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Nanomedicines refer to the application of nanotechnologyni disease diagnosis,
treatment, and monitoring. Bioimaging provides crucial lological information for disease
diagnosis and treatment monitoring. Fluorescent bioimagg shows the advantages
of good contrast and a vast variety of signal readouts and yesuffers from imaging
depth due to the background noise from the auto uorescence d tissue and light
scattering. Near-infrared uorescent lifetime bioimagig (NIR- FLTB) suppresses such
background noises and signi cantly improves signal-to-bakground ratio. This article
gives an overview of recent advances in NIR- FLTB using organcompounds and

nanomaterials as contrast agent (CA). The advantages andgs#idvantages of each CA
are discussed in detail. We survey relevant reports about RFFLTB in recent years and
summarize important ndings or progresses. In addition, emarging hybrid bioimaging
techniques are introduced, such as ultrasound-modulated ETB. The challenges and
an outlook for NIR- FLTB development are discussed at the endaiming to provide
references and inspire new ideas for future nanomedicine delopment.

Keywords: bioimaging, uorescence lifetime, near-infrared, n anomaterials, contrast agents

INTRODUCTION

Nanomedicines refer to the application of nanotechnology isedse diagnosis, treatment, and
monitoring (Freitas, 1990 Bioimaging is a technique that uses high-resolution arsi@lization
methods to obtain dynamic changes of the target moleculeselts, in tissues, oin vivo. As
the signal generator or contrast provider in biological inragicontrast agents (CAs) have been
applied in biomolecular detection, cell imaging, bacteriahgimg, cell tracking, vascular imaging,
in vivo tumor imaging, and treatment, and so on. The application of naaterials as CAs of
bioimaging is considered one of the nanomedicines for disefiagnosis or monitoring. The
success of bioimaging relies heavily on a good CA, but akspribgresses of imaging technology.
Various bioimaging techniques are developed to achieve thel of deep tissue, high
resolution, and good contrast. To date, the main bioimagingethods include X-ray
imaging, magnetic resonance imaging (MRI), optical bioimggielectron microscopic imaging,
and mass spectrometry imaging. X-ray imaging has larger patien into tissues than
ultraviolet/visible light i Z. et al., 2014; Burdette et al., 2)1®&ut radiation exposure
limits its usage and could be a health concern. MRI provides higéolution and great
depth for in vivo imaging yet suers from low resolution in the cellular leveKevadiya
et al.,, 2018; Xu et al., 2018; Wang et al., 20Mass spectrometry imaging could be
used to investigate the spatial distribution of molecules aymplex surfacesAMmstalden
van Hove et al., 2010; Bednarczyk et al., 2019; Smith et @GL9 Dut not to penetrate
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tissue. Optical bioimaging provides cellular- or molecukrel a key element to the success of deep-tissue high-resolution
information with the advantages of low cost, small size, andLTB. CAs are diverse in nature and common CAs include
noninvasiveness{umar et al., 2009; Hui et al., 2010 small molecules and nanomaterials. The latter could be nano-
Fluorescence bioimaging is one of the earliest appearancsized (usually<100nm at one of the dimensions) chemical
in optical bioimaging and has been widely used in biomedicatomposites or biomolecules (e.g., uorescent proteins). In
research and clinical stagdsttiachristos, 2006 thanks to the this review, we surveyed the advance in the development of
rapid development of optical technologies and a plethora o€As and analyzed their properties for potential use in FLTB,
emerging uorescent probes. Fluorescence imaging incltdes followed by a brief introduction of FLTB instrumentation. Be
methods: one imaging targets through a microscope and thELTB results were presented to demonstrate the features and
otheris macroscopic imaging that is based on optical tomogyaphadvantages of FLTB. The ndings from the development of
(Pei and Wei, 2019 Good contrast could be obtained for small molecules and nanomaterial-based CAs are summarized
imaging gene, protein, and cellular processes by uoresceneehich will be bene cial for further development of hybrid CAs
bioimaging (v et al.,, 201p It has a vast variety of signal that small molecule uorescence dyes are encapsulated in a
readout mechanisms, including uorescence intensitytiihe, nano-sized carrier (“dye@nanocarrier”). Finally, a nevorid/
quenching, or Forster resonance energy transfer (FRET)it yetbioimaging system that integrates ultrasound with FLTB was
heavily relies on the function of uorescent probes. Commondescribed, which may provide a promising platform for future
uorescent probe dyes include rhodamines, cyanine dyes, aneLTB development.
coumarins. These organic probes may form aggregates tha¢cau

aggregation-induced quenching at high concentrationulttsy N|R FLUORESCENT LIFETIME

in the decrease of uorescence intensityi(et al., 201p As for _
bioimaging in tissue, it faces the challenge that the imggiepth BICIMAGING (NIR-FLTB)

is limited because of the scattering light background. NIR-FLTB CA
Near-infrared (NIR) uorescent probes that are of excitation Small Molecule-Based CAs

