-guided surgical removal of diseased tissues18–21. 
Besides the FDA-approved ICG and MB, the past 5 years have also 
witnessed the development of a number of functional NIR-I fluoro-
phores for highly specific anatomical and molecular imaging.

NIR-I probes with inherent targeting ability for specific tissues. 
Unlike ICG and MB, which only passively label various lumen 
structures through dying the bodily fluids12–14, functional NIR-I 
fluorescent agents have been developed in recent years to target spe-
cific tissues that are otherwise difficult to image. Both ICG and MB 
have net charges in their molecular structures (ICG is negatively 
charged and MB is positively charged; Table 1 and Supplementary 
Table  1), and thus have strong non-specific binding to proteins 
in vivo, causing a high background fluorescence signal.. To mini-
mize non-specific binding through reduction in the net charge of 
the molecule, a series of new NIR-I fluorophores with zwitterionic 
structures and fluorescence emission wavelengths centred at 700 nm 
and 800 nm (named ZW700 and ZW800, respectively; Table 1 and 
Supplementary Table 1) have been synthesized. Owing to charge-
shielding effects resulting from the charge-neutral structural design, 
the zwitterionic NIR-I fluorophores afford much higher SBR for tar-
geted tumour imaging (Fig. 2a,b), outperforming conventional NIR 
fluorophores with net charges22–24.

Figure 1 | Motivation for NIR fluorescence-based biomedical imaging. a, Light–tissue interactions resulting from impinging excitation light (blue). 
Interface reflection (cyan), scattering (green), absorption (black circle with purple cross) and autofluorescence (brown) all contribute to the loss of signal 
(fluorescence, red) and the gain of noise. b, Reduced scattering coefficients of different biological tissues and of intralipid scattering tissue phantom as a 
function of wavelength in the 400–1,700 nm region, which covers the visible, NIR-I and NIR-II windows (blue, green and red shaded regions, respectively). 
They all show reduced scattering at longer wavelengths2. c, Absorption spectra of oxyhaemoglobin (red) and deoxyhaemoglobin (blue) through a 1-mm-
long path in human blood2. d, Absorption spectrum of water through a 1-mm-long path. OD, optical density. e, Autofluorescence spectra of ex vivo mouse 
liver (black), spleen (red) and heart tissue (blue) under 808-nm excitation light, showing the absence of autofluorescence in the >1,500 nm NIR-II 
window123. Inset: Autofluorescence spectra at high wavelengths. The dashed lines denote the values at three standard deviations from the baseline. Panel e 
adapted with permission from ref. 123, Springer.
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Table 1 | Common NIR-I and NIR-II fluorophores.

Fluorophore Excitation/emission 
wavelength

Tissue targets Properties Applications Phase Refs 

Indocyanine 
green

807/822 nm Plasma lipoprotein 
and atheromas; 
mostly non-specific 

Negatively charged; 
lipophilic; QY=9.3% 
(serum)

Cardiovascular and lymphatic 
angiography; bile duct and 
GI tract imaging; tumour 
imaging and IGS

FDA-approved* 5, 13, 15–18, 
20, 21, 37, 
90, 93

MB 665/686 nm Non-specific Positively charged; 
QY=9.6% (serum)

Cardiovascular and lymphatic 
angiography; bile duct, GI tract 
and ureter imaging; tumour 
imaging and IGS

FDA-approved 12–14, 16, 19

IRDye800CW 774/789 nm Non-specific; 
conjugatable with 
targeting ligands

Negatively charged; 
hydrophilic; 
QY=12% (serum)

Tumour imaging and IGS Phase I 94, 96, 97, 
184

Non-sulfonated 
cyanine dyes 
(CyX Series)

747/774 nm (Cy7) 
788/808 nm (Cy7.5)

Non-specific; 
conjugatable with 
targeting ligands

Positively charged; 
QY=28% (Cy7, PBS)

Structural and functional 
imaging of tumour and other 
tissues and organs

Mostly 
preclinical†

25, 185–187

Zwitterionic 
cyanine dyes

772/788 nm 
(ZW800-1)

αvβ3 (with RGD) Zwitterionic (neutral 
net charge); hydrophilic; 
QY=15.1% (serum)

Tumour imaging Phase I 22–24

Phosphonated 
cyanine dyes

771/796 nm 
(Pam78) 
785/802 nm 
(P800SO3)

Hydroxyapatite 
deposits and bone 
tissues

QY=15.1% (P800SO3) Bone and microcalcification 
imaging

Preclinical 29, 30, 35, 36

Quaternary 
ammonium 
cyanine dyes 

666/692 nm 
(C700-OMe) 
770/804 nm 
(C800-OMe)

Cartilage tissues Hydrophilic; 
QY=9.7% (C700-OMe), 
11.5% (C800-OMe) 

Cartilage imaging Preclinical 31

BODIPY 643/673 nm (mPB) 
649/723 nm 
(BAP-5)

Non-specific (mPB) 
Amyloid beta 
plaque (BAP series)

Charge-neutral; 
hydrophobic 
BODIPY core; 
QY~100% (water)

Tumour and Alzheimer’s 
disease imaging

Preclinical 40, 188

Conjugated 
copolymers

500–1,100/ 
700–1,400 nm

Non-specific; 
conjugatable with 
targeting ligands

Hydrophobic; 
QY=0.5–50%

Structural and haemodynamic 
imaging of blood vasculature, 
lymph nodes and tumour

Preclinical 85, 168, 
189–191

Aggregation-
induced emission 
dots

511/671 nm 
(TPE-TPA-FN 
AIE dot)‡

Non-specific; 
conjugatable with 
targeting ligands

Hydrophobic;
QY=12.5% 
(TPE-TPA-DCM at 
3 wt% loading in BSA)

In vivo cell tracking and 
tumour imaging

Preclinical 173, 192, 193

Quantum dots Declining broadband 
absorption/ 
700–1,500 nm 
emission

Non-specific; 
conjugatable with 
targeting ligands

QY=8–17% Cardiovascular and lymphatic 
angiography; tumour and 
skeletal imaging; lymph-node 
mapping; visualization 
of cell migration; in vivo 
thermometry

Preclinical 48, 57, 60, 
61, 145–160, 
170, 194, 195

Metal 
nanoclusters

360/810 nm (Au) Non-specific; 
conjugatable with 
targeting ligands

Highly water-soluble; 
QY=0.7% (Au)

Imaging of tumour, kidney 
clearance kinetics and kidney 
dysfunction

Preclinical 55, 58, 59

Infrared 
fluorescent 
proteins

690/711 nm (IFP2.0)
674/703 nm 
(miRFP703)

Liver (with 
adenovirus 
vector) or specific 
molecular targets

Expressed endogenously; 
QY=8.0% (IFP2.0) and 
8.6% (miRFP703)

Imaging of liver, brain tumour, 
myoblast differentiation, muscle 
regeneration, cancer metastasis, 
signalling cascade, cell cycle and 
specific protein labelling

Preclinical 64–74, 76

Single-walled 
carbon 
nanotubes

550–1,050 nm 
multiband/ 
1,000–1,800 nm 
multiband

Non-specific; 
conjugatable with 
targeting ligands

Inherently hydrophobic; 
QY=0.4%

Imaging of internal organs, 
tumour, limb and brain 
vasculatures, lymphatic vessels 
and lymph nodes, bacterial 
infection and nitric oxide

Preclinical 2, 114, 
119–121, 123, 
129–136, 
139–144

Rare-earth 
nanoparticles

808 or 980/ 
1,000–1,600 nm

Non-specific; 
conjugatable with 
targeting ligands

QY=90% (SrF2:Nd), 
50% (LaF3:Nd)

Imaging of blood vasculature, 
internal organs and tumour

Preclinical 124, 161–163, 
172

Continued
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A complementary approach to improve the SBR through back-
ground reduction in NIR-I imaging has involved the design of NIR-I 
fluorophores with significant signal enhancement in specific tissues 
such as tumours, which typically have reduced pH (acidification)25,26 
and low oxygen concentration (hypoxia)27. For example, a pH-
sensitive fluorescent nanoprobe with >300-fold increase in NIR-I 
fluorescence from Cy5.5 (emission peak at ~700  nm; Table  1  and 
Supplementary Table 1) in response to the low extracellular pH in 
the tumour microenvironment affords tumour-specific imaging 
with minimum or no fluorescence background from non-cancerous 
tissues and organs25. Taking advantage of phosphorescence quench-
ing by oxygen, a polyvinylpyrrolidone-conjugated iridium complex 
with emission at ~710 nm has shown specific NIR-I imaging of the 
hypoxic tumour microenvironment at a very early stage of tumour 
development through a dramatic increase in fluorescence intensity in 
response to the decreased oxygen levels found in cancerous tissue27.

Besides the conventional strategy of making targeted fluorescent 
probes via covalent conjugation of separate fluorophore and tar-
geting domains28, the newer approach of incorporating the target-
ing moiety into the inherent chemical structure of the fluorescent 
probe during its synthesis has received increasing interest in recent 
years. This approach affords specific NIR-I fluorescence labelling of 
bone29,30 (Fig. 2c,d), cartilage31 (Fig. 2e,f), pancreas32, parathyroid 
and thyroid glands33, and nerves34. For example, by incorporating 
phosphonate groups with known affinity to bones into the non-
delocalized part of polymethine indocyanines (Fig. 2c), fluorescent 
probes with specific targeting to bone structures and NIR-I fluor-
escence emission of 700–800 nm have shown tissue-type-specific 
labelling and visualization of bone structures in mice and pigs 
(Fig. 2d and Table 1)29. Imaging of osteoblastic activity and micro-
calcifications in vascular and cancerous tissues has also been real-
ized by making the pamidronate derivative of NIR-I fluorescent 
cyanine dyes through the specific binding of the pamidronate moi-
ety to hydroxyapatite30,35,36. In a similar manner, tuning the hydro-
philicity and polarity of the polymethine fluorophore structure 
by introducing different substituent groups on the aromatic ring 
(Fig.  2e), NIR-I fluorophores with high affinity to cartilage have 
been used to specifically image cartilage tissues from ear, knee joint 
and thoracic cavity in mice (Fig. 2f and Table 1). Finally, the in vivo 
screening of a large library of NIR-I fluorophores made through 
rational alterations of side groups serves as a very efficient approach 
for identifying promising candidates of NIR-I fluorescent probes 
to specifically label a range of tissues32–34. Besides tissue-type-spe-
cific targeting, similar strategies of structure-inherent targeting of 
pathological tissues and biomarkers based on the structural opti-
mization of NIR-I fluorescent molecules have also been employed 
to image lipid-rich atherosclerotic plaques (in atherosclerosis)37, 
amyloid plaques (in Alzheimer’s disease)38–40 and specific kinases 
in tumours in vivo41 (Fig. 2g,h).

Self-illuminated NIR-I fluorophores. Aside from the molecular 
design and screening of small-molecule NIR-I fluorophores, inor-
ganic- and polymeric-nanomaterials-based NIR-I fluorophores, 
in particular NIR-I emitting quantum dots42 (QDs) that display a 
high resistance to photobleaching and semiconducting polymers 
(Table 1 and Supplementary Table 1)43, have also enjoyed great suc-
cess in recent years. Of particular interest among QD-based NIR-I 
fluorescent probes are self-illuminated QDs employing fluorescence 
resonance energy transfer (FRET), bioluminescence resonance 
energy transfer (BRET) and chemiluminescence energy transfer 
(CRET) to enable in vivo NIR fluorescence imaging without exter-
nal light excitation, thus eliminating autofluorescence interference 
from the tissue.

