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Abstract

Rare-earth (RE) based luminescent probes exhibit rich optical properties including upconversion 

and down-conversion luminescence spanning a broad spectral range from 300 to 3,000 nm, and 

have generated great scientific and practical interest from telecommunication to biological 

imaging. While upconversion nanoparticles have been investigated for decades, down-conversion 

luminescence of RE-based probes in the second near-infrared (NIR-II, 1,000–1,700 nm) window 

for in vivo biological imaging with sub-centimeter tissue penetration and micrometer image 

resolution has come into light only recently. In this review, we present recent progress on RE-

based NIR-II probes for in vivo vasculature and molecular imaging with a focus on Er3+-based 

nanoparticles due to the down-conversion luminescence at the long-wavelength end of the NIR-II 

window (NIR-IIb, 1,500–1,700 nm). Imaging in NIR-IIb is superior to imaging with organic 

probes such as ICG and IRDye800 in the ~ 800 nm NIR range and the 1,000–1,300 nm short end 

of NIR-II range, owing to minimized light scattering and autofluorescence background. Doping by 

cerium and other ions and phase engineering of Er3+-based nanoparticles, combined with surface 

hydrophilic coating optimization can afford ultrabright, biocompatible NIR-IIb probe towards 

clinical translation for human use. The Nd3+-based probes with NIR-II emission at 1,050 and 

1,330 nm are also discussed, including Nd3+ doped nanocrystals and Nd3+-organic ligand 

complexes. This review also points out future directions for further development of multi-

functional RE NIR-II probes for biological imaging.
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1 Introduction

In vivo photoluminescence bio-imaging by collecting emitted light within the body of living 

animals, instead of cultured cells or anatomical tissues, allows visualization of biological 

structures, functions and processes with high spatial and temporal resolutions exceeding 

those of other imaging modalities based on magnetic resonance, X-ray or positron emissions 

[1–3]. For decades, one-photon in vivo optical imaging techniques detecting light emission 

in the visible (400–700 nm) and traditional near-infrared (NIR-I; 700–900 nm) windows are 

challenging due to strong autofluorescence and high light-scattering coefficient of live 
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tissues, lowering imaging clarity and degrading signal to background contrasts. Since the 

pioneering work of our group on detecting the intrinsic photoluminescence of single-walled 

carbon nanotubes (CNT) circulating in mice vasculatures [4], the past ten years have 

witnessed significant research activities in the field of in vivo optical imaging in the second 

near-infrared (NIR-II; 1,000–1,700 nm) window, accompanied by the development of 

fluorescent or luminescent probes based on a wide range of materials including small 

molecules [5–9], CNTs [10–14], polymer-encapsulated organic dyes [15, 16], inorganic 

quantum dots (QDs) and nanoparticles [17–22]. Within 1,000–1,700 nm range, 1,300–1,400 

nm is called the NIR-IIa window [10] and 1,500–1,700 nm is called the NIR-IIb window 

[23], and the two sub-windows were separated by a water overtone absorption peak at ~ 

1,450 nm [1]. NIR-II imaging is now well established to afford high-resolution micrometer 

scale imaging at sub-centimeter tissue depths, taking advantage of suppressed light-

scattering and diminished tissue autofluorescence in the 1,000–1,700 nm spectral range. In 

particular, imaging in the NIR-IIb range can maximize the benefit of NIR-II imaging and is 

superior to imaging in the 1,000–1,300 nm range.

Various classes of NIR-II probes have been developed for NIR-II imaging of mice disease 

models in vivo, with continuously improved functionality and versatility aimed at 

visualization of molecular and cellular scale biological processes in a living body and for 

facilitating molecularly targeted diagnosis and therapies [24–30]. Among these NIR-II 

emitting materials, rare earth (RE) based NIR-II luminescent probe is one of the most 

promising agents due to its unique luminescence properties in the NIR-II spectral region 

including narrow-band emission and superior photostability, and the intrinsic low-toxicity of 

lanthanide elements required for biocompatibility [31]. Further, the recently developed 

layer-by-layer cross-linked coating on RE nanoparticles enabled rapid excretion after 

administration and imaging [32], making this class of materials potentially useful for clinical 

translation for human use. Although RE nanoparticles with interesting upconversion 

luminescence in the visible range have been investigated for several decades, research on 

down-conversion NIR-II emitting RE nanoparticles are still in its infancy.

In terms of size, NIR-II luminescent RE compounds mainly fall into two categories. The 

first is inorganic nanoparticle with lanthanide dopants embedded in the lattice of a host 

nanocrystal. Generally, a nano-size less than 50 nm is preferred for these nanoparticles to 

maximize their permeation ability through tissues, organ and tumor [33]. However, the small 

nano-size is a negative factor for the emission intensity of RE probes, since the decrease in 

nanocrystal size is usually accompanied by generating of both surface and interior defects, 

resulting in reduced lanthanide luminescence. Another important requirement of RE 

nanocrystals for NIR-II imaging is hydrophilic polymer coating for dispersity in aqueous 

solutions and high biocompatibility and stability in complex physiological environments to 

minimize toxicity and side-effects. This is very important since most RE nanoparticles are 

synthesized in oil like organic solvents with hydrophobic capping layers, and must be 

replaced or over-coated by hydrophilic layers to impart biocompatibility.

The second type of compound is small molecule RE complexes containing RE metal ions 

coordinated with organic ligands. Such molecules can be excreted rapidly through urine and 

hold high potential for translation of NIR-II luminescent agents into the clinic. Indeed, a 
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total of 11 gadolinium-organic ligand complexes have been approved by the FDA as contrast 

agents for magnetic resonance imaging (MRI) and are used in the clinic [34]. Although 

versatile organic ligands and various lanthanide ions could allow for the design of a series of 

RE complexes for high NIR-II luminescence efficiency, another challenge is the 

luminescence quenching problem in aqueous solutions. When the lanthanide ions are in 

close proximity to water molecules, quenching can occur caused by strong interactions 

between the lanthanide ion and abundant hydroxyl groups surrounding the RE complexes in 

aqueous biological environments [35–37].

Significant effort has been taken in recent years to boost the down-conversion luminescence 

intensity and optimize the biological compatibility of NIR-II luminescent RE compounds for 

improved capacity of high-quality in vivo imaging. This mini review is not intended to 

provide a comprehensive survey of all aspects of photoluminescence bio-imaging with 

lanthanide agents, but instead focuses on the recent progress in RE based NIR-II 

luminescent probes and their applications in optical in vivo bio-imaging/analysis techniques.