and emission wavelengths in the 63800nm region are Serving as CAs, NIR organic dyes have been attracting wide
attractive for uorescent bioimaging because interfereriom  attention in bioimaging applications. Yet only a few of them are
the auto- uorescence background is signi cantly reduced ( directly available because others su er from poor photostghili

et al., 2016; Liu et al., 2016Such bioimaging has been hydrophilicity, and stability, as well as low sensitivity insties
reported for deep-tissuex vivoand in vivo imaging Qian  or in vivo (Luo et al., 2011; Yi X. et al., 2Q14Great e orts

et al, 200p New NIR uorescent dyes of rhodamine have been made to develop new dyes to overcome these
derivatives have been developed for sensing mitochondrigdsues and to obtain strong orescence intensity and long
membrane potential. For instance, Pastierik et al. syn#ieesi yorescent lifetime (\olting et al., 201). The most common and
and characterized a uorescent probe, 9—phenylethynylpyroni frequently studied NIR organic dyes are cyanines, squasain
analogs, conceiving the bathochromic shift to NIR regiohiai  phthalocyanines, and porphyrin derivatives, rhodamine agsjo
overcame the limits of common xanthene- or rhodamine-baseénd borondipyrromethane analogs (BODIPYs). The chemical
uorophores (Pastierik et al., 20)4Hang et al. developed a structures of NIR dyes that are of potential to be used for
new NIR diketopyrrolopyrrole-based uorescent dye for protei FTB application are shown ifigure 1, and their photophysical

biosensing and other potential bioimagingdng et al., 201y features are summarized frable 1
Obtaining quantitative information from uorescent

bioimaging is complicated, as the signal is a ected by numsrouCyanine dyes
factors, including the excitation light intensity, quenich, and Cyanine dyes were developed rst by Wiliams in 1856
the distribution concentration of uorophores. Fluoresaan (Williams, 185§. The typical structures were composed of
lifetime imaging (FLIM) is able to quantitatively obtain two aromatic nitrogen-containing heterocycle rings linke
the functional information of samples by measuring thetogether by polymethine bridge; see the chemical structure
uorescence lifetime of uorophore, which is independent onin Figure 1A. The longer the polymethine bridge is (the
the concentration Becker, 2012 Fluorescence lifetime could number in the dye's name represent the number of carbon),
be inuenced by the microenvironment of the uorophore, the longer the absorption/emission wavelength iga(tinic
such as temperature, polarity, and the presence of uoresceneg al., 201y, For instance, Cy5, Cy5.5, Cy7, and Cy7.5,
quenchers. Because of these advantages, FLIM along witlhose maximum absorption/emission wavelengthg /| em)
FRET was reported to study the structures, interactions, andre 652/672, 675/694, 755/788, and 788/808 nm, respectively
functional events between molecules of interest in cellsnoall  (Lavis and Raines, 2008; Luo et al., 2011; Martiet al.,
animals Berezin and Achilefu, 20)0Since the lifetimes of 2017. They are widely used in the eld of laser materials,
auto uorescence in tissue have been reported to be in theeangaints, and bioimaging for nucleic acids and proteins, and
of 0.1-7 ns Berezin and Achilefu, 20)0the lifetimes of the so on; however, it has been noted that they may show poor
FLIM CAs would be close to 10 ns or greater to ensure the beghotostability, undesired self-aggregation, small Stoiefts,
contrast or signal-to-background ratio. high plasma protein binding rate, and mild uorescence and
The development of a CA that has NIR excitation/emissioriow quantum yield in aqueous solution_¢vitus and Ranjit,
wavelength and long uorescence lifetime { ns) appears 2011; Luo et al., 20).1There have been great challenges for
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FIGURE 1 | Chemical structures of typical uorescent lifetime organiayes.
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TABLE 1 | Photophysical features of typical uorescent lifetime orgaic dyes.