First demonstrated a decade ago, bioluminescent QD emitters 
can be realized by covalently conjugating a mutated variant of lucif-
erase, Luc8, which emits 480  nm blue bioluminescence on addi-
tion of its substrate coelenterazine, to polymer-coated CdSe–ZnS 
core–shell QDs44. This QD conjugate emits strong red-to-NIR fluor-
escence at 655 nm via the BRET process in the absence of any exci-
tation, with greatly enhanced detection sensitivity and SBR owing to 
minimum autofluorescence interference44,45. Similar strategies have 
allowed for the syntheses of a library of BRET-based self-exciting 
QDs with tunable wavelengths (from the visible to the short NIR-II) 
for tumour and lymph node imaging46–48 as well as for the molecu-
lar imaging of enzyme activities49. In another example, involving a 
dual resonance-energy-transfer process integrating both BRET and 
FRET, the energy of Luc8-catalysed oxidation of coelenterazine was 
first resonantly transferred to a semiconducting polymer nanopar-
ticle through a BRET process to excite its fluorescence at 594 nm, 
followed by non-radiative transfer of the 594 nm fluorescence to an 
NIR775 dye mixed in the semiconducting polymer matrix through 
a FRET process, resulting in bright NIR-I fluo rescence emission. 
With this construct, lymphatic networks and tumour vasculature 
can be clearly visualized in live mice with excellent SBR in the 
absence of external excitation50.

To afford CRET imaging in vivo, in  situ generated chemilumi-
nescence during critical physiological processes can be transferred 
to NIR fluorescence-emitting QDs. Through co-injection of QD800, 
an 800-nm fluorescence emitting NIR QD, along with luminol — a 
chemical that specifically reacts with hypochlorous acid (metabolite 
of myeloperoxidase) to generate blue chemiluminescence — sensi-
tive detection of myeloperoxidase activity, a biomarker for immune 
deficiency, coronary artery disease and inflammation, was possible 
in deep tissues using CRET-based NIR-I fluorescence51. Exogenously 
introduced imaging agents with persistent luminescence are able to 
continuously transfer energy to NIR-I fluorescent probes through 
the FRET process to enable excitation-free NIR-I fluorescence 
imaging in  vivo without tissue autofluorescence. Unlike fluores-
cent materials, persistently luminescent molecules or nanoparticles 

Table 1  | Continued

Fluorophore Excitation/emission 
wavelength

Tissue targets Properties Applications Phase Refs 

IR–PEG 
nanoparticles

808 or 980/ 
900–1,400 nm

Non-specific; 
conjugatable with 
targeting ligands

QY=1.8% Imaging of blood vasculature 
and internal organs

Preclinical 167, 172

CH1055 808/1,055 nm EGFR+ tumour with 
anti-EGFR affibody

Water-soluble;
QY=0.3%§

Imaging of blood and lymphatic 
vasculatures, brain tumour and 
xenograft EGFR+ tumour

Preclinical 169

*The first NIR fluorophore approved by the US Food and Drug Administration (indocyanine green was approved for in-human clinical use as a fluorescent indicator in 1959). †Only preclinical for free/
conjugated dyes; phase-I, in-human clinical trials exist for the dye embedded in inorganic nanoparticle matrices (‘Cornell dots’). ‡The excitation and emission wavelengths denote the spectral properties of 
the aggregation-induced emission (AIE) luminogen molecules in the aggregate state (that is, in the form of the AIE dot). §First small-molecule NIR-II fluorophore for in vivo fluorescence imaging. BODIPY, 
boron dipyrromethene; BAP, BODIPY-based probe; BSA, bovine serum albumin; EGFR, epidermal growth factor receptor; GI, gastrointestinal; IGS, image-guided surgery; IR–PEG, infrared-dye–poly(ethylene 
glycol) complex; MB, methylene blue; mPB, methoxy poly(ethylene glycol) BODIPY; PBS, phosphate buffered saline; QY, quantum yield; RGD, arginylglycylaspartic acid; TPE-TPA-DCM, tetraphenylethylene-
triphenylamine-dicyanomethylene-4H-pyran adduct; TPE-TPA-FN, tetraphenylethylene-triphenylamine-fumaronitrile adduct. 
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Figure 2 | NIR-I fluorescent agents for highly specific tissue targeting and imaging. a, Chemical structure of the zwitterionic NIR-I fluorophore 
cRGD-ZW800-1, which has an αvβ3 integrin targeting ligand of cRGD and a charge-balanced fluorescent moiety. b, Colour images (left column) and 
corresponding NIR-I fluorescence images (right column) of mice bearing an αvβ3 integrin positive tumour (labelled T(+)) and an αvβ3 integrin negative 
tumour (labelled T(-)). The mice were injected with zwitterionic NIR-I fluorophore, cRGD-ZW800-1 (top row) and the negatively charged NIR-I 
fluorophore cRGD-CW800 (bottom row; commercial name given by Li-COR Biosciences) at 4 h before the images were taken. The zwitterionic NIR-I 
fluorophore shows a much higher ratio of tumour signal to non-specific background signal in normal tissues and organs22. Arrows, kidneys; red dotted 
circle, region of interest used for tissue-background measurement. Scale bar, 1 cm. c, Chemical structure of a phosphonated 800-nm-emitting fluorophore 
with specific bone-targeting capability. d, Colour images and corresponding NIR-I fluorescence images of sternum, sternum cross-section, leg bone 
and back bone of Yorkshire pigs using the phosphonated NIR-I fluorophore shown in c, with R = SO3H (ref. 29). Scale bars, 1 cm. e, Chemical structure of 
cartilage-specific, 800-nm-emitting NIR-I fluorophore, C800-X. f, Representative images showing that the cartilage-specific, 800-nm-emitting NIR-I 
fluorophore shown in e, with R = OMe, allows for the targeting and imaging of the cartilage structures in the ear and chest cavity. For each body part, 
the upper-left panel shows the colour image, the upper-right panel its corresponding NIR-I fluorescence image (scale bars, 1 cm), the bottom left panel 
the haematoxylin and eosin (H&E)-stained microscopy image of the resected cartilage structure, and the bottom-right panel its corresponding NIR-I 
fluorescence image (scale bars, 100 μm)31. The white arrow labelled 1 and the white arrowhead labelled 2 in the chest-cavity fluorescence image indicate 
hyaline and fibrocartilage, respectively. g, NIR-I fluorescence images of atherosclerotic (top) and normal (bottom) arteries from rabbits, where ICG is 
used as the functional NIR-I fluorescent label. Scale bar, 2 cm. h, Histological staining (left) and NIR fluorescence (right) images showing co-localization 
of neutral lipid and ICG NIR-I fluorescence (indicated by yellow arrowheads) in a rabbit atheroma section37. Scale bar, 200 μm. Figure adapted with 
permission from: a,b, ref. 22, Nature Publishing Group; c,d, ref. 29, Wiley; e,f, ref. 31, Wiley; g,h, ref. 37, AAAS.
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continuously emit light for minutes to even hours after initial light 
excitation. A FRET-based nanoparticle with persistent NIR-I lumi-
nescence has been realized by incorporating both 594-nm fluores-
cence-emitting semiconducting polymer (FRET donor) with NIR-I 
fluorescent NIR775 dye molecules (FRET acceptor) in a biocom-
patible matrix, exhibiting persistent NIR-I luminescence for 1  h 
after initial 465-nm irradiation with sufficient radiance for in vivo 
live mouse imaging52. Standalone systems with NIR-I persistent 
luminescence comprising rare-earth-ion-doped nanoparticles and 
chromium-doped zinc gallate have also been synthesized without 
relying on any resonance energy transfer process for autofluores-
cence-free in vivo NIR-I imaging53,54.

NIR-I fluorophores with fast renal clearance. An important aspect 
of potential NIR fluorophores for clinically translatable imaging is 
the timely clearance from the body with minimum retention in major 
organs after administration, preferably through the renal clearance 
pathway. ICG is quickly cleared from the body exclusively through 
the biliary pathway due to its high affinity to bind with plasma pro-
teins, and thus allows for imaging of liver and bile duct functions. 
IRDye800CW and most of the non-sulfonated cyanine dyes (such 
as Cy5.5, Cy7 and Cy7.5; Table 1 and Supplementary Table 1) are 
usually excreted via renal clearance through the kidneys, owing to 
their serum stability and small molecular weights, but they have 
been reported to persistently accumulate in the skin55. In addition to 
organic NIR-I fluorophores, most of the nanomaterial-based NIR-I 
fluorophores — such as the polymer nanoparticles and QDs — have 
sizes above the renal cut-off size (~5.5 nm)56,57 and thus are difficult 
to excrete from the body quickly. Design of NIR-I fluorescent nan-
oparticles with hydrodynamic sizes smaller than the renal cut-off 
size is thus desired for the realization of nanomaterial-based NIR-I 
fluor escent probes for clinical translation.

To this end, ground-breaking progress has been made in the syn-
thesis of noble metal nanoclusters, which not only afford fast and 
complete renal clearance, but also allow for real-time visualization 
of kidney clearance kinetics enabled by their emitted NIR-I fluores-
cence (Table 1 and Supplementary Table 1)55,58,59. NIR-I Si nanocrys-
tals (Si QDs) are a new class of biodegradable fluorescent probes 
affording fast renal clearance, owing to the metabolism of exposed 
Si to silicic acid, which has minimum toxicity to the body and can 
be readily cleared by the kidneys60,61. Besides Si QDs, there has 
been an ongoing interest in the design and synthesis of biodegrad-
able nanographene oxide, which has demonstrated to have NIR-I 
fluorescence as well62, through surface modification of cleavable 
disulfide bonds and addition of endogenous peroxidases63. These 
recently developed NIR-I fluorophores with ultrasmall sizes, high 
serum stability and fast biodegradation bode well for the potential 
clinical translation of NIR-I fluorophores.

NIR-I fluorescent proteins. Exogenous NIR-I fluorescent agents 
require certain types of administration in  vivo to enable fluores-
cence labelling of specific anatomical structures and/or molecular 
targeting, thus limiting their applications in less accessible organs 
and tissue. To this end, endogenously expressed fluorophores, such 
as NIR-emitting fluorescent proteins, have been reported in recent 
years as cell-type-specific labels and gene reporters with long-term 
expression stability. Despite most of their emission wavelengths still 
being in the far-red-to-short-NIR-I region (650–800 nm), NIR fluo-
rescent proteins (named IFPs or iRFPs by different labs; Table 1 and 
Supplementary Table 1) have received much interest in recent years.