2 Optical properties of RE based NIR-II luminescent probes

One of the most interesting features of trivalent RE ions is their unique 4f–4f 

photoluminescence spanning a wide spectrum from ultraviolet to visible and near-infrared 

ranges [38–40]. For RE3+ ions having a partly filled 4f shell, the electronic configurations 

are given by

(Pdcore)4fn 5s25p6

where n varies from 1 to 13 when going from Ce to Yb [41]. The electric-dipole transitions 

between 4f levels are responsible for the rich variety of optical absorption and emission lines 

in the spectra of RE3+ ions [39]. According to the quantum mechanical selection rules these 

electric-dipole 4f–4f transition are parity forbidden, since the 4fn configurations in free ions 

have the same parity [42]. However, when the RE ion is in a site which lacks inversion 

symmetry, such prohibition can be partially broken through a slight admixture of opposite-

parity states of the 4f(n−1)5d or 4f(n−1)5g configuration into the 4fn states by an odd-parity 

crystal field component [43]. A lower-symmetry lattice can facilitate this mixing of opposite 

parity configurations, resulting in luminescence enhancement of the RE3+ ions [44]. The 

effect of this mixing on the selection rules was investigated independently by Judd and 

Ofelt, well known as the Judd-Ofelt theory [45, 46]. On the other hand, the outer 5s and 5p 

shells of trivalent lanthanide ion can shield the inner 4f shell from the perturbation of 

surrounding environment, imparting lanthanide ions with specific luminescent properties 

such as narrow-band emission and long lifetimes of the excited states [38]. Moreover, such 

shielding effects lead to well-defined 4f energy levels and corresponding absorption & 

emission spectral lines of RE3+ ion with almost no variation in different chemical 

environments, enabled the engineering of rare-earth based luminescent probes by doping of 

RE3+ ions in a variety of host materials.

The emission and absorption wavelength of a lanthanide ion depends on its energy levels 

and energy transitions between these levels, while the luminescence by the RE ion is only 
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possible from certain levels, which are termed resonance levels. Usually when the lanthanide 

ion is excited to a certain energy level, part of the excitation energy will be dissipated via 

nonradiative processes until a resonance level is reached for the generating of luminescence. 

The emitted photon has less energy (longer wavelength) than the absorbed photon, which is 

the so-called Stokes shift and gives the down-conversion luminescence (Fig. 1(a)). In certain 

circumstances, anti-Stokes shift may occur when the lanthanide ion is pumped to a higher 

energy level through multiple photon absorption processes, allowing generation of 

luminescence with higher photon energy (shorter wavelength) than the excitation light. This 

phenomenon is well-known as the upconversion luminescence (Fig. 1(a)). Among the 15 

rare-earth elements, Pr3+, Nd3+, Ho3+, Er3+, Tm3+ are of great interest and potential for the 

NIR-II down-conversion luminescent probes due to their emission lines in the spectral range 

of 1,000–1,700 nm (Fig. 1(b)). In particular, the energy transitions involved in Pr3+ ion (1G4 

→ 3H5) and Nd3+ ion (4F3/2 → 4I13/2) afford generation of down-conversion luminescence 

in the NIR-IIa (1,300–1,400 nm) region; and the efficient 4I13/2 → 4I15/2 energy transition of 

Er3+ ion provides intense down-conversion emission centered at 1,550 nm in the NIR-IIb 

(1,500–1,700 nm) region (Fig. 1(b)). In order to populate a resonance level of a RE ion, the 

lanthanide ion can be excited by directly absorbing the excitation light by itself or receiving 

excitation energy from another ion or molecule through efficient interionic energy transfer 

processes, which is the so-called antenna effect (or sensitization) [47].

Taking Er3+ as an example, direct excitation of a Er3+ ion with 980 nm light can populate the 

Er3+ 4I15/2 ground state to its 4I11/2 excited level through energy transition of 4I15/2 → 4I11/2 

with energy bandgap of ~ 10,200 cm−1 (ca. 1.29 eV), equal to the energy of a 980 nm 

photon. Subsequent nonradiative relaxation of Er3+ 4I11/2 → 4I13/2 leads to a population of 
4I13/2 state, which is a resonance level for the generation of the 1,550 nm down-conversion 

NIR-IIb luminescence by radiative transition from 4I13/2 to the ground state 4I15/2 (Fig. 1(a)). 

The main NIR-II resonance levels are 1G4 for Pr3+ (9,880 cm−1), 4F3/2 for Nd3+ (11,260 cm
−1), 5I6 for Ho3+ (8,610 cm−1), 4I13/2 for Er3+ (6,610 cm−1) and 3H4 for Tm3+ (12,720 cm
−1). However, several competing processes may occur to reduce the NIR-II down-conversion 

emission. The first is the upconversion process via multi-photon absorption that excites the 

RE ion to higher energy levels for subsequent visible or ultraviolet upconversion emission. 

The second is the luminescence quenching effect caused by nonradiative cross-relaxation 

process between two neighboring RE ions, or excitation energy transfer/migration to an 

electron trapping center such as defects or impurity sites. This quenching problem becomes 

more serious when the RE based NIR-II probes are used for biological application due to the 

strong energy transfer rate from RE ions to the OH− groups in aqueous solution (Fig. 1(a)). 

Therefore, the luminescence efficiency of the RE ion is determined by: (1) the population of 

the resonance level through either being directly excited or being sensitized; (2) the 

competing processes including but not limited to upconversion luminescence, nonradiative 

cross-relaxation and aqueous quenching effect; (3) the intrinsic efficiency of the intra-4f 

electric-dipole transitions of the RE ions themselves. To date, Er3+ and Nd3+ have been 

investigated as the emitter ions in NIR-II probes owing to their luminescence emission in the 

NIR-II window, centered at 1,550 and 1,050 nm respectively. In the following sections, we 

will discuss the recent advances in optimizing RE based NIR-II luminescent probes for NIR-

II biological imaging.
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3 Er3+ based NIR-IIb luminescent probes

Fluorescence and luminescence based molecular imaging in vivo in the NIR-IIb window 

(1,500–1,700 nm) afford higher resolution imaging at sub-centimeter tissue depths 

benefiting from the least light scattering and tissue autofluorescence in the 1,000–1,700 

spectral range [23, 48]. However, bright probes in NIR-IIb are scarce. To date, NIR-IIb 

probes include CNTs [23, 48], inorganic QDs such as lead sulfide (PbS) [49, 50] and indium 

arsenide [17, 51], and erbium-based rare-earth down-conversion nanoparticles (ErNPs) [18, 

52, 53]. Among them, ErNPs have garnered great interest for in vivo biological imaging 

applications owing to their unique properties, including milliseconds long luminescence 

lifetime, superior photo/chemical stability, and low toxicity. NIR-IIb emission at intense 

1,550 nm can be generated through Er3+ 4I13/2 → 4I15/2 radiative transition (energy 

difference of ~ 6,500 cm−1 or 0.82 eV) for a low Er3+ ions doping concentration of ~ 2% (to 

avoid interionic cross-relaxation) in host materials such as NaLnF4 [54, 55], Ln2O3 [56], and 

LnF3 [57–59] (Ln = La, Y and Gd). To overcome the weak light absorption problem of the 

Er3+ ion itself due to the low doping concentration, other rare-earth ions such as Yb3+ and 

Nd3+ with higher absorption coefficients are co-doped into the host serving as sensitizer to 

harvest the excitation photons and transfer the excitation energy to Er3+, populating the 

Er3+ 4I13/2 state for 1,550 nm luminescence.