The first NIR photon-emitting fluorescent protein (FP) was 
developed in Roger Tsien’s laboratory following the pioneer-
ing works from the same lab on developing a palette of FPs with 
a veritable rainbow of colours: they engineered a bacterial phy-
tochrome scaffold, DrBphP, to reduce the non-radiative decay rate 
of the bound chromophore biliverdin, and successfully evolved a 

brightly and stably fluorescent, monomeric IFP1.4 with emission in 
the NIR-I window (emission peak at 708 nm), for targeted imaging 
of the liver with much reduced background autofluorescence inter-
ference64. Since this ground-breaking work, a number of improved 
versions of NIR-I fluorescent proteins have been developed with 
further red-shifted emission and higher fluorescence quantum 
yield. On the basis of a different template from the previous work, 
bacteriophytochrome RpBphP2 from a photosynthetic bacterium, 
others have developed a dimeric version of a NIR-I fluorescent pro-
tein through multiple rounds of mutagenesis to achieve improved 
incorporation of biliverdin65. The dimeric iRFP exhibits slightly 
red-shifted excitation (690 nm) and emission (713 nm; Fig. 3a), and 
an increased extinction coefficient compared with IFP1.4, resulting 
in greater brightness for in vivo imaging in mice65 (Fig. 3b). Later, a 
palette of iRFPs with different spectral properties66,67 and photoacti-
vation and photoswitching capability68 were developed by the same 
group to further expand the emission into the NIR window, with 
the longest emission peak wavelength at 720 nm69,70. A progressively 
improved SBR at a tissue depth of 7.0  mm has been found with 
increasing emission wavelength (Fig. 3c), while iRFPs with differ-
ent emission wavelengths also allow for multicolour in vivo imag-
ing with different tissue targets labelled differently66 (Fig. 3c inset). 
More recently, monomeric iRFPs (miRFPs) with ~2-fold higher 
brightness than the monomeric IFP counterpart expressed in mam-
malian cell lines were used in functional biosensors for detecting 
metabolic and physiological changes with deep-tissue NIR imaging 
in vivo71 (Fig. 3d). 

Breakthroughs have also been made to directly engineer the IFP 
structures by combining beneficial mutations through the evolu-
tion from DrBphP to IFP1.4, resulting in a monomeric yet brightly 
fluorescent IFP2.0 with emission peak at 711 nm for brain tumour 
imaging (Fig. 3e) and protein labelling in vivo72,73 (Fig. 3f). Structure-
guided mutagenesis of mNeptune, a red FP similar to mCherry, gave 
rise to a red-shifted FP mCardinal without reduction in brightness. 
mCardinal has fluorescence emission at the border between visible 
and NIR-I spectra (emission peak at 659 nm), and allows for non-
invasive longitudinal visualization of muscle regeneration in living 
mice through labelling of myoblasts (Fig. 3g)74. More recently, the 
same BphP bacteriophytochrome system as mentioned above  has 
allowed for NIR-I-light-based optogenetic control to alter cell mor-
phology and gene expression in deep tissues of live animals75. As 
an example of early-stage clinical translation, iRFPs have been used 
for the longitudinal imaging and tracking of cancer metastasis in a 
preclinical mouse model76 (Fig. 3h).

Besides the spectral tuning of fluorescent proteins with red-
shifted emission wavelengths, bioluminescence generated by 
luciferin usually has an emission maximum at 562 nm and is thus 
sub-optimal for in  vivo deep-tissue imaging unless a BRET sys-
tem is employed to red-shift its emission44–48 (as mentioned ear-
lier). Therefore, it is desirable to develop a red-shifted, standalone 
bioluminescence-imaging system that does not rely on resonance 
energy transfer. By replacing the benzothiazole moiety in lucif-
erin with a simplified phenylbutadienyl group and introducing a 
charged substituent group on the benzene ring, a luciferin analogue 
(AkaLumine-HCl), has been synthesized with good water solubility 
and NIR-I emission on reaction with native firefly luciferase, afford-
ing highly sensitive deep-tissue in vivo imaging of lung metastasis 
in mice77. The advances in red-shifted fluorescence proteins and 
bioluminescent substrates are likely to offer in  vivo fluorescence 
imaging with unprecedented SBR and sensitivity through high 
specificity (exogenous expression of FPs and luciferase) and low 
background (less scattering in NIR and minimum autofluorescence 
from bioluminescence).

NIR-I fluorophores for theranostics. As fluorophores with longer 
emission wavelengths generally have lower fluorescence quantum 
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Figure 3 | NIR-I fluorescent proteins. a, Normalized excitation and emission spectra of two NIR-I fluorescent proteins, IFP1.4 (dashed curves) and iRFP (solid 
curves), both derived from bacterial phytochromes and showing fluorescence emission in the 700–750-nm NIR-I window. b, NIR-I fluorescence images of an 
adenovirus-transfected mouse expressing IFP1.4 in the liver (left), a mouse expressing iRFP in the liver (middle) and a control mouse with no NIR-I fluorescent 
proteins expressed in the body (right). The iRFP shows a greater brightness and better distinction from autofluorescence background of the mouse fur, owing 
to higher fluorescence quantum yield and longer emission wavelength65. Scale bars, 1 cm. c, Signal-to-background ratios (SBRs) of fluorescent proteins with 
emissions from the far-red (E2-Crimson, mNeptune, eqFP650, eqFP670, iRFP670 and iRFP682) to the NIR-I window (iRFP702, iRFP713 and iRFP720) at 
7-mm depth inside the mouse. Fluorescent proteins in the NIR-I window show much higher SBRs than their counterparts in the far-red sub-region of the visible 
spectrum. Inset: multicolour NIR-I fluorescence imaging using two different iRFPs, iRFP670 (green) expressed in a xenograft tumour and iRFP713 (purple) 
expressed in the liver66. Scale bar, 1 cm. d, NIR-I fluorescence images of a mouse expressing IκBα fused with monomeric iRFP703 in the liver before and 2 h 
after injection with lipopolysaccharide (LPS) in the NF-κB pathway71. Scale bar, 1 cm. e, Bright-field (left), fluorescence (middle) and overlaid (right) images 
of brain tumour expressing IFP2.0 and the co-factor heme oxygenase (HO1), which enhances the NIR-I fluorescence of IFP2.0. Note that the brain tumour 
can be visualized through the intact scalp and skull using the enhanced NIR-I fluorescent protein IFP2.0 (ref. 72). Scale bars, 1 cm. f, Multicolour fluorescence 
images of the Drosophila abdominal region, showing class IV dendritic arborization neurons (blue, tdTomato fluorescence; excitation/emission wavelengths, 
561/610 nm), extracellular matrix (green, GFP fluorescence; excitation/emission wavelengths, 488/525 nm) and the abdominal muscle73 (red, monomeric 
IFP or mIFP fluorescence; excitation/emission wavelengths, 640/731 nm). Scale bars, 20 μm. g, Bright-field image (left) and NIR-I fluorescence images 
(right) showing muscular regeneration after injecting mouse tibialis anterior muscles with myoblasts expressing mCardinal74, a far-red/NIR-I fluorescent 
protein. h, NIR-I images of the same mouse in a longitudinal NIR-I fluorescence imaging study tracking implanted iRFP-expressing cancer cells at weeks 4, 5, 
6 and 7, with the primary tumour region covered. Lymphatic vessels (white arrows) and axillary lymph nodes can be seen clearly at weeks 6 and 7, indicating 
metastasis of the primary tumour76. Inset: ventral-view NIR-I image of the mouse at week 4 post-implantation, with primary tumour site fully shown. Scale 
bars, 1 cm. Figure adapted with permission from: a,b, ref. 65, c, ref. 66, d, ref. 71, e, ref. 72, f, ref. 73, g, ref. 74, Nature Publishing Group; h, ref. 76, OSA Publishing.
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yields than their shorter-wavelength counterparts78, NIR-I fluoro-
phores can also be used for theranostics with simultaneous diag-
nostic (through imaging) and therapeutic capabilities in one single 
agent. Specifically, NIR-I fluorophores with low fluorescence quan-
tum yields can effectively convert absorbed photon energy into 
heat or reactive oxygen species (ROS), thus enabling photothermal 
therapy, photothermally controlled chemotherapy and gene ther-
apy, and photodynamic therapy in conjunction with fluorescence 
imaging79,80. For example, MB by itself is a photosensitizer that, 
on illumination with light, can generate singlet oxygen and trig-
ger a number of downstream photochemical reactions leading to 
photodamage of the targeted tissue81. ICG as well as other NIR-I 
fluorescent cyanine dyes have been applied as a dual-functional 
agent for both NIR-I fluorescence imaging and NIR-light-induced 
photothermal therapy82,83. Chemotherapeutic drugs, such as doxo-
rubicin (DOX), can be loaded together with ICG into a lipid–poly-
mer nanoparticle to improve serum stability and afford controlled 
release of DOX under NIR laser irradiation in addition to ICG-
enabled NIR-I fluorescence imaging of the tumour84. siRNA can 
be loaded into an NIR-I fluorescent nanoparticle comprised of 
a conjugated copolymer fluorophore, PCPDTBT (poly[2,6-(4,4-
bis-(2-ethylhexyl)-4H-cyclopenta [2,1-b;3,4-bʹ]dithiophene)-alt-
4,7(2,1,3-benzothiadiazole)]; Table 1 and Supplementary Table 1), 
for simultaneous NIR-I fluorescence imaging and suppression of 
tumour growth through oncogene silencing in a murine model of 
anaplastic thyroid cancer85. Cyanine dyes conjugated with a photo-
sensitizer result in dual-functional agents, demonstrating both vis-
ual detection/monitoring of the tumour through NIR-I fluorescence 
imaging and photodynamic therapeutic effects to suppress tumour 
growth86.

Coupling a fluorophore to a drug through a bond preferentially 
cleaved by the elevated glutathione levels in cancer cells can create a 
quenched molecular imaging prodrug that both activates the drug 
for therapeutic effects and generates a fluorescent signal only within 
a tumour body. This method ensures targeted drug delivery with 
confirmation through a measurable fluorescent signal87. In addition, 
prodrug activation may provide a quantitative fluorescence imag-
ing method for evaluating the precise levels of specific drug targets, 
biomolecules or cellular pathways, and a significant cost-saving 
measure within the pharmaceutical industry88. The generation of a 
fluorescent signal only after prodrug activation by a specific molec-
ular pathway could help predict the success or failure early on of 
drugs in the pipeline, potentially identifying drug failure in animal 
models at an earlier stage instead of after significant developmental 
costs have been incurred.

Clinical applications of NIR-I fluorescence imaging. Besides fun-
damental scientific developments of novel NIR-I fluorescent agents 
for imaging in preclinical animal models, substantial efforts have 
been made to translate NIR-I fluorescence imaging into a clinical 
imaging modality89. The fluorescence-assisted resection and explo-
ration (FLARE) imaging system has overcome a major obstacle for 
current surgical-imaging systems operating only in the visible win-
dow, by providing broadband visible-to-NIR illumination and mul-
tichannel image acquisitions in the NIR-I window15 (Fig. 4a). With 
a small, portable FLARE imaging system (termed Mini-FLARE) 
featuring a movable imaging head mounted on a flexible goose-
neck arm90 (Fig. 4b), the system provides surgeons with real-time 
intraoperative visual guidance of tumours, blood vessels and lymph 
nodes that are otherwise invisible to the naked eye or to traditional 
cameras operating in the visible window91. Clinical translation of 
new NIR-imaging systems such as FLARE can be facilitated via a 
new non-profit path with open-source information exchange and 
design evolution between academic developers, clinical surgeons, 
technical licensees and the general public to expedite the devel-
opment, dissemination and optimization of emerging biomedical 

technologies92. Clinical studies with the FLARE imaging system 
using the FDA-approved NIR-I fluorophores ICG and MB as well as 
the Phase I fluorophore IRDye800CW (Fig. 4d) have applied NIR-I 
fluorescence imaging in human patients for intraoperative locali-
zation of primary tumours15 (Fig. 4c), fluorescence-guided metas-
tasectomy18,20 (Fig.  4e), differentiation of normal versus diseased 
parathyroid glands19, sentinel-lymph-node mapping and biopsy15,21, 
coronary angiography13, GI-tract imaging16, bile-duct imaging dur-
ing laparoscopic surgery17 and ureter imaging during lower abdom-
inal surgery14 (Fig. 4f).