3.1 Yb3+ ions as sensitizer

Trivalent Yb ion possesses a simple energy-level scheme with only one excited 4f level of 
2F5/2 [60–65]. The absorption band of Yb3+ at around 980 nm due to the 2F7/2 → 2F5/2 

transition of Yb3+ is closely resonant with a large number of f–f transitions in upconverting 

lanthanide ions (e.g., Er3+, Tm3+, and Ho3+). Note that the Yb3+ itself with luminescence in 

the range of 960–1,040 nm is also an activator candidate for NIR-II probes due to its 

emission tail > 1,000 nm. The usefulness of the Yb3+ ion as a sensitizer for the down-

conversion luminescence of ErNPs was first reported by Moghe and his colleagues as early 

as in 2013 [18]. ErNPs were synthesized as hexagonal-phase core-shell structures consisting 

of an Yb3+ ions and Er3+ ions co-doped NaYF4 core surrounded by an undoped NaYF4 shell 

(Fig. 2(a)). The 1,550 nm emission of this Er3+ doped probe occurs following the resonant 

transfer of excitation energy from Yb3+ sensitizer to Er3+ activator with an optical efficiency 

of ~ 1.16% under 980 nm laser excitation. These Er based probes were then encapsulated in 

human serum albumin to form rare-earth albumin nanocomposites ((RE)ANCs), which 

demonstrated improved aqueous solubility and biocompatibility (Figs. 2(b) and 2(c)).

In 2015, Paula et al. utilized a layer-by-layer (LbL) assembly method to construct 

biocompatible ErNPs [53]. In this work, similar RE nanoparticles with 2% Er3+ and 20% 

Yb3+ sensitizer were synthesized and followed by LbL modification to endow the 

nanoparticles with improved biocompatibility and possibility to incorporate therapeutics 

such as siRNA, inhibitors, or proteins (Fig. 2(d)). Whole-body real-time imaging was carried 

out by intravenous injection of these LbL-coated NIR-IIb RE probes and excited by a 980 

nm laser (Fig. 2(e)). Most organs can be clearly imaged with the accumulation of ErNPs 

after clearance from the bloodstream. ErNPs with similar structure comprised of Yb3+ ion as 

sensitizer for harvesting 980 nm photons and Er3+ ion as activator for 1,550 nm NIR-IIb 
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emission were also reported by other groups as an offspring of upconversion nanoparticles 

[66–70].

It is important to produce ErNPs exhibiting bright NIR-IIb luminescence with strong down-

conversion in as synthesized form in hydrophobic organic solvents, and equally important to 

maintain their high brightness when transferred to aqueous phase. For ErNPs NIR-IIb 

probes, two competing processes exist to their down-conversion luminescence. The first is 

the upconversion emission process; and the second is quenching of the excited 4I13/2 state 

caused by the OH− group when ErNPs are transferred to an aqueous solution [35–37]. To 

overcome these problems, we recently developed an Er-based ErNPs with a 2% Er and 2% 

Ce doped NaYbF4 core and a NaYF4 shell (NaYbF4:2%Er,2%Ce@NaYF4) with highly 

boosted down-conversion emission at ~ 1,550 under a 980 nm excitation for NIR-IIb 

imaging (Figs. 3(a) and 3(b)) [52]. By optimizing the Ce3+ ion doping concentration, the 

lifetime of Er 4I11/2 excited state was shortened to increase the population of Er 4I13/2 state 

through accelerated nonradiative relaxation of Er 4I11/2 → 4I13/2 facilitated by the Ce3+ 

dopants. An impressive 9-fold enhancement of the down-conversion 1,550 nm luminescence 

of the ErNPs was achieved, in contrast to the dramatically decreased upconversion emission 

of the ErNPs at 540 and 650 nm (Fig. 3(c)). In terms of quantum yield (QY), due to 

discrepancies in the reported QY of the IR-26 reference fluorophore (QYIR26: ~ 0.05%–

0.5%), the QY of these ErNPs in aqueous solutions in the NIR-IIb region was estimated to 

be in the range of 0.27%–2.73% under the 980 nm laser excitation.

For in vivo biological imaging, a hydrophilic polymer shell was created on the surface of Ce 

doped ErNPs by exploiting simple van-der-Waals interactions between the alkyl chains of 

poly(maleic anhydride-alt-1-octadecene) (PMH) and the oleic acid molecules on the ErNPs. 

A further PEGylation step was performed through conjugation of methoxy polyethylene 

glycol amine (mPEG-NH2) onto the nanoparticles to render the ErNPs more biocompatible 

(Fig. 3(d)). High aqueous dispersion stability and photostability of the PEGylated ErNPs in 

PBS and fetal bovine serum were confirmed. To reduce the aqueous quenching effect, the 

thickness of the outer NaYF4 inner layer was optimized to be ~ 7 nm to reach a maximum 

1,550 nm emission intensity of the ErNPs in aqueous solution. Although this quenching 

effect was alleviated to some extent, the 1,550 nm luminescence of the ErNPs was still 

seriously quenched by 8 times in the water phase relative to in organic phase, and remains a 

challenge to be further addressed. In vivo dynamic mouse brain vessel imaging was 

performed by exciting the ErNPs with a 980 nm laser while detecting the 1,550 nm 

luminescence of the intravenously injected PEGylated ErNPs using a much short exposure 

time of 20 ms (Fig. 3(e)). Due to the low scattering coefficient of the NIR-IIb photons 

through biological tissue and the nearly zero autofluorescence of tissue in the NIR-IIb range 

[23, 48], imaging can be done through the intact mouse scalp and skull in a non-invasive 

manner.

In a recently published paper, Hao and his coworkers prepared a NaLuF4:Gd/Yb/Er/Ce 

luminescent nanorods with enhanced NIR-IIb emission at 1,525 nm for small tumor/

metastasis tumor diagnosis and noninvasive brain/tumor vascular imaging [71]. The down-

conversion emission in 1,525 nm was also highly enhanced by boosting the down-

conversion pathway and suppressing the upconversion emission via doping of 5% Ce3+ ions 
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(Fig. 3(f)). The QY of these NaLuF4:Gd/Yb/Er/Ce nanorods was measured to be 3.6% in 

water by using a standard IR-26 dye (QY = 0.5%). These Ce doped RE nanorods were 

converted to hydrophilic ones before intravenously injected into tumor-bearing mouse. NIR-

IIb signal in the tumor site was observed at 24 h post-injection and gradually enhanced until 

48 h, revealing the effective accumulation of RE nanorods in the tumor site due to the 

enhanced permeability and retention (EPR) effect (Fig. 3(g)) [72].

In a more recent work, we demonstrated cubic-phase ErNPs were superior to hexagonal-

phase nanoparticles in affording bright NIR-IIb down-conversion luminescence [32]. 