In addition to the use of the FLARE system for clinical intra-
operative NIR-I fluorescence imaging, lymphatic imaging has also 
been performed in human subjects with breast carcinoma and 
lymphatic abnormalities (Fig.  4g) using ICG as an NIR-I fluores-
cent tracer and a home-made imager system comprising an NIR 
charge-coupled-device (CCD) camera and a laser diode93. Clinical 
translation of non-FDA-approved NIR-I dyes are also underway 
and may provide more favourable pharmacokinetics and specific 
molecular targeting through covalent functionalization. In several 
early-phase clinical trials, antibodies labelled with IRDye800CW 
(Table 1 and Supplementary Table 1) as well as a non-functionalized 
CLR-1502 dye have been evaluated for targeted cancer imaging to 
guide oncologic head-and-neck tumour surgery94,95 (Fig. 4h), ena-
bling fluorescence-guided resection of cancerous tissue with high 
specificity and near complete removal96. A number of clinical tri-
als using IRDye800CW dyes conjugated with a variety of antibodies 
and other tumour-targeting biologic agents are currently underway 
for fluorescence-guided surgery97. Combining NIR-I fluorescence 
with SPECT/CT imaging, hybrid tracers comprising a cyanine fluo-
rophore for NIR-I fluorescence imaging, a chelator for 111In-based 
SPECT imaging and a cyclic arginylglycylaspartic acid (RGD) moi-
ety for targeting of the αvβ3 integrin overexpressed in certain tumour 
types98 have been developed. Clinical studies of dual-modality 
(SPECT and NIR-I fluorescence) image-guided surgery in human 
patients have also been carried out using hybrid tracers, providing a 
more accurate and specific identification of tumour margins during 
surgical resection than using a single modality alone99,100.

NIR-active Raman probes. In addition to photons generated solely 
through fluorescence, photons emitted during Raman scattering 
processes can occur in the NIR-I window (depending on the exci-
tation wavelength and Raman shift) and can be utilized for deep-
tissue Raman imaging. Composite nanoparticles comprising a gold 
colloidal core coated with Raman reporter molecules and stabilized 
with a thiol–poly(ethylene glycol) (PEG) surface-coating layer 
have been applied as bright Raman tags for Stokes Raman scatter-
ing in the NIR-I window (with a Raman scattering wavelength at 
~700 nm) under an excitation of 633 nm, utilizing surface-enhanced 
Raman scattering (SERS) of gold nanoparticles. The Raman scatter-
ing intensity well exceeds that of QD705 QDs with a similar fluo-
rescence emission wavelength, leading to targeted spectroscopic 
detection and imaging of small tumours (~0.03 cm3) at centimetre 
penetration depths101. In a similar manner, SERS nanoparticles con-
sisting of a gold core with a Raman molecular tag of trans-1,2-bis(4-
pyridyl)-ethylene have allowed for intraoperative guidance during 
brain tumour resection, with Raman imaging alone102 accurately 
delineating tumour margins, which are then validated via histol-
ogy (the Raman characteristic peaks in the 1,000–1,700 cm–1 wave-
number range under 785-nm excitation correspond to 850–900 nm 
in wavelength). SERS nanoparticles with Raman scattering in the 
NIR-I window have since been used for xenograft-tumour imaging 
in murine models103, esophageal intraluminal imaging in pigs104, as 
well as intraoperative guidance of tumour resection in breast-cancer 
lumpectomy of human resected tumour samples105.

While SERS nanoparticles rely on the plasmonic enhancement of 
Raman scattering from reporter molecules to amplify intrinsically 
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Figure 4 | Clinical NIR-I imaging. a, Imaging head of the FLARE NIR fluorescence-imaging system. Note the simultaneous wide-field imaging capability 
using the colour video camera (lower right), the 700-nm NIR camera and the 800-nm NIR camera15. b, Zoomed-in view of the imaging head of the mini-
FLARE NIR fluorescence-imaging system90. c, Structures of three representative NIR-I fluorophores, ICG, MB and IRDye800CW, for clinical NIR-I imaging. 
d, Colour image (left), NIR-I fluorescence image (middle) and overlaid image (right) taken by the FLARE NIR fluorescence-imaging system and showing 
a sentinel lymph node (white arrow) during tumour resection in a breast cancer patient injected with the ICG/HSA complex15. e, Colour/NIR-I overlaid 
images of a colorectal liver metastasis (left, the metastatic lesion is indicated by the arrow and the normal liver tissue is indicated by the arrowhead), an 
occult metastasis (middle, indicated by the arrow) and a benign cyst (right, indicated by dashed arrow) in human patients injected with ICG (ref. 18). Scale 
bars, 1 cm. f, Colour/NIR-I overlaid images of a patient after administration of MB during lower abdominal surgery, showing an exposed left ureter (top) 
and an embedded right ureter with overlying blood and tissue14 (bottom). Scale bars, 1 cm. g, Clinical NIR-I fluorescence images of both legs of a patient 
with Parkes–Weber syndrome who was intradermally administered with ICG. The images show normal, unaffected lymphatic drainage in the left leg, and 
lymphatic abnormalities with abnormal lymph pooling (white arrows) in the right leg93. Scale bars, 5 cm. h, Clinical NIR-I fluorescence images of a head-
and-neck cancer patient on days 0 and 3 after cetuximab-IRDye800 infusion, where the day-0 image (top) was taken in the imaging room for diagnosis 
and the day-3 image (bottom) in the operating room during intraoperative surgery94. Figure adapted with permission from: a,d, ref. 15, The Society of 
Surgical Oncology; b, ref. 90, The Society of Surgical Oncology; e, ref. 18, Wiley; f, ref. 14, American Urological Association; g, ref. 93, NAS; h, ref. 94, American 
Association for Cancer Research.
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weak Raman signals by up to 14–15 orders of magnitude, reso-
nance Raman scattering offers an alternative means of developing 
NIR-active Raman probes with sufficient intensity for detection 
and image formation in  vivo. Owing to their quantum-confined 
one-dimensional nanostructure, single-walled carbon nanotubes 
(SWCNTs) exhibit sharp electronic transitions between van Hove 
singularities that match the energy of the 785-nm excitation laser 
to afford exceptionally high Raman scattering cross-sections and 
thus strong resonance Raman scattering106,107. The graphitic band 
(G-band) of SWCNTs is located at ~1,590 cm–1, corresponding to 
an NIR wavelength of ~897  nm under a 785-nm laser excitation, 
making them promising Raman probes with NIR-I photon emis-
sion for in vivo biomedical imaging. Also, SWCNTs can function as 
in vivo Raman probes108–111 when functionalized with an integrin-
binding ligand, RGD. Two-dimensional Raman mapping of xeno-
graft U87-MG tumours with the overexpressed αvβ3 integrin has 
demonstrated targeted molecular imaging of cancerous tissue in a 
mouse model using SWCNTs as NIR-active Raman labels110,111. In 
another study, protamine-functionalized SWCNTs were applied to 
label human mesenchymal stem cells, which were then tracked in 
live mice via Raman imaging following subcutaneous injection112. 
Because SERS nanoparticles usually rely on Au nanoparticles with 
strong plasmonic resonance absorption in the NIR-I window for 
Raman enhancement, whereas SWCNTs rely on resonance absorp-
tion in the NIR-I window (at 785 nm) to afford a large Raman scat-
tering cross-section, the construct of SERS/SWCNT nanoparticles 
has also been used for tumour theranostics in murine models for 
detection, imaging and photothermal treatment of cancerous 
tissues113,114.

To facilitate clinical translation, a hand-held spectroscopic pen 
device equipped with a 785-nm laser source has been developed for 
the real-time detection of Raman-active endogenous molecules and 
exogenous reporters in vivo, although it only allows for single-point 
spectroscopy at a time115. To achieve real-time 2D Raman imaging, 
line-scanning and wide-field Raman imaging systems have been 
developed to improve the temporal resolution of image acquisition 
without sacrificing the detection sensitivity, leading to the design and 
implementation of a bespoke translatable hyperspectral and wide-
area Raman imaging system with an endoscopic component for 
deep-tissue intraoperative imaging of Raman scattering from mul-
ticolour SERS nanoparticles116,117. Compared with NIR-fluorescence 
imaging, molecular reporters with Raman activity are particularly 
advantageous for in  vivo preclinical and clinical imaging owing 
to their extremely narrow Raman peak widths (thus allowing for 
great spectral multiplexity)118, resistance to photobleaching101, high 
sensitivity of detection (relying on fingerprint signatures of Raman 
scattering bands)116, as well as excitation-dependent tunable Raman 
scattering wavelengths (thus affording NIR light emission regard-
less of bandgap)106. Despite the scattered Raman photons being still 
in the NIR-I region with relatively short wavelengths (850–900 nm) 
and thus having less optimal penetration depths under 785-nm 
excitation, it is possible to further extend the scattering wavelengths 
of Raman-active probes into the longer-wavelength NIR-II window 
using the 1,064-nm line of the widely used Nd:YAG (neodymium-
doped yttrium aluminium garnet) laser. This, for example, would 
turn the G-band of SWCNTs from the resonance absorption wave-
length near 1,064  nm (or 1.16  eV) to that at 1,281  nm, which is 
located in the middle of the NIR-II window.

NIR imaging in the 1,000–1,700 nm range
When compared with the shorter-wavelength regions of the electro-
magnetic spectrum, NIR imaging at wavelengths in the 700–900 nm 
range has increased the ability of researchers and clinicians to peer 
deeper into the mammalian body to visualize anatomical structures, 
probe specific molecular markers and quantitatively measure meta-
bolic processes. As described in the previous section (NIR-I imaging 

in the 700-900 nm range), photons emitted from NIR-I fluorescent 
probes interact less with surrounding biological tissue than photons 
with shorter wavelengths because of the low light scattering and 
absorbance in the NIR-I window; however, increasingly more favour-
able optical properties of tissues can be exploited well beyond the 
900-nm mark when imaging at progressively longer wavelengths in 
the NIR-II region (1,000–1,700 nm). Although the NIR-II regime is 
broadly defined as wavelengths in the range 1,000–1,700 nm (ref. 119), 
smaller optical sub-windows such as the NIR-IIa (1,300–1,400 nm)120 
and the NIR-IIb (1,500–1,700 nm)121 have yielded further improve-
ments in fluorescence-imaging metrics.