Specifically, we synthesized a Zn-doped cubic-phase ErNPs with a core-shell structure of 

NaYbF4:2%Er,2%Ce,10%Zn@NaYF4 (Fig. 4(a)). An ~ 11-fold enhancement of the down-

conversion luminescence over the previous brightest hexagonal-phase ErNPs was achieved, 

through a mechanism of enhancing multi-phonon relaxation in cubic-phase ErNPs over 

hexagonal-phase, and by reducing crystal field symmetry through Zn2+ ion doping. The 

absolute QY (emission range: 1,300–1,800 nm) of the Zn-doped cubic-phase ErNPs in 

aqueous solutions was estimated to be ~ 5% using an integrating sphere under the 980 nm 

laser excitation of 100 mW/cm2. To impart high stability and biocompatibility to the ErNPs 

in aqueous and biological media without aggregation and associated toxicity, three 

hydrophilic cross-linked polymer layers were coated on ErNPs such that the probability of 

hydrophilic coating detaching from the particles was eliminated (Fig. 4(b)). Owing to the 

biocompatibility derived from the reliable cross-linked polymer network on the surface of 

ErNPs and their small hydrated size of ~ 35.5 nm, a rapid biliary excretion of the 

intravenously injected ErNPs was observed (Fig. 4(c)), which could facilitate potential 

future clinical translation of the nanoparticles.

Importantly, the outmost layer of the ErNPs containing eight-arm branched polyethylene 

glycol amine (8Arm-PEG-NH2) layer imparts amine groups to allow conjugation of anti-

PD-L1 antibody to the ErNPs (ErNPs-aPDL1). In vivo NIR-IIb molecular imaging of PD-L1 

was done after intravenous injection of ErNPs-aPDL1 into the tail vein of BALB/c mice 

bearing PD-L1 over-expressed CT-26 tumor (Fig. 4(d)). The high brightness of ErNPs-

aPLD1 combined with low autofluorescence background in NIR-IIb range and high affinity 

of the conjugated anti-PD-L1 antibody towards PD-L1 ligands are crucial to afford 

molecular PD-L1 imaging of biological targets in tumor with unprecedented tumor to 

normal tissue (T/NT) ratio > 40 (Fig. 4(e)), remarkably higher than previous fluorescence-

based molecular tumor imaging (Figs. 4(f) and 4(g)) using fluorophores emitting in shorter 

wavelength ranges (T/NT ratios are typically ~ 2–4 in the 700–900 nm NIR-I range, and ~ 

8–12 in the ~ 1,100 nm NIR-II range).

Encouraged by the above robust ErNPs-aPLD1 molecular PD-L1 targeting agent and the 

long-lived NIR-IIb luminescence (~ 4.3 ms in aqueous solution) of the ErNPs, a time-

resolved imaging technique (Figs. 5(a) and 5(b)) was developed to differentiate ErNPs 

luminescence from short-lived NIR-IIb fluorescence (~ 46 μs) of PbS QDs (Fig. 5(c)) for 

two-plex molecular imaging in the same 1,500–1,700 nm NIR-IIb emission range. To target 

the CD8+ cytotoxic T lymphocytes (CTLs) in vivo, the PbS QDs were conjugated with anti-

CD8α antibody (PbS-aCD8) for tracking the CD8+ cells in response to PD-L1 checkpoint 

blockade cancer immunotherapy. Two-plex NIR-IIb molecular imaging strategy combing ~ 
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1,600 nm emitting ErNPs-aPDL1 and PbS-aCD8 can simultaneously mapping out the 

heterogeneous bio-distribution of PD-L1 and CD8+ CTLs within the tumor 

microenvironment and in main organs (Figs. 5(d) and 5(e)). When zooming in to the tumor, 

we imaged noninvasively through the skin to glean ErNPs-aPDL1 NIR-IIb signals 

circulating in the tortuous tumor vasculature at 5 min p.i., resolving vessels in CT-26 tumor 

down to micrometer spatial resolution. Leakage of ErNPs-aPDL1 from blood vessels into 

tumor tissue was also observed (Fig. 5(d)), indicating the start of ErNPs-aPDL1 

extravasation and binding to cancer cells within the tumor. At 24 h post-injection of ErNPs-

aPDL1 and PbS-aCD8, the shape of the CT-26 tumor was clearly visualized in the ErNPs 

channel with a relatively even signal distribution through the tumor (Fig. 5(e)). However, for 

the PbS-aCD8 channel, the signals were higher around the periphery of the tumor and 

extending inward (Fig. 5(e)). This suggested the infiltration of immune-competent CD8+ 

CTLs starting primarily from the periphery region of the CT-26 tumor, which was limited by 

vascular hyper-permeability and shortage of functional lymphatic vessels inside solid 

tumors.

In particular, in vivo evaluation of the distribution and proportion of CD8+ CTLs in tumor 

vs. spleen (a lymphoid organ) was also performed to assess the activation status of T cells 

(Fig. 5(f)). By plotting of CD8+ T cells signal ratio between tumor and spleen (T/spleen), the 

(T/spleen)_CD8 ratio of ~ 5.3 was measured in immune activated CT-26 tumor mice 

(received PD-L1 immunotherapy), which was > 15 times higher than immune non-activated 

tumor mice. This result suggested that noninvasive in vivo two-plex NIR-IIb imaging to 

glean tumor PD-L1 level and CD8+ T cell distribution in tumor vs. spleen could provide 

useful parameters for assessing response to immunotherapy and complement ex vivo biopsy-

based diagnostic methods.

3.2 Nd3+ ions as sensitizer

The intense absorption cross-section of Nd3+ at around 740 nm (4I9/2 → 4F7/2), 800 nm 

(4I9/2 → 4F5/2) and 850 nm (4I9/2 → 4F3/2), and efficient energy transfer from excited Nd3+ 

to Yb3+ via interionic cross-relaxation [(4F3/2)Nd, (2F7/2)Yb] → [(4I9/2)Nd, (F5/2)Yb], making 

Nd3+ ion a promising sensitizer for the down-conversion luminescence of Er3+ ion [73, 74]. 

In 2014, Zhang et al. reported a novel kind of multi-shell hexagonal-phase RE nanocrystals 

containing 4 layers with a structure of NaGdF4/Na(Gd,Yb)F4:Er/NaYF4:Yb/NaNdF4:Yb 

(Fig. 6(a)) [75]. In this nanocrystal, the Nd3+ ion in the outmost NaNdF4:Yb shell acts as the 

sensitizer by absorbing the 800 nm excitation light. The excitation energy of the excited 

Nd3+ is then transferred to Yb3+ and migrating within these layers by the co-doped Yb3+ 

ions until the Er3+ in the inner shell is sensitized. This results in relaxation from the excited 

state of Er3+ through the emission of a 1,525 nm photon (4I13/2 → 4I15/2). The excitation at 

800 nm is located in the biological transparency window with lower absorption by water and 

heat generation than at 980 nm, and is a more desirable excitation wavelength than 980 nm 

with the least perturbance to biological tissues [76]. These 800 nm sensitized RE 

nanocrystals were transferred from the organic phase to the aqueous phase by coating 

amphiphilic 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[carboxy-(polyethylene 

glycol)-2000] (DSPE-PEG2000-COOH) phospholipids onto their surface to form 

nanocrystal-phospholipid micelle complexes. In vivo bio-imaging experiments were also 
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carried out by delivering these hydrophilic RE nanocrystals to the mouse stomach using a 

gastric syringe. Upon 800 nm laser irradiation, bright 1,525 nm luminescence signals were 

detected in the mouse stomach which is determined to be 0.8–1.2 cm depth in the mouse 

body.

In a typical Nd3+ sensitized core-shell-shell structured RE nanocrystal, the energy transfer 

from the Nd3+ sensitizer to the Er3+ activator is bridged by these layers containing Yb3+ ions 

dopants through energy migration over the Yb3+ sublattice; and the thickness of these layers 

plays a key role in the efficiency and performance of this interionic energy transfer/

migration (Fig. 6(b)) [77]. In a recently published paper, Zhang et al. designed a series of 

lifetime-engineered Er3+ doped RE nanoparticles for multiplexed NIR-IIb in vivo imaging 

[77]. Employing Nd3+ sensitizers and Er3+ emitters, these nanoparticles absorb 808 nm 

excitation and emit luminescence centered at 1,525nm. The nanoparticle consists of an outer 

layer co-doped with Nd3+ and Yb3+, an intermediate layer doped with Yb3+ only, and an 

inner layer co-doped with Yb3+ and Er3+ (Fig. 6(b)). This core-shell-shell structure allows 

the luminescence lifetime tuning systematically in two directions: (1) increasing the 

thickness of the energy relay layer prolongs the average process from absorption to 

emission, leading to a longer lifetime (Fig. 6(c)); (2) at a given thickness of the energy relay 

layer corresponding to identical capacity of the Yb3+ sublattice, an increase in the Er3+ 

concentration accelerates the conversion of stored energy into luminescence emission, which 

shortens the lifetime (Fig. 6(d)). By tuning the intermediate layer thickness and Er3+ doping 

concentration, a substantial lifetime-selectable range spanning three orders of magnitude 

was demonstrated for the Er3+ 1,525 nm emission, easily accommodating more than 10 

distinct lifetime identities that were clearly distinguished using a time-resolved imaging 

system (Fig. 6(e)).

With this NIR-IIb luminescence lifetime-resolved multiplexing imaging approach, the 

researcher further explored its potential for cancer diagnostics in vivo (Fig. 6(f)). Three 

lifetime populations of the Er nanoparticles were conjugated with primary antibodies against 

three routinely examined biomarkers for breast cancer: estrogen receptor (ER), progesterone 

receptor (PR) and human epidermal growth factor receptor-2 (HER2). The NIR-IIb 

luminescence from the tumors was sufficiently high to distinguish the positive groups from 

the control group. This allowed quantification of the biomarker expressions of the tumor 

subtype by resolving the three lifetime components simultaneously using a pattern 

recognition algorithm, which was consistent with the in vitro western blot results, 

demonstrating the potential of this in vivo multiplexing imaging method for in vivo image 

and point-of-care diagnostics.

3.3 Er3+ ions as sensitizer

Although there are several intense absorption lines of Er3+ at around 650 nm (4I15/2 → 
4F9/2), 808 nm (4I15/2 → 4I9/2), and 980 nm (4I15/2 → 4I11/2), one critical limitation of Er3+ 

doped NIR-IIb luminescence nanocrystals is the weak absorbance of Er3+ ions due to the 

relatively low Er3+ emitter doping concentration (typically 1 mol%–5 mol%). The 

luminescence intensity decreases sharply with increasing the doping ratio, commonly 

referred to as “concentration quenching”. There are two common explanations for the 
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concentration quenching problem: (1) increased interionic nonradiative cross-relaxation 

processes; (2) enhanced energy migration via resonant energy transfer to the surface defects 

[78, 79]. Recently, Almutairi et al. demonstrated that the major quenching process at high 

dopant concentrations is predominantly due to energy migration to the surface and not cross-

relaxation between dopant ions [80]. Based on this, a new class of Er3+ based NIR-IIb probe 

was synthesized with a structure of NaErF4@NaLuF4 (Fig. 7(a)). In the inner NaErF4 core, 

the Er3+ ion acts as both activator and sensitizer by absorbing the 980 nm excitation photons 

to populate its 4I11/2 state. Nonradiative relaxation of Er 4I11/2 → 4I13/2 occurs subsequently, 

followed by generating of intense NIR-IIb luminescence centered at 1,550 nm via radiative 

relaxation from the Er3+ 4I13/2 excited state to the 4I15/2 ground state (Fig. 7(b)). The inert 

NaLuF4 with an optimal thickness of ~ 8 nm is essential to suppress the excitation energy 

migration to the surface quenching defects. In this case, no “concentration quenching” is 

observed in the lifetime or the emission of this core-shell nanocrystal. By tuning the Er3+ 

doping concentration from 5% to 100% in NaYF4:n%Er@NaLuF4 nanocrystal, the 100% 

Er3+ doping ratio is found to be the brightest one under both 658 and 808 nm excitation 

(Figs. 7(c) and 7(d)).

Recent works also show that the co-doping of other rare-earth or transition metal ions can 

further improve the luminescence intensity of this Er3+-sensitized RE nanocrystal [81, 82]. 

For example, Chen and coworkers reported a class of Er3+-sensitized and enriched core-shell 

nanocrystals (NaErF4:Yb@NaLuF4) with enhanced 1,525 nm luminescence under 808 nm 

excitation [82]. The highly doped Er3+ ions (80%) impart strong absorption coefficient at 

808 nm to the nanocrystal, enabled self-sensitization process of Er3+ to generate intense 

1,525 nm NIR-IIb luminescence. Importantly, an approximately 2-fold enhancement of the 

NIR-IIb emission is achieved by doping of 20% Yb3+ ions into the core layer to form 

NaErF4:20%Yb@NaLuF4 (Fig. 7(e)). The researchers suggested that the doped Yb3+ ions 

act as energy trapping center for the Er3+ ions by efficient interionic cross-relaxation 

between Er3+ 4I11/2 state and Yb3+ 2F5/2 state (Fig. 7(f)). This energy trapping effect can 

suppress the process of excitation energy migration to lattice defects inside the NaErF4:Yb 

core layer, and induce energy back transfer process to populate the Er3+ 4I13/2 level, thus 

become favorable for the NIR-IIb luminescence of RE nanocrystal. The QY of these 

NaErF4:Yb@NaLuF4 nanocrystals was determined to be ~ 11% (emission range: 900–1,700 

nm) under 808 nm excitation using ICG dye (QY = 12%) as a reference standard. The 

researchers then performed a ligand exchange procedure to coat the NaErF4:Yb@NaLuF4 

nanocrystal with polyacrylic acid (PAA) hydrophilic polymer, rendering the RE nanocrystal 

dispersible in aqueous solution. After injection of this hydrophilic NIR-IIb probe, a clear 

high resolution and high contrast NIR-IIb luminescence image of mouse brain vessel (Fig. 

7(g)) can be obtained under 808 nm laser excitation with a short exposure time of 10 ms, 

demonstrating the advantages of this Er3+-sensitized RE nanocrystal for optical imaging 

with reduced light scattering and autofluorescence in the NIR-IIb range.