An analysis of photon–tissue interactions (Box  1) reveals 
that photon scattering in biological tissue scales with λ–α, where 
λ is the photon’s wavelength and the exponent α = 0.2–4  for bio-
logical tissues. This indicates that, at a fixed tissue depth, longer 
NIR-II imaging wavelengths should facilitate higher imaging clar-
ity than achievable in the NIR-I window. The traditionally known 
‘biologically transparent window’ of 700–900  nm with low tissue 
absorbance can extend past 1,000 nm, allowing for high imaging-
penetration depths, although wavelengths in the 1,400–1,500-nm 
range are typically avoided due to the presence of a water over-
tone absorbance peak122. Additionally, autofluorescence induced 
by laser or light-emitting diode (LED) excitation sources decreases 
exponentially when imaging in the NIR-II window under a typical 
808-nm excitation, reaching undetectable levels past 1,500 nm123–125. 
The benefits of much reduced photon scattering and autofluores-
cence can greatly outweigh the slightly higher light absorption in 
the NIR-II window over that in the NIR-I window. In recent years, 
it has been shown that the combination of minimal scattering, still 
low-photon absorbance and diminished tissue autofluorescence in 
the NIR-II optical window can dramatically increase feature clarity, 
penetration depths and SBR ratios.

Compared with imaging in the NIR-I window, in  vivo NIR-II 
fluorescence imaging is a much newer field of research, as biocom-
patible fluorophores with emission in this much longer wavelength 
window were developed only recently. The generation of long-
wavelength fluorescence emission in small-molecule organic dyes, 
similar in structure to those used for NIR-I imaging, is notoriously 
difficult due to generally low quantum yields, poor aqueous solu-
bility and lack of suitable molecules with bandgaps in the NIR-II 
window. In addition, silicon detectors comprise the majority of 
cameras in fluorescent imaging systems, yet the longest detectable 
wavelength typically ranges from 900–1,000 nm, excluding the pos-
sibility of NIR-II imaging. Switching to longer-wavelength indium–
gallium–arsenide (InGaAs) cameras is a necessary step to facilitate 
the investigation of biological fluorescence imaging at wavelengths 
in the 1,000–1,700 nm range. The commercially produced, afford-
able InGaAs cameras used today for biomedical fluorescence imag-
ing have become available largely as a result of a combination of 
military and industrial imaging applications, including covert 
surveillance and night vision, visualizing military targeting lasers, 
semiconductor-wafer and reticle inspection, and laser-beam pro-
file inspection and alignment of common 1,310-nm and 1,550-nm 
telecommunication lasers126. InGaAs detectors consist of a focal-
plane array (FPA) with typically ~20-μm2 indium bumps bonded 
to silicon-based readout circuitry with a typical resolution of 
320 × 256 pixel arrays (although recently introduced cameras fea-
ture 640 × 512 pixel arrays127). The small direct bandgap of InGaAs 
results in high camera dark currents, as ambient thermal energy can 
easily promote electrons to the conduction band. Therefore, most 
InGaAs cameras require liquid-nitrogen cooling down to –190 °C 
to achieve extremely low readout thermal noise and optimum light-
detection sensitivity. However, recent improvements in detector 
manufacturing have facilitated camera systems capable of suffi-
ciently low dark currents at temperatures of –80 to –20 °C, achiev-
able solely through thermoelectric cooling.
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The combination of there being few suitable NIR-II fluorophores 
for in vivo imaging and a lack of high-quality and low-cost cameras 
and imagers is the main obstacle to NIR-II biomedical fluorescence 

imaging. Furthermore, the benefits of reduced photon scattering 
greatly outweighing slightly higher absorption, and the diminished 
autofluorescence allowing for the use of low-quantum-yield agents 
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Figure 5 | In vivo NIR-II fluorescence imaging with SWCNTs. a, SWCNTs functionalized with phospholipid–PEG, which renders the nanotube water-soluble 
and biocompatible for in vivo biomedical imaging. b, Fluorescence emission spectrum of a phospholipid–PEG-functionalized SWCNT solution under 
808-nm excitation light, where the NIR-II window is shaded in red. c, Video-rate NIR-II fluorescence images of a live mouse in prone position at 3.5, 5.2, 
17.3 and 69 s after intravenous injection of a SWCNT solution, showing different internal organs sequentially as blood passes through. The SWCNT solution 
was functionalized with phospholipid–PEG [DSPE-mPEG (5 kDa), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-methoxy(polyethyleneglycol, 
5000)], as shown in a. Scale bar, 1 cm. d, Dynamic contrast-enhanced mouse organ registration based on the video-rate NIR-II fluorescence images 
shown in c, where lungs, kidneys, liver, spleen and pancreas can be differentially visualized on the basis of their distinct haemodynamics, as revealed by 
deep-tissue-penetrating NIR-II fluorescence129. Scale bar, 1 cm. e, Comparison of NIR-I and NIR-II fluorescence images of femoral vasculature in the same 
mouse hind limb, showing much clearer vessel structures when using NIR-II fluorescence. The SWCNTs were functionalized with phospholipid–PEG 
[DSPE-mPEG (5 kDa) and DSPE-PEG (5 kDa)-NH2, the latter of which provides conjugation to IRDye800CW], as shown in a. Scale bars, 1 mm. f, Vessel-
type differentiation based on principal component analysis (PCA) (left; red, arterial; blue, venous) and blood-flow quantification (right) on the basis of 
dynamic NIR-II fluorescence imaging of the vasculature of four different mice134. Scale bar, 5 mm. g, NIR-II fluorescence images of mouse brain vasculature 
through intact scalp and skull (left-most photograph) at progressively increasing magnifications (all other images), revealing sub-10 μm cerebral capillaries 
intersected by the yellow dashed line. Inset: cross-sectional profile analysis at 2.6 mm underneath the surface of the intact scalp skin120. The SWCNTs were 
functionalized with phospholipid–PEG [DSPE-mPEG (5 kDa)], as shown in a. h, NIR-II fluorescence images of mice infected with the F’-positive E. coli strain 
JM109 in the right flank (left) and with S. aureus strain Xen-29 (right) to cause endocarditis in the heart. M13-bacteriophage-functionalized SWCNTs were 
used to target bacterial infection for tissue-specific NIR-II fluorescence imaging142. The SWCNTs were functionalized with M13 bacteriophage. Scale bars, 
1 cm. i, NIR-II fluorescence-guided surgical removal of ovarian tumour nodules. NIR-II fluorescence images are shown before surgery, after unguided surgery 
and after NIR-II imaging-guided surgery, where the white arrowhead indicates the location of an occult small tumour nodule invisible to the operator unless 
guided by NIR-II fluorescence imaging143. The SWCNTs were functionalized with M13 bacteriophage. Scale bars, 1 cm. j, Bright-field/NIR-II fluorescence 
(green) overlaid images showing a healthy mouse liver (top) and a mouse liver with inflammation (bottom), with clear quenching of the NIR-II fluorescence 
due to inflammation144. The SWCNTs were functionalized with PEGylated DNA oligonucleotide, PEG-(AAAT)7. Scale bars, 4 mm. Figure adapted with 
permission from: b–d, ref. 129, i, ref. 143, NAS; e,f, ref. 134, g, ref. 120, h, ref. 142, j, ref. 144, Nature Publishing Group.
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only became clear in recent years. Many nanomaterials display 
intrinsic fluorescence emission in the NIR-II window, and precise 
control over nanomaterial structures can exploit the quantum-
confinement effect along one or multiple dimensions, allowing 
for tuning of emission wavelengths well past the 1,000-nm mark. 
In fact, fundamental scientific investigations into the fluorescent 
properties of nanomaterials using unconventional InGaAs imag-
ing systems have been largely responsible for opening the NIR-II 
biomedical imaging field. In 2009, the utilization of SWCNTs to 
perform the first in vivo NIR-II fluorescence imaging in mice and 
to resolve individual vasculatures in the tumour of a mouse non-
invasively through the intact skin11,119 marked the beginning of the 
use of the second NIR window for biological imaging11. NIR-II bio-
medical imaging has gained substantial momentum since then and 
is becoming an exciting and fast-growing field.

Carbon nanotubes as NIR-II contrast agents. When dispersed and 
individualized in a solution and excited in the NIR-I window, semi-
conducting SWCNTs (Fig. 5a and Table 1) are intrinsically fluores-
cent in the NIR-II window, owing to van Hove transitions across 
bandgaps128 (Fig.  5b). SWCNTs were initially used for biomedi-
cal imaging in 2009 after a significant effort to render them suit-
able for in vivo use through surface modification with PEGylated 
polymers. The hydrophobicity of SWCNTs requires coating with 
biocompatible, water-soluble polymers that render them non-toxic 
and bioinert for systemic, intradermal or intraperitoneal injec-
tions119,129,130. Carbon-nanotube-based contrast agents have dem-
onstrated dynamic-contrast-enhanced imaging for mouse organ 
registration129,131 (Fig.  5c,d), tumour-specific imaging114,132,133 and 
anatomic and haemodynamic imaging of mouse peripheral ves-
sels in the hind limb in a critical lower-limb ischemia model134–136 
(Fig.  5e,f). Although imaging at any wavelength greater than 
1,000  nm generates significant advantages in terms of imaging 
clarity and penetration depth, subdividing the entire NIR-II into 
smaller optical windows at longer wavelengths such as the NIR-IIa 
(1,300–1,400 nm) yields a substantial boost across all imaging met-
rics. Biomedical fluorescence imaging in the NIR-IIa window with 
carbon nanotubes allowed for the first imaging of mouse cerebral 
vessels in a stroke model (Fig.  5g) without the need for invasive 
surgical procedures such as removing the scalp, skull craniotomy/
bone-thinning or inserting a cranial window120. Although the maxi-
mum NIR-IIa penetration depth of ~3 mm to achieve micrometre-
scale resolution does not allow for optical access through the much 
thicker human skull, this window enables non-invasive detection 
of fluorophores at both the cortical and subcortical level in animal 
models, and can broaden the understanding of the mechanisms 
underlying impaired neurovascular and neurometabolic regulation.

Larger-diameter SWCNTs emitting at wavelengths longer than 
1,500 nm have recently opened the NIR-IIb (1,500–1,700 nm) imag-
ing window, which has produced the best fluorescence-based bio-
medical imaging to date121. The NIR-IIb optical window resides in 
a wavelength range above the water overtone adsorption centred 
at ~1,400  nm and below the InGaAs detector cut-off wavelength 
(Fig. 1d)121. NIR-IIb imaging enables zero endogenous tissue auto-
fluorescence (Fig. 1e)123–125, negligible scattering and unparalleled 
tissue-imaging depths121. Imaging in the NIR-IIb window has the 
resolving power to detect individual carbon-nanotube fluorophores 
in highly autofluorescent organs such as the liver, and offers the 
exciting possibility of background-free fluorescence imaging, given 
the lack of endogenous fluorescent biomolecules emitting past the 
~1,400 nm wavelength123. The virtually zero tissue-autofluorescence 
background signal in the NIR-IIb window offers the potential for 
remarkably high SBR molecular imaging, limited only by the speci-
ficity of the targeting probe and the detector noise floor. Biomedical 
fluorescence imaging at wavelengths longer than 1,700  nm may 
produce a subsequent boost in imaging performance, yet the water 

absorbance peak at ~1,940 nm may require longer imaging wave-
lengths centred at ~2,200 nm for optimal penetration depths. Also, 
most current InGaAs cameras display negligible quantum efficiency 
past ~1,700  nm, suggesting the necessity of photodetectors with 
longer-wavelength sensitivity and new fluorophores with further 
reduced bandgaps for explorations beyond the NIR-IIb window.