4 Nd3+ based NIR-II luminescent probes

In the past few decades, the Nd3+ doped garnet crystals have been pursued as the most 

promising laser materials to achieve 1.3 and 1.06 μm NIR lasing [83, 84]. The radiative 

energy transitions of 4F3/2 → 4I11/2 and 4F3/2 → 4I13/2 in Nd3+ ion enable the generation of 
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intense NIR-II luminescence peaked at 1,050 and 1,330 nm, respectively [85, 86]. Nd3+ 

based NIR-II luminescent probes have been under development for optical bio-imaging in 

recent years. The doping of Nd3+ ion has been attempted in a variety of nanosized host 

materials including CaF2 [87], SrF2 [88], LaF3 [89], LiLnF4 [90, 91] and NaLnF4 [85, 92–

96] (Ln = Y, Gd and Lu), in which the Nd3+ dopant acts as both activator and sensitizer. In 

contrast to the Er3+, the doping of Nd3+ suffers from a severe concentration quenching 

problem even being embedded in the core layer of a core-shell structured nanocrystal; thus 

the reported optimal Nd3+ doping concentration is about 1 mol%–5 mol%. Nevertheless, the 

relatively high absorption coefficient of Nd3+ at 730 and 800 nm, and the efficient 

Nd3+ 4F3/2 → 4I11/2 (1,050 nm) and 4F3/2 → 4I13/2 (1,330 nm) radiative transitions have 

made the Nd3+ based RE phosphor a useful NIR-II probe emitting in the 1,000–1,350 nm 

spectral range.

In 2017, Zhang et al. reported a Nd3+ based NIR-II fluorescent mesoporous microcarrier 

with Nd3+ based nanocrystals (NdNCs) embedding in the framework of a SiO2 particle 

coated with a mesoporous SiO2 shell (mSiO2-Nd) (Fig. 8(a)) [97]. By combining the multi-

excitation properties of the Nd3+ based nanocrystal (can be excited by both 730 and 808 nm 

light) and a NPTAT-protein complex (NPTAT is an organic phthalocyanine dye with a 

maximum absorption at 625 nm) loaded into the mesopores of the mSiO2-Nd, a protein-

release monitoring probe was prepared. The high absorption coefficient of the NPTAT at 730 

nm can dramatically quench the 1,060 nm luminescence of NdNCs when excited by 730 nm 

light. Whilst under 808 nm excitation, the NdNCs 1,060 nm emission was barely influenced 

by the NPTAT due to the weak absorbance of NPTAT at 808 nm (Fig. 8(b)). Thus the drug-

release process can be monitored and quantified based on these interesting characteristics 

with NIR-II bio-imaging under 730 nm excitation while tracking the fate of the mSiO2-Nd 

microcarriers under 808 nm excitation. In vivo NIR-II bio-imaging experiments (Fig. 8(c)) 

clearly demonstrated that the intensity of the 1,060 nm luminescence excited by the 808 nm 

laser was related to the quantity of the mSiO2-Nd in real time, while the intensity of the 

signals excited by the 730 nm laser reflected the drug-release percentage (Figs. 8(d) and 

8(e)). Such NIR-II bio-imaging technique can complement the traditional radio-isotope 

tracing method to realize non-invasive in vivo drug-release monitoring.

Apart from the inorganic nanocrystals doped with lanthanide ions, organic molecule-based 

RE ion complexes exhibiting NIR-II luminescence are also particularly interesting because 

of their small sizes [98, 99]. The stable binding of a RE ion in a water-soluble 

macromolecule requires a very strong binding chelator to compete against water molecules 

which can strongly bind to the RE ion themselves [100]. In a recent work, Hao and his 

coworkers prepared a NIR-II molecular Nd-based complex (Nd-DTPA) through chelation of 

Nd3+ with diethylene triamine pentaacetate acid (DTPA), which offers four carboxylic acid 

groups for binding the Nd3+ ion (Fig. 9(a)) [101]. Efficient narrow band NIR-II emission 

centered at 1,050 and 1,330 nm are obtained by exciting the Nd-DTPA with an 808 nm laser 

(Fig. 9(b)). By using a standard IR-26 dye (dissolved in dichloroethanes; the quantum yield 

of IR-26 dye is deemed to be 0.5%) as a reference, the quantum yield of Nd-DTPA at 1,050 

nm is measured to be 0.63%, making it a useful NIR-II probe for in vivo bio-imaging. The 

Nd-DTPA exhibited high biocompatibility and could be directly intravenously injected to the 

mice without any further hydrophilic treatment. Within a few seconds post-injection, strong 
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luminescence signal can be observed in kidney due to the fast accumulation of Nd-DTPA for 

renal excretion (Fig. 9(c)). Unlike nanoparticle probes, retention of the Nd-DTPA in the liver 

and spleen is much lower without obvious NIR-II signal detected in these two organs. A 

strong signal of Nd-DTPA can be observed in bladder within 10 min post-injection, 

demonstrating the rapid excretion of the Nd-DTPA complex from the kidney to the bladder 

through the renal system. Indeed, the Nd-DTPA probe can be fully excreted from the mice 

within 11 h, confirming fast renal clearance of the Nd-DTPA molecule. These findings will 

open up the possibility for designing RE complex with high biocompatibility, fast excretion 

speed, low toxicity and strong NIR-II luminescence for in vivo optical imaging and potential 

clinic translation.

5 Current status and future directions

The impressive in vivo imaging quality and clarity by detecting long-wavelength emitted 

light in the NIR-II window have stimulated tremendous research interest and activities in 

this area in recent years [102]. We anticipate a bright future of NIR-II bio-imaging towards 

obtaining understanding of biology with unprecedented spatial and temporal resolutions in 

living mammals at millimeters tissue depth. Future development and applicability of in vivo 
NIR-II fluorescence/luminescence bio-imaging will continue to hinge on the optical 

properties of the probes, and rare-earth nanoparticles are undoubtedly an excellent class of 

NIR-II emitters.

Rare earth-based materials have already afforded fascinating luminescence applications with 

great performances in diverse areas of modern optic/optoelectronic technologies and 

devices, such as semiconductor lasers, solar systems and television & computer screens. 

Their rich optical properties include upconversion and down-conversion luminescence 

spanning a broad spectral range from 300 to 3,000 nm, and have generated great scientific 

and practical interest. While upconversion nanocrystals have been investigated for decades, 

the exploitation of the NIR-II down-conversion luminescent RE compounds as bio-probes 

for the in vivo bio-imaging techniques was commenced only recently, motivated by the rapid 

progresses in the field of biotechnology and nanotechnology. In this review we have 

provided an overview of various recent work on RE-based NIR-II probes in small animal in 
vivo bio-imaging. It is important to point out that the ~ 1,500–1,700 nm NIR-IIb window is 

the most beneficial spectral range in the 1,000–1,700 nm NIR-II window due to minimal 

light scattering and lowest autofluorescence. Hence, even though common probes such as 

ICG and IRDye800 with emission tail > 1,000 nm can be utilized for NIR-II imaging in the 

1,000–1,300 nm range, rare earth nanoparticles emission in NIR-IIb are superior to ICG and 

other organic fluorophores in terms of imaging clarity and signal/background ratios. 

Molecular imaging with existing organic dyes in the NIR-IIa window is also inferior to NIR-

IIb with ErNPs, as found in the in vivo PD-L1 imaging work (Fig. 3(f) vs. Fig. 3(d)). The Er 

based nanoparticle NIR-IIb probes are also unmatched by quantum dots in composition due 

to the non-toxic elements. These considerations make ErNPs the most ideal NIR-II probe 

developed thus far. The layer-by-layer crosslinked surface coating can enable rapid fecal 

excretion of ErNPs, making them useful for potential human use without long-term toxicity 

concerns.
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Although exciting advancements have been made in developing and utilizing the NIR-II 

lanthanide luminescence for a variety of bio-imaging/analysis techniques, challenges still 

remained for RE-based NIR-II probes. Firstly, the emission intensity of the RE probes is still 

not fully optimized and can be further boosted. Despite their unique optical properties 

including narrow-band emission and superior photostability, the engineering of RE probes 

for higher emission efficiency is a long-standing challenge to researchers. A strong and 

stable emission of RE probes could facilitate the dynamically monitoring of physiological 

processes by decreasing the applied camera exposure time, and allow microscopy imaging 

by providing sufficient emission intensity in the desired focal point. To date, Er3+ and Nd3+ 

have been utilized for the design of NIR-II probes, while other candidate lanthanide ions 

including Pr3+, Ho3+, and Tm3+ are rarely reported for the application of NIR-II bio-imaging 

mainly due to their low luminescence efficiency. In the case of Er3+ and Nd3+, the harsh 

quenching problem caused by the hydroxyl groups in aqueous solution has been a latent and 

severe limitation to their luminescence intensity in biological environment. Their NIR-II 

emission could be further degraded by the numerous competing processes such as 

upconversion luminescence, nonradiative cross-relaxation, and excitation energy losses 

through migration to the crystal defects. All of these aspects should be carefully investigated 

and improved to promote the development of ultra-bright RE NIR-II probes.

Secondly, the biocompatibility and biostability of RE NIR-II probes need to be further 

investigated and improved. The superior biocompatibility of the exogenously introduced RE 

probes is essential to guarantee their nonbiological toxicity and rapid excretion from body. 

When conjugated with targeting moieties such as antibody, peptide and diabody, the 

biocompatibility of RE-moieties agents should be outstanding to ensure the correlation 

between the signal intensities of the RE probes and the expression levels of the biomarkers. 

Almost all of the currently developed RE NIR-II probes are lanthanide-based nanocrystals, 

which cannot be utilized directly for biological systems without surface modification. 

Tremendous efforts have been expended to improve the surface modification methods for 

RE-base nanoparticles ever since the developing and applying of the upconversion 

nanoparticles, but the outcome is limited and far from satisfactory for clinical translation. 

Experimentally, we observed that hydrophilic treatments of RE nanoparticles are more 

challenging than for inorganic QDs, possible due to the weaker interaction between surface 

ligands and lanthanide ions, which causes the detaching of the hydrophilic coating from the 

particles and consequent aggregation. In view of this, our recently developed hydrophilic 

cross-linked coating layers could be a promising approach to impart the RE nanoparticles 

with superior biocompatibility by forming a capping network to prevent exfoliation of the 

surface polymeric coating. Nevertheless, there is still a long way to go to show that the 

highly biocompatible RE nano-probes in mice are safe to use for humans in the clinic.

Thirdly, the unique optical characteristics of RE NIR-II probes remain to be fully 

investigated and exploited. One outstanding feature of lanthanide luminescence is the long 

and tunable lifetime, useful for near zero-background imaging and multiplexed probing of 

several biological targets in the same beneficial NIR-II window. Another attractive feature of 

luminescent RE compounds is their narrow-band emission, resulting in a high color purity of 

the emitted NIR-II light, potential for the multi-color NIR-II bio-imaging. These multiplexed 

and multi-color NIR-II bio-imaging probes will enable simultaneous imaging of multiple 
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molecular and biological targets at single cell level inside a living body, allowing molecular 

imaging at unprecedented multiplexity, spatial/temporal resolution and depth.

Finally, the RE-based NIR-II probes are of high biocompatibility and low toxicity, making 

them promising for a variety of medical diagnosis application and potential clinical 

translation. To this end, we believe the future development trend of NIR-II bio-imaging 

technology using RE-based luminescent probes are as follows: (1) ultrafast dynamic in vivo 
imaging with sub-microsecond temporal resolution to reveal the physiological and 

pathological process in the body; (2) non-invasive or minimally-invasive NIR-II microscope 

optical imaging with three-dimensional reconstruction techniques such as confocal or light-

sheet microscopy to mapping out the micron-scale biological structures down to cellular 

level; (3) molecular imaging with binding moieties such as small molecule drugs, tumor/

immune system targeted antibodies, genome engineering related RNA, DNA and proteins to 

provide evolutionary pathological research methods and tumor detection techniques.
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Figure 1. 
(a) Simplified energy-level diagrams depicting the luminescence mechanism of Er3+ ion. (b) 

Attenuation coefficient of human blood (oxygenated) in the 300–1,700 nm spectral range. 

The spectral extensions of visible, NIR-I, and NIR-II (including NIR-IIa and NIR-IIb) 

imaging windows are schematically indicated. The emission spectral ranges of the different 

lanthanide ions are also included.
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Figure 2. 
(a) Properties of the RE doped nanoprobes. The RE nanoprobes consist of a NaYF4 Yb:Ln-

doped core (Ln: Er, Ho, Tm or Pr) surrounded by an undoped shell of NaYF4. The emission 

of Er-doped nanoprobes is centered at 1,525 nm in the NIR-IIb window. (b) RE encapsulated 

albumin nanocarriers ((RE)ANC) consist of RE nanoprobes encapsulated by a coating of 

human serum albumin (HSA) to form an inorganic-organic nanocomposite. (c) Tumor 

accumulation over time of REs and (RE)ANCs in the ears of transgenic mice after 

intraperitoneally injection. Reproduced with permission from Ref. [18], © Nature Publishing 

Group 2013. (d) Illustration of spherical LbL modified RE NIR-IIb probes and 

corresponding TEM image. (e) Whole-body NIR-II images at time points from 10 s to 5 min 

post-injection of organic dye (excitation: 808 nm; emission peak: 1,100 nm), single-walled 

carbon nanotubes (SWNT; excitation: 808 nm; emission peak: 1,225 nm) and RE NIR-IIb 
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probes (DCNP; excitation: 980 nm; emission peak: 1,575 nm). Reproduced with permission 

from Ref. [53], © National Academy of Sciences 2016.
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Figure 3. 
(a) Schematic design of a NaYbF4:Er,Ce@NaYF4 core-shell nanoparticle (left) with 

corresponding large scale TEM image (upper right) and HRTEM image (lower right). (b) 

Simplified energy-level diagrams depicting the energy transfer between Yb3+, Er3+, and 

Ce3+ ions. (c) Upconversion and down-conversion luminescence spectra of the ErNPs with 0 

and 2% Ce3+ doping. (d) Schematic illustration outlining the PMH coating and PEGylation 

procedure for the ErNPs. (e) Cerebral vascular image (exposure time: 20 ms) in NIR-IIb 

region by intravenous injection of ErNPs. Reproduced with permission from Ref. [52], © 

Zhong, Y. T. et al. 2017. (f) Upconversion and NIR-IIb down-conversion luminescence 

spectra of NaLuF4:Gd/Yb/Er nanorods doped with different contents of Ce3+ (0, 2 mol%, 5 

mol%, 10 mol%). (g) Digital photograph (right) of tumor-bearing mouse and in vivo NIR-