Carbon nanotubes can function as theranostic agents capable 
of simultaneously detecting tumours with intrinsic NIR-II fluores-
cence and acting as photosensitizers and drug carriers capable of 
ablating tumours under infrared laser illumination114,133,137. Carbon 
nanotubes, when appropriately coated with PEGylated polymers 
to impart long blood circulation half-lives, display high levels of 
non-specific tumour uptake through the enhanced permeability 
and retention (EPR) effect132. The EPR effect dictates that SWCNTs, 
among other nanomaterials, accumulate at high levels in tumours 
during circulation due to abnormally tortuous and leaky tumour 
vasculature combined with poor lymphatic drainage138. Once 
trapped within a tumour body, excitation at a low laser-power den-
sity can reveal the location of the tumour, whereas laser irradiation 
at a higher power density can cause the nanotubes to heat until the 
surrounding tissue reaches the requisite temperatures for thermal 
ablation114,133,139. Carbon nanotubes display much higher infrared 
absorbance (on a per mass basis) than other leading gold-nanoparti-
cle-based photothermal therapy agents, resulting in some of the low-
est intravenous injection doses of any theranostic agents based on 
nanoparticles in in vivo dual tumour detection and treatment114,133.

Carbon nanotubes as NIR-II molecular-imaging agents. Other 
than simply coating the carbon nanotube surface with PEG polymers 
to form contrast agents for NIR-II imaging of anatomical structures, 
innovative approaches to solubilizing SWCNTs for biological envi-
ronments can impart additional functionality to generate targeted 
NIR-II molecular-imaging agents or in vivo biochemical sensors. One 
such approach involves adhering multiple nanotubes longitudinally 
through π–π interactions to a genetically modified M13 bacterio-
phage with engineered surface-coat proteins displaying nanotube-
binding peptides140,141. Interestingly, further genetic manipulation of 
the bacteriophage allows expression of the biotin-acceptor peptide, 
allowing facile bioconjugation to biotinylated targeting moieties to 
ultimately generate NIR-II molecular-imaging agents141. The M13–
SWCNT probe serves as an excellent in vivo NIR-II molecular-imag-
ing agent for bacterial infections142 (Fig. 5h), as well as for the NIR-II 
fluorescence-guided surgical removal of deep, small metastatic 
tumour nodules143 (Fig.  5i). Targeted ovarian cancer imaging with 
the M13–SWCNT probe demonstrated increased detection capabili-
ties for small, 1.3–3.0 mm tumour nodules that were not identified 
when using either visible or NIR-I-emitting dyes143.

In addition to utilizing viruses as scaffolding to bind nanotubes 
and targeting ligands, other coating strategies involve modifying 
the SWCNT surface with analyte-specific receptors that transform 
the nanotube into an optical NIR-II biosensor capable of detect-
ing minute traces of biomolecules, such as hydrogen peroxide or 
nitric oxide (NO), in live animals144. Nitric oxide is a free radi-
cal of particular importance to a plethora of biological processes, 
including apoptosis, blood-pressure control, innate immunity and 
neurotransmission. Sensing biomolecule concentrations in  vivo 
typically requires implanting electrochemical probes in an invasive 
procedure that disallows long-term chemical-level monitoring. A 
specialized DNA-wrapped, PEGylated coating demonstrated selec-
tive changes in fluorescence-signal output in response to variable 
NO concentration, and was capable of measuring liver inflamma-
tion after injection of RcsX tumour cells in mice and of detecting 
NO concentration changes in response to wound-induced tissue 
inflammation144 (Fig. 5j). Carbon nanotube biosensors offer the dis-
tinct possibility of optically measuring a variety of chemical con-
centration levels throughout tissues and organs deep in the body 
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through carefully engineered nanotube surface-coatings coupled 
with the favourable tissue optical properties found at long infrared 
imaging wavelengths. In addition, the combination of exceptionally 
high chemical stability and lack of SWCNT photobleaching enables 
indefinite in vivo monitoring of fluorescent signals.

NIR-II emissive QDs. In addition to SWCNTs, the brightly fluores-
cent NIR-II-emitting metal chalcogenide QDs (such as Ag2S, Ag2Se 
and PbS; Fig. 6a,b, Table 1 and Supplementary Table 1) serve as ver-
satile NIR-II fluorophores with high resistance to photobleaching 
and are capable of imaging a wide range of anatomical structures 

Rare-earth doped
nanoparticle 

NaYF4 (shell)
~2–3 nm

NaYF4 Yb:Ln (core)
Ln: Er, Ho, Tm or Pr
~7–8 nm

~9-11 nm

N
or

m
al

iz
ed

 in
te

ns
ity

 (a
.u

.)

Excitation, 980 nm
1,5251,310

1,000 1,200 1,300 1,400 1,500 1,600 1,700
Wavelength (nm)

1,4751,185

cba

d

f
g

h

j

i

2.380 s

59.500 s PCA overlay

3.927 s

Kidneys

Kidneys

Kidneys

30 s

Spleen

Liver

e

Liver

Femoral

Inferior epigastric

Lungs

Lungs

Tumour
Tumour

HS

HS

O

N
H

O
n O

O
O

O
O
O

O
NH2

O NH2

O NH2
O NH2

O
NH2

n

n

n

n

n

~1,200 nm
808 nm

Ag2S
QD

900 1,100 1,300 1,500
Wavelength (nm)

High

Low

In
te

ns
ity

 (a
.u

)

~9–11 nm

Er Ho Tm Pr

Figure 6 | In vivo NIR-II fluorescence imaging with QDs and rare-earth-doped nanoparticles. a, NIR-II fluorescence-emitting Ag2S QDs with branched-
PEG surface functionalization, which renders the QDs water-soluble and biocompatible with high stability in blood circulation. Inset: chemical structure of 
branched PEG. b, Fluorescence emission spectrum of an Ag2S QD solution (inset, NIR-II fluorescence image) with a peak at ~1,200 nm in the NIR-II window156. 
c, Dynamic NIR-II fluorescence images of a tumour-bearing mouse at 2.380, 3.927 and 59.500 s after intravenous injection of a PEGylated Ag2S QD solution, 
and dynamic contrast-enhanced image (bottom right) showing major organs and the tumour based on PCA. Scale bars, 1 cm. d, NIR-II fluorescence image 
(left) and its corresponding optical image (right) at 24 h post-injection of Ag2S QDs, showing high uptake of QDs in the tumour145 (black arrow). Scale 
bars, 1 cm. e, NIR-II fluorescence image of a mouse in supine position after intravenous injection of Ag2Se QDs, showing the liver and lower limb/abdomen 
vasculature147. Scale bar, 1 cm. f, NIR-II fluorescence image showing the lymphatic vessels and lymph nodes in the mouse hind limb after subcutaneous injection 
of Ag2S QDs149. Red dashed line drawn for cross-sectional profile analysis. Scale bar, 5 mm. g, NIR-II fluorescence-based angiography of a mouse head near the 
transverse sinus after intravenous injection of PbS–CdS core–shell QDs148. Scale bar, 0.6 mm. h, Structure of a NIR-II fluorescent, rare-earth-doped nanoparticle. 
i, Fluorescence emission spectra of rare-earth-doped nanoparticles, showing different emission wavelengths with different dopant ions. j, NIR-II fluorescence 
image of a mouse at 30 s after intravenous injection of rare-earth-doped nanoparticles161. Scale bar, 1 cm. Figure adapted with permission from: a,c,d, ref. 145, 
Wiley; b, ref. 156, e, ref. 147, American Chemical Society; f, ref. 149, Elsevier; g, ref. 148, Royal Society of Chemistry; h–j, ref. 161, Nature Publishing Group.
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and biological processes145–155. The first QD-based NIR-II fluores-
cence imaging study was performed by using Ag2S dots145,156. In a 
similar fashion to carbon nanotubes, the QD surface is traditionally 
coated with polymers to render them suitable for biological envi-
ronments. Yet chalcogenide QDs differ from SWCNTs in terms of 
their much higher fluorescent quantum yield (up to ~15% for Ag2S 
QDs versus ~0.5% for SWCNTs)156,157.

Within the chalcogenide NIR-II QD family, silver sulfide (Ag2S) 
QDs offer significant advantages in terms of potential for clini-
cal translation due to their lack of heavy metals in conjunction 
with high passive uptake in xenograft tumours when coated with 
branched 6-arm PEG145,146 (Fig. 6c,d). Furthermore, the imaging of 
blood vasculature with Ag2S and Ag2Se QDs in the NIR-II window 
(>1,100 nm) (Fig. 6e) also facilitates micrometre-level resolution of 
both peripheral vasculature and tumour angiogenesis in the con-
text of cancer growth and metastasis, where studying the formation 
of new vessels both surrounding and within tumours is critical for 
evaluating and developing anti-angiogenic drugs147,149. In addition, 
NIR-II imaging with Ag2S QDs significantly boosts the clarity and 
penetration depth for visualizing lymphatic vessels and lymph nodes 
when compared with ICG — the clinical standard contrast agent for 
guided sentinel-lymph-node resection. Subcutaneous injections of 
Ag2S QDs exhibit a marked narrowing of lymphatic-vessel cross-
sectional fluorescence-intensity profiles due to decreased scattering 
while unambiguously pinpointing deeper lymph nodes that were 
unclearly resolved using ICG149 (Fig. 6f).

The chance of using lead-containing PbS QDs in human patients 
currently seems remote, yet their extremely high quantum yield 
and long emission wavelength makes them one of the best NIR-II/
IIa fluorophores for deep-tissue preclinical animal imaging150,158–160. 
Various biological coatings of PbS QDs (dispersed with, for exam-
ple, glutathione150 or proteins158,159) have been developed; yet many 
direct-encapsulation methods leave the PbS QDs susceptible to fluo-
rescence quenching when exposed to water. A PbS–CdS core–shell 
ligand-coated architecture shielding the PbS core has however pre-
served a high quantum yield of 17% and thus led to an extremely 
bright inorganic NIR-II contrast agent, whereby varying the QD core 
diameter controllably shifts the NIR-II peak emission wavelength in 
the 1,100–1,300  nm range148,152. Such PbS–CdS contrast agent can 
image blood vasculature in the brain with high fidelity148 (Fig. 6g), 
and in mouse hind-limb lymphatic vasculature it has shown that the 
SBR ratio increases nearly 10-fold when imaging at progressively 
longer detection wavelengths, from 720 to 1,500 nm152.

NIR-II QDs also offer the intriguing possibility of tracking the 
migration of cell populations, such as mesenchymal stem cells 
(MSCs), throughout the entire mouse body. Labelling MSCs with 
the ultrabright fluorescent NIR-II QD probes shows no disturbance 
to stem cell proliferation and differentiation while allowing for 
tracking and visualization of MSC populations during intricate bio-
logical processes such as wound healing151,153. Additionally, inject-
ing ultrabright NIR-II QDs deep into tissues allows for real-time 
visualization of migration pathways of phagocytic cells (such as 
dendritic cells and macrophages) known to scavenge nanoparti-
cles152. Phagocytic cells, after internalizing QDs in tissues in  vivo, 
were tracked throughout lymphatic vessels and into lymph nodes 
by imaging the NIR-II fluorescence of PbS–CdS QDs. Developing 
strategies to further increase the quantum yield of QDs with longer 
wavelength NIR-IIb fluorescence emission could one day afford 
non-invasive detection of single-cell migration (such as circulating 
tumour cells) through deep tissues.

Rare-earth-doped NIR-II nanoparticles. Rare-earth (RE)-doped 
nanoparticles (Table  1  and Supplementary Table  1) are another 
class of NIR-II fluorophores developed in recent years that has 
demonstrated exceptional emission wavelength tunability through 
the doping of different RE metal ions161–163 (Fig.  6h,i). Rare-earth 

nanoparticle fluorescence occurs due to the resonant transfer of 
energy from a sensitizer to a RE-activator dopant such as erbium, 
thulium, holmium or praseodymium, whose relaxation produces 
(besides the common upconversion photon emission process) 
unique activator-dependent downconversion NIR-II emission164,165. 
Tuning the nanoparticle atomic makeup allows for the generation 
of narrow, sharp emission peaks spanning the NIR-II region161. 

As most of the nanomaterials discussed previously generate broad 
fluorescent emission peaks with a spectral width in the range of 
~200–500 nm, RE-based NIR-II contrast agents permit multispec-
tral NIR-II imaging. Similar to other inorganic fluorophores, RE 
nanoparticles exhibit minimal photobleaching under whole-body 
imaging conditions, indicating the possibility of monitoring dispa-
rate biological processes through multicolour imaging over extended 
periods of time. Rare-earth nanoparticle probes with variable activa-
tor dopants and discrete emission peaks at either 1,185 or 1,525 nm 
enabled in vivo multicolour NIR-II imaging of xenograft tumours161. 
To increase the aqueous solubility of the panel of RE probes, devel-
oping a framework consisting of nanoparticles embedded within 
a human serum albumin (HSA) organic matrix (~30 RE particles 
per HSA–RE hybrid nanoparticle) yielded nanocomposites with a 
100-nm hydrodynamic diameter that displayed favourable in vivo 
pharmacokinetics and NIR-II fluorescence emission161. Rare-earth 
nanoparticle fluorophores offer the potential of in vivo imaging in 
autofluorescence-free optical windows (Fig. 6j) by employing long 
NIR-IIb fluorescence wavelengths (>1,500  nm)123–125,166. However, 
stable surface coatings are necessary before these NIR-II fluorescent 
probes can be used in the human body.

Organic dyes for NIR-II imaging. A handful of all-organic NIR-II 
fluorophores with improved pharmacokinetics and mitigated toxic-
ity compared with their aforementioned inorganic counterparts have 
been recently developed167–169. Inorganic nanoparticles comprise the 
majority of NIR-II fluorophores due to their intrinsic fluorescent 
emission at NIR-II wavelengths, yet organic small-molecule NIR-II 
dyes offer distinct advantages with regard to clinical translation. 
All current inorganic NIR-II fluorophores suffer from slow excre-
tion kinetics and are largely retained indefinitely in the organs of 
the reticuloendothelial system, such as the liver and the spleen109,170. 
Although some nanomaterial-based contrast agents display favour-
able excretion kinetics55,56,58, carbon nanotubes exhibit minimal 
clearance while NIR-II-emitting QDs tend to be large and surpass 
the hydrodynamic radius required for renal filtration (~30 kDa or 
~5.5 nm), leading to a high degree of retention by the body post-
imaging. Nanomaterial NIR-II fluorophores are excellent for pre-
clinical animal imaging and offer exciting possibilities in terms of 
deep-tissue optical imaging in animal disease models. However, 
concerns on the long-term toxicity of the nanoparticle probes have 
hindered efforts in the translation of NIR-II imaging into a clini-
cal imaging modality. Although organic NIR-II fluorescent probes 
are generally lacking in the biological-imaging realm, diverse areas 
of research have made significant progress in the development of 
fluorescent organic materials with emission wavelengths longer 
than 1,000  nm for varied applications, including lasing mediums 
in dye lasers, organic infrared LEDs, organic solar cells and organic 
electronics171. Developing these materials into biocompatible fluo-
rophores for biomedical imaging, as well as building on existing 
infrared dye architectures, will enable a new generation of organic 
small-molecule NIR-II fluorescent probes for clinical imaging.

As with their inorganic nanomaterial counterparts, emerging 
NIR-II organic fluorophores have low aqueous solubility and thus 
require dispersion strategies, such as coating water-insoluble NIR-
II-emitting small molecules and polymers with an amphiphilic phos-
pholipid–PEG (PL–PEG) shell to afford sufficient water solubility 
and desirable biocompatibility167,168. In the first attempt to translate 
an organic dye into a NIR-II contrast agent, the NIR-II fluorescent 
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dye IR-1061 (Fig. 7a, Table 1 and Supplementary Table 1), initially 
used as an organic lasing medium, displayed strong fluorescence 
emission in the NIR-II window when encased in a poly(acrylic acid) 
polymeric nanoparticle whose surface was subsequently PEGylated 

(Fig. 7d). Excitation with a 980-nm laser allowed for dynamic organ 
registration as well as for clearly resolved mouse hind-limb femoral 
artery and vein vasculatures167. Utilizing a simplified solubilization 
scheme requiring only PL–PEG, a class of conjugated copolymers 

Figure 7 | Progress towards small-molecule organic NIR-II fluorophores. a, Nanomaterial NIR-II contrast agent IR–PEG, comprising an organic NIR-II dye, 
IR1061, embedded within a a poly(acrylic acid) (PAA) matrix, coated with a PEGylated phospholipid surfactant (DSPE–mPEG) to render the nanomaterial 
water-soluble167. b, Chemical structure of the donor–acceptor NIR-II-emitting polymer pDA, synthesized through alternating copolymerization of donor 
and acceptor monomers and dispersed in DSPE–mPEG in a similar fashion to a to render it water-soluble168. c, Chemical structure of the first NIR-II 
contrast agent based on a conjugatable small-molecule organic dye, CH1055, PEGylated through facile 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 
hydrochloride (EDC)/N-hydroxysulfosuccinimide (NHS) coupling169. d, Fluorescence emission spectrum of IR–PEG nanoparticles in water. e, Absorbance 
and fluorescence emission spectra of PEGylated pDA nanoparticles in water. f, Absorbance (red) and fluorescence (black) emission spectra of a 
CH1055–PEG solution169. g, PEGylated CH1055 (8.9 kDa), with size below the renal filtration threshold of ~30 kDa, shows 90% renal clearance in the first 
24 h post-injection (cumulative urine-excretion curve for 5 mice, blue triangles) and a blood-circulation half-life of ~1 h169 (black squares, fitted with an 
exponential decay (red curve)). %ID, percentage of injected dose. h,i, NIR-II fluorescence image of the strong liver signal typical of nanomaterial NIR-II 
contrast agents (h) and the extremely strong signal of CH1055–PEG in the bladder ~10 min post-injection169 (i). Scale bars, 1 cm. j, Simplified reaction 
showing the ease of synthesis of molecular-imaging agents based on the carboxylated CH1055 NIR-II organic dye169. k,l, NIR-II fluorescent images 6 h 
post-injection of CH1055 conjugated to an anti-EGFR affibody (k) as well as of a blocking dose to demonstrate molecular selectivity169 (l). White arrows 
and red dotted circles indicate squamous cell carcinoma (SAS) tumours and normal tissue regions, respectively. Insets: removed tumour ex vivo with 
marked differences in NIR-II fluorescence intensity. Scale bars, 1 cm. Figure adapted with permission from: a,d, ref. 167, Wiley; b,e, ref. 168, c,f–l, ref. 169, 
Nature Publishing Group.
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consisting of alternating donor and acceptor units (termed pDA; 
Fig. 7b, Table 1 and Supplementary Table 1) and traditionally used 
for organic solar cells showed tunable NIR-II peak emission wave-
lengths and high fluorescent brightness, capable of imaging-expo-
sure times as short as 20 ms (Fig. 7e). The high quantum yield of the 
PL–PEG-dispersed pDA polymer nanoparticles facilitated the first 
fast NIR-II imaging with 25 frame-per-second resolution of hind-
limb haemodynamics. The pDA contrast agent allowed for the visu-
alization of cardiogram waveforms in a mouse hind-limb femoral 
artery across a single cardiac cycle of ~200 ms, effectively resolving 
pulsating fluorophore-rich blood corresponding to ventricular ejec-
tion and relaxation phases in blood vessels far from the heart168.

Although both of these methods provide a clear route to synthe-
sizing all-organic NIR-II fluorophores for biomedical applications, 
they generate contrast agents with dye molecules encapsulated in 
amphiphilic polymer matrices. This has two notable shortcomings: 
first, the possibility of encapsulated fluorescent molecules leak-
ing from the wrapping surfactants in physiological environment 
raises toxicity concerns for in  vivo biomedical imaging applica-
tions; and second, co-precipitation of the fluorescent molecules 
and polymeric surfactants results in relatively large particle sizes 
and similar pharmacokinetics (such as negligible excretion lev-
els) to their inorganic nanomaterial counterparts. Layer-by-layer 
encapsulation of NIR-II fluorophores via stronger electrostatic 
interactions172 and covalent conjugation of the water-solubilizing 
moiety of the capping molecule directly to the fluorophore back-
bone173 can both be employed to solve the potential leakage of dye 
molecules. The synthesis of small and biocompatible NIR-II fluo-
rophores with renal clearance can however only be achieved via 
covalent conjugation. Recently, a small-molecule NIR-II organic 
fluorophore (CH1055, 970 Da; Fig. 7c, Table 1 and Supplementary 
Table 1) was conjugated to short PEG chains to produce the first 
contrast agent (8.9  kDa) with both superior biocompatibility 
and unprecedented body clearance169. CH1055 was modified for 
biological use from a class of organic electronics dyes compris-
ing donor–acceptor–donor (DAD) architectures built around the 
strong electron acceptor benzo[1,2-c:4,5-cʹ]bis([1,2,5]thiadiazole) 
(BBTD) to which strong electron-donating groups were connected 
through π-bridging moieties. This spatial configuration of strong 
electron-donating groups flanking a central electron acceptor 
serves to shrink the energy gap separating the hybridized highest 
occupied molecular orbital (HOMO)/lowest unoccupied molecu-
lar orbital (LUMO) levels and shifts the fluorescence emission into 
the NIR-II window. With NIR-II fluorescence emission centred at 
1,055 nm (Fig. 7f), CH1055–PEG displayed virtually no accumula-
tion in the liver, with correspondingly high levels of renal clearance 
evidenced by >90% excretion through urine 24  h post-injection, 
in striking contrast to SWCNTs with prolonged accumulation and 
retention in the liver (Fig. 7g–i)169. The PEGylated CH1055 yielded 
all the benefits garnered by long-wavelength imaging and incurred 
additional advantages, such as intrinsic high tumour uptake via 
the EPR effect. Solely through non-specific tumour accretion, 
orthotopic glioblastoma brain tumours at a depth of ~4  mm in 
the brain underneath the intact skin and skull were unambigu-
ously detected. Although requiring PEGylation to serve as a stan-
dalone contrast agent, carboxylated functional groups on CH1055 
allow for bioconjugation to targeting ligands such as proteins to 
ultimately produce water-soluble NIR-II dye–protein conjugates 
(Fig.  7j). The first set of in  vivo molecular-imaging experiments 
showed a marked boost in tumour resolution when conjugating 
CH1055 to an anti-epidermal growth factor receptor (anti-EGFR) 
affibody, reaching an unprecedented high tumour-to-background 
ratio of ~15, about 3–5-fold higher in the NIR-II window than the 
tumour-to-background ratio of similar conjugates in the NIR-I 
window. This was due to lower endogenous autofluorescence levels 
at wavelengths >1,000 nm (Fig. 7k,l).