IIb luminescence imaging (left) of the tumor-bearing mouse (the green circle indicated the 

tumor site) by intravenous injection of NaLuF4:Gd/Yb/Er/Ce. Reproduced with permission 

from Ref. [71], © American Chemical Society 2019.
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Figure 4. 
(a) Schematic design of core-shell Zn-doped α-ErNPs. (b) Schematic illustration of the 

hydrophilic ErNPs with cross-linking polymeric layers and amine groups on the surface as 

conjugation sites. (c) Bio-distribution of ErNPs in main organs and feces of ErNP-treated 

mice at 14-d post-injection, indicating the rapid biliary excretion of the intravenously 

injected ErNPs. (d) The wide-field NIR-IIb images of CT-26 tumor mice treated with 

ErNPs-aPDL1 at time points from 5 min to 24 h post-injection. (e) Corresponding T/NT 

ratios of ErNPs in tumor were plotted as a function of time. Reproduced with permission 

from Ref. [32], © Nature Publishing Group 2019. (f) The wide-field NIR-II images 

(detecting range: 1,200–1,300 nm) of MC38 tumor mice treated with anti-PD-L1-BGP6-G 

(BGP6-G is an organic dye emitting in the NIR-II range) at time points from 5 min to 24 h 

post-injection. (g) Corresponding T/NT ratios of BGP6-G in tumor were plotted as a 

function of time. Reproduced with permission from Ref. [26], © Wiley 2018.
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Figure 5. 
(a) Schematic illustration outlining the experimental setup (left) to distinguish the PbS QD 

emission channel (right) by using an 808 nm continuous wave (CW) laser. (b) Schematic of 

the experimental setup (left) to differentiate the long-lived ErNP luminescence (right) from 

short-lived PbS QD fluorescence by using a 980 nm laser pulse. The insets show 

corresponding cross-sectional intensity profiles (blue color). (c) Lifetime decays of ErNPs-

aPDL1 and PbS-aCD8 in 1xPBS solution. (d) The wide-field images (upper) of a CT-26 

tumor mouse treated with ErNPs-1/10thaPDL1 containing 20 μg anti-PD-L1 mAb (1 mg/kg), 

and corresponding high-magnification molecular imaging (lower) of the CT-26 tumor at 5 

min post injection of ErNPs-1/10thaPDL1 (scale bar, 500 μm). (e) Two-plex molecular 

imaging (upper) of a CT-26 tumor mouse at 24 h post intravenous injection of mixed ErNPs-

aPDL1 (green color) and PbS-aCD8 (red color). The zoomed-in high-magnification two-

plex image (lower) outlines the CT-26 tumor with micrometer image resolution (scale bar, 

500 μm). (f) Wide-field image reveals the in vivo bio-distributions of ErNPs-aPDL1 and 

PbS-aCD8 in a CT-26 tumor mouse intravenously injected with mixed ErNPs-aPDL1 and 

PbS-aCD8, and corresponding (T/spleen)_CD8 ratios. Reproduced with permission from 

Ref. [32], © Nature Publishing Group 2019.
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Figure 6. 
(a) Structure of the NaGdF4/Na(Gd,Yb)F4:Er/NaYF4:Yb/NaNdF4:Yb nanocrystal for NIR-

IIb luminescence. Reproduced with permission from Ref. [75], © Wiley 2018. (b) Energy 

level diagram illustrating the luminescence process of the Nd sensitized core-multi-shell 

nanoparticles. (c) Luminescence decay curves measured at 1,525 nm from the as-prepared 

Er nanoparticles with energy relay shells of increasing thickness d from 0 to 7 nm (identical 

composition). (d) Luminescence decay curves of the nanoparticles with incremental Er3+ 

doping concentration CEr from 2% to 30% for d = 0.9 nm and from 15% to 45% for d = 0 

nm. (e) Pseudocolour-mapped lifetime images of the Er nanoparticles contained in 

centrifuge tubes acquired by the time-resolved NIR-II imaging system. (f) Schematics 

illustrating animal experiment procedures. Three batches of Er nanoparticles exhibiting 

distinct lifetimes are conjugated to three antibodies (anti-ER, anti-PR and anti-HER2), 

respectively, and intravenously injected into the mouse via tail vein. Lifetime-resolved 
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imaging is then performed to quantify the biomarker expressions on the tumor. Reproduced 

with permission from Ref. [77], © Springer Nature 2018.
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Figure 7. 
(a) Schematic illustration of the NaErF4-NaLuF4 core-shell nanocrystals structural 

composition, and corresponding TEM image. (b) Energy level diagram of Er3+ showing the 

excitation (808 nm) and the down-conversion emission (1,550 nm) levels. (c) Emission 

spectra of the core-shell nanocrystals with variable Er3+ dopant concentrations in the core 

showing down-conversion NIR-IIb emission under 808 nm excitation. (d) Down-conversion 

emission images from colloidal dispersion of core-shell nanocrystals shows emission 

enhancement with increase in Er3+ dopant concentration. Reproduced with permission from 

Ref. [80], © American Chemical Society 2017. (e) Upconversion and down-conversion 

luminescence spectra demonstrate the doping of Yb3+ into the core of core–shell NaErF4:x
%Yb3+@NaLuF4 (x = 10, 20, 30, 40) nanocrystals for enhanced NIR-IIb luminescence. (f) 

Simplified energy level diagrams of Er3+ and Yb3+ ions depicting the emitting and energy 

transfer processes. (g) In vivo NIR-IIb brain vasculature imaging through tail vein injection 
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of PAA-coated NaErF4:Yb3+20%@NaLuF4 core/shell nanocrystals. Reproduced with 

permission from Ref. [82], © Wiley 2018.
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Figure 8. 
(a) Procedures of NIR-II luminescent mesoporous microcarriers preparation and protein 

drugs loading. (b) NIR-II luminescence intensity of microcarriers loaded with different 

amounts of NPTAT under 730- or 808-nm excitation, respectively. (c) NIR-II bio-imaging of 

mice at different times after orally gavaging protein-NPTAT-loaded microcarriers under 730- 

or 808-nm excitation. (d) Corresponding signal intensity curves. (e) Corresponding in vivo 
release percentages of protein-NPTAT from microcarriers. Reproduced with permission 

from Ref. [97], © Wang, R. et al. 2017.
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Figure 9. 
(a) Schematic illustration of the molecular structure of the DTPA and Nd-DTPA, along with 

the synthesis process of Nd-DTPA. (b) UV–vis absorption spectrum (600–900 nm) and 

photoluminescent spectrum of the Nd-DTPA complex under the excitation of 808 nm laser, 

demonstrating the efficient narrow-band emissions centered at 1,050 and 1,330 nm. (c) NIR-

II imaging of the mouse in the supine position, revealing the rapid excretion of Nd-DTPA 

molecule via kidney. The digital photograph (upper-right end) and the NIR-II imaging 

(lower-right end) of the urine sample are also collected after 2 h post-injection. Reproduced 

with permission from Ref. [101], © Elsevier Ltd 2018.
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