Tuning the constituent components of DAD-type dyes has 
yielded molecular NIR-II fluorophores with improved optical prop-
erties for both traumatic brain injury and cancer imaging174,175. 
Recently synthesized organic NIR-II dyes retain BBTD as a central 
electron acceptor, yet differ in terms of the π-bridging and electron-
donating groups that can be selected from moieties displaying simi-
lar electronic characteristics. CH1055–PEG clearly demonstrates all 
the benefits garnered by imaging in the NIR-II window: yet a quan-
tum yield of 0.3%, although on a par with that of other NIR-II nano-
material contrast agents such as carbon nanotubes, leaves room for 
improvement. IR–E1 (~1,071 nm emission) notably replaces benzene 
with 4-ethoxylene dioxythiophene (EDOT) as a π-bridging group 
that more than doubled the quantum yield to 0.7% and allowed for 
the monitoring of a subdural haematoma at the single-blood-vessel 
level through the intact skin and skull174. The improved fluorescence 
brightness facilitated subdural haemodynamic monitoring through-
out the entire recovery course of a traumatic brain injury, as well 
as the measurement of blood-flow velocity immediately post-impact 
in the injured/healthy regions of the brain. Recently, a group of 
NIR-II organic dyes displaying systematic structural permutations of 
CH1055 revealed how changes to DAD components influence fluo-
rophore absorbance, quantum yield and emission wavelength. The 
most promising variant (termed Q4-1) was utilized for molecular 
imaging after conjugation to a gastrin-releasing peptide receptor to 
target prostate cancer in a mouse model175. Further engineering of 
the DAD dye structure seems likely to produce additional increases 
in the fluorescent quantum yield as well as red-shifting of the emis-
sion wavelength into the NIR-IIa optical window.

The biological application of organic small-molecule NIR-II dyes 
is an important first step for translating this imaging modality to a 
wider user base, as fluorophores similar in structure and function-
ality to those in the visible and NIR-I window will give research-
ers and clinicians not versed with nanomaterial fluorophores the 
tools needed to explore deep anatomical structures in the body with 
long-wavelength NIR-II imaging. As new organic NIR-II dyes with 
improved optical properties continue to be developed175, we envi-
sion NIR-II imaging taking a prominent role in fluorescence-based 
biomedical imaging.

Outlook
The demonstrated superior imaging quality, in deep tissues, of 
long-wavelength fluorescence in the NIR window bodes well for the 
future of in vivo NIR fluorescence imaging in both basic research 
and clinical translation. To expand the applications of NIR imag-
ing from its current stage of preclinical anatomical and molecular 
imaging in experimental animal models, and to increase its clinical 
translatability and applicability, in particular for the understanding 
of complex systems and pathways in living organisms, we envisage 
the following directions.

First, clinical diagnostics and therapeutics call for the develop-
ment of FDA-approved NIR probes for in  vivo human molecular 
imaging and in  situ biomarker profiling in the context of various 
pathological conditions. The lack of clinically approved NIR probes 
capable of bioconjugation to targeting ligands hinders the highly 
useful visualization of specific structures during cancer screening 
or image-guided surgery. Both ICG and MB are extremely valuable 
contrast agents that enable blood vascular imaging for numerous 
surgical procedures as well as for experimental lymph-node map-
ping. ICG possesses a relatively high quantum yield of ~9%, as well 
as high serum protein binding, allowing for minimal extravasation 
and clear vasculature resolution. Although suitable as general con-
trast agents, they don’t allow for the visualization of a plethora of 
anatomical structures with biochemical information in a clinical 
setting. Yet as each molecular-imaging agent targeting a particular 
physiological structure requires unique FDA approval, prohibi-
tive developmental costs have generated limited interest within the 
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pharmaceutical industry to manufacture targeted infrared agents. 
However, the FDA has approved the manufacturing process and 
study of the first in-human phase-I clinical trial of IRDye800CW-
labelled cetuximab — an anti-EGFR therapeutic antibody to delin-
eate tumour margins during surgical resection of squamous cell 
carcinomas in head-and-neck cancers. The results of the study 
highlighted that utilizing approved therapeutic targeting antibod-
ies with only a few conjugated fluorescent labels minimally alters 
antibody biodistribution and pharmacokinetics94. Attaching infra-
red dyes such as IRDye800CW to common FDA-approved chemo-
therapy antibodies that target highly upregulated tumour-specific 
receptors (EGFR, HER-2, CD20) displayed across various cancer 
types in large patient populations seems the most straightforward 
path to FDA-approved commercial infrared molecular-imaging 
agents. The seamless integration of clinical infrared-imaging sys-
tems into the operating room must proceed in parallel on gaining 
FDA approval for a spectrum of fluorescent probes. This includes 
independent fluorescence-imaging systems, or the incorporation 
into endoscopic tools such as the FireFly system on the da Vinci 
surgical robot. Finally, the development of multimodality proto-
cols for cancer detection and treatment may prove beneficial for 
improved surgical outcomes. For instance, initial identification of 
a tumour deep within the body through MRI or PET followed by 
an endoscopic surgical resection where fluorescent tumour margins 
are clearly delineated may lead to improved rates of clear margins.

Although current clinical trials are focused on NIR-I dyes such as 
IRDye800CW, we envision a gradual transition to NIR-II imaging, 
owing to better contrast and deeper tissue penetration. However, as 
the biological use of NIR-II small-molecule organic dyes was only 
recently demonstrated169,174,175, a strong clinical candidate requires 
further improvement in dye optical properties — such as molar 
attenuation coefficient, quantum yield and emission wavelength — 
as well as dye synthesis under the FDA’s current good manufacturing 
practice (GMP) regulations. Developing clinically relevant NIR-II 
dyes will be a significant undertaking that will involve the thor-
ough evaluation of toxicology and pharmacokinetics of existing and 
upcoming small-molecule NIR fluorophores in preclinical studies.

Second, in situ visualization of gene expression and biochemical 
machinery in living organisms requires the development of geneti-
cally encoded fluorescent proteins with much longer emission wave-
lengths than currently available fluorescent proteins to afford better 
spatial resolution and sensitivity70. This would require significant 
work in, first, identifying a protein with a long-wavelength emission; 
currently, the longest emission wavelength for any NIR fluorescent 
protein is ~700 nm66, far shorter than attainable with its inorganic 
nanomaterial counterpart (>1,500 nm, for SWCNTs121 and Er-doped 
nanoparticles161). The variety of bacteria with long-wavelength NIR 
autofluorescence found in nature opens up great opportunities for 
the exploration of possibilities for the development of fluorescent 
proteins with longer NIR-I fluorescence emission wavelengths, 
and even NIR-II fluorescent proteins. For example, Rhodobacter 
sphaeroides (a type of purple bacteria) absorb strongly in the 
800–850 nm range and emit fluorescence at 900 nm176. It has also 
been observed and suggested that the main fluorescence emission of 
another purple bacteria, Rhodospirillum rubrum, is in the >1,000-nm 
NIR-II region177. Therefore, it should be possible to reverse-engineer 
the protein structure and identify the encoding gene responsible for 
the NIR fluorescence emission of the bacteria, which would lead to 
the mammalian expression of longer-wavelength NIR-I and even 
NIR-II fluorescent proteins. Pushing a protein emission wavelength 
deeper in the NIR-I window and potentially into the NIR-II win-
dow would allow for non-invasive labelling and imaging of gene-
expression levels, anatomical structures and physiological functions 
in vivo, with much improved tissue penetration and contrast. In addi-
tion, NIR fluorescent proteins also have the potential to be modified 
and used in an optogenetic system to modulate gene-expression and 

signalling pathways controllable with NIR light, which is suitable 
for deep-tissue optogenetic control in live animals69,75. On the basis 
of NIR-light-controlled physiological modulation, it is also reason-
able to propose a non-invasive, fibre-optic-free optogenetic system 
for neural modulation by fusing NIR-II fluorescent proteins with 
certain membrane ion channels, where NIR-II light may be used to 
interrogate and manipulate brain activity at the single-neuron level 
in a completely non-invasive way178.

Third, the deep-tissue penetrating power of NIR fluorescence 
photons, in particular NIR-II photons, may significantly facilitate 3D 
volumetric imaging of ex vivo tissue samples. Combined with tissue-
clearing techniques179, NIR fluorescence labelling and imaging could 
potentially afford volumetric imaging of functional connectivity of 
ex vivo animal tissues with diffraction-limited spatial resolution on 
the whole-organ or even whole-body level. The current pursuit in 
brain connectomics heavily relies on optical microscopy and elec-
tron microscopy (EM) of mechanically sectioned, thin tissue slices180, 
which brings in additional difficulties in the coordinate registration 
of slices during 3D reconstruction. NIR fluorescence with deep-tis-
sue penetration could provide whole-organ or whole-body imaging 
of intact biological samples without any slicing-induced artefact to 
3D reconstruction. As a feasible idea to significantly expedite the 
imaging process for brain connectomics, membrane-binding small-
molecule NIR-II dyes used in combination with tissue clearing, 
expansion microscopy181 and super-resolution microscopy182 may 
allow one to simultaneously achieve close-to-EM resolution (limited 
by degree of expansion, size of the NIR-II dye and labelling density) 
and deep volumetric scanning depth without tissue slicing (limited 
by penetration depth of NIR-II photons and objective working dis-
tance). In addition, the development of ratiometric probes across the 
NIR region could transform fluorescence imaging from a qualitative 
or semi-quantitative technique into a quantitative one that would 
provide precise information on the level of molecular structures. 
Combined with improvements to 3D reconstruction methods for 
brain imaging, NIR ratiometric probes could dramatically further 
the understanding of neurological processes88.

Finally, as with the development of any new biomedical imaging 
technique, in vivo NIR fluorescence imaging is likely to be fuelled 
by the advent of new, more advanced cameras with higher sensitiv-
ity and broader spectral ranges within or even beyond the current 
NIR window. Besides the InGaAs material commonly used for sen-
sitive photon detection in cameras for NIR-II fluorescence imag-
ing, other photosensitive semiconductor materials such as indium 
antimonide (InSb, bandgap ~0.17 eV) and mercury cadmium tel-
luride (HgCdTe, bandgap tunable between 0–1.5 eV) may offer new 
capabilities to NIR fluorescence imaging that are otherwise impos-
sible with current InGaAs cameras. For example, the development 
of sensitive HgCdTe FPA cameras with spectral responsivity cov-
ering a large NIR range (from 850  nm to 2.5  μm) may allow for 
in vivo imaging with even deeper penetration and depth-resolved 
3D reconstruction on the basis of multicolour imaging followed 
by spectral unmixing and optical triangulation183. Additionally, 
InSb-based photodetector arrays with up to a 1-kHz full-window 
frame-rate in the 1.5–5.0 μm spectral window may allow, with suit-
able NIR fluorescent labels, for the real-time imaging of physiologi-
cal processes with fast dynamics in live animals.
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