Types of Organic dyes Solvents Photophysical features References
organic dyes
Absorption Emission Lift time Lift time
wavelength wavelength (in vitro ) (in vivo)
Abs (nm) Em (nm) (ns) (ns)
Cyanine Cy5 RO 651 670 0.98 - Tinnefeld et al., 2001
Cy55 - 675 694 - - Martinic et al., 2017
Cy7 - 755 788 - — Martinic et al., 2017
Cy75 - 788 808 - - Martinic et al., 2017
CyNA-414 - 804 819 - - Samanta et al., 2010
ICG DMSO 794 831 1.11 0.60-0.84 Berezin et al., 2009a
D1 Methanol 786 814 - - Chen et al., 2006
D2 Methanol 785 813 - - Chen et al., 2006
D3 Methanol 784 809 - - Chen et al., 2006
D4 Methanol 785 807 - - Chen et al., 2006
D5 Methanol 784 813 - - Chen et al., 2006
E Methanol 782 808 - - Chen et al., 2006
N-CyNp HEPES - 785 - - Wu et al., 2017
pyrrolopyrrole DMSO 757 779 4.02 3.05-3.80 Berezin et al., 2009a
cyanine-BF2
(PPC-BF2)
pyrrolopyrrole DMSO 824 840 3.35 2.50-2.88 Berezin et al., 2009a
cyanine-BPh2
(PPC-BPh2)
LS-288 Methanol 770 790 0.81 112 Berezin et al., 2009b
DMSO Methanol 782 810 0.76 - Waddell et al., 2000
LS-277 Methanol 800 811 0.61 0.74 Berezin et al., 2009b
IR-820 Methanol 820 836 0.25 0.53 Berezin et al., 2009b
LS-276 Methanol 797 816 0.83 1.12 Berezin et al., 2009b
Cypate Methanol 792 817 0.46 0.63 Berezin et al., 2009b
Squaraine N-propanesulfonate-  Aqueous Solution 660 1 669 1 3.7 0.2 - Zhang et al., 2013
benzothiazolium (BSA)
squaraine (SQ-1)
N-propanesulfonate-  Aqueous Solution 675 1 684 1 26 0.1 - Zhang et al., 2013
benzoindolium (BSA)
squaraine (SQ-2)
Squaraine Dye 1 DMSO 706 1 719 1 0.51 0.07 - Ahn et al., 2012
Q1 THF:water (4:1) 650 676 1.24 - Arunkumar et al., 2005
Q2 THF:water (4:1) 643 667 6.96 - Arunkumar et al., 2005
Rhodamine dyes  Rhodamine 110 Water 497 523 4.28 - Zhang X.-F. et al., 2014
Rhodamine 123 Water 497 527 4.20 - Zhang X.-F. et al., 2014
Rhodamine 6G Water 525 554 4.22 - Zhang X.-F. et al., 2014
Rhodamine B Water 554 580 1.75 - Zhang X.-F. et al., 2014
Ethyl-RB Water 552 581 1.10 — Zhang X.-F. et al., 2014
Butyl-RB Water 558 584 1.67 - Zhang X.-F. et al., 2014
Rhodamine 101 Water 575 604 4.91 - Zhang X.-F. et al., 2014
LA-RB Water 562 588 1.49 - Zhang X.-F. et al., 2014
Sulfo-RB Water 554 591 1.78 - Zhang X.-F. et al., 2014
BODIPYs BODIPY dye 1 Hexane 690 693 4.49 - Sun et al., 2019
BODIPY dye 2 Hexane 714 716 3.89 - Sun et al., 2019
BODIPY dye A HO 622/665 702 2.6 - Zhu et al., 2013
Polymer A HO 687 711 0.4 - Zhu et al., 2013
Polymer B HO 689 712 0.6 - Zhu et al., 2013
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scientists to improve the performance of cyanine dyes, butssonRhodamine dyes
exciting progresses have been witnessed. For exafpleanta Rhodamine dyes belong to the class of xanthene and have
et al. (2010)have reported a uorescent dye, CyNA-414 (seebeen extensively used as uorescent probes due to their
Figure 1Bfor chemical structure), which has stronger emissiondistinguishing photophysical properties, such as water stitybi
intensity and higher photostability than those of indocyami (Guo et al., 2014 The chemical structures of some rhodamine
green (ICG). They claimed that the enhancement was attetbut dyes/rhodamine analogs are shownhkigure 1L Although they
to the introduction of the acetyl group, which is capablehave prodigious molar extinction coe cients and resistance,
of withdrawing electron.Chen et al. (2006synthesized 3H- their emission wavelengths are rarely above 600 nm. Fomnsta
indocyanine dyes with di erent N-substituent$-igures 1D,B, rhodamine B, rhodamine 6G, and rhodamine 101 and their
which introduce the electron-donating groups that can obtai emission wavelengths are all in the visible regior6Q0 nm)
better photochemical stability. It was believed that thegesd (Prazeres et al., 2008; Berezin and Achilefu, ROIRis limits
will be a promising CA in future biological applications. In the the application of rhodamine dyes im vivo bioimaging. In
process of continuous searching, Stokes shift is also an i@por recent years, developing new rhodamine analogs by modifying
factor to be considered in addition to the photochemical digh  their xanthene core has received great attentignide et al.
In 2017,Wu et al. (2017 developed a NIR cyanine dye, which (2011)reported a far-red to NIR uorescence probe, MMSIR,
is modi ed by naphthalimide with a Stokes shift of c.a. 165 nmwhich was designed based on Si-rhodamine. Its uorescence
and al emat 785 nm Figure 1F. The large Stokes shift mitigates shows no dependence on pH and high resistance to autoxidation
the interference from the excitation light, resulting in aggl  and photobleaching. Moreover, it had been used for real-time
signal-to-background ratio. It is a promising CA for the imag  imaging. McCann et al. (2011gompared a silica-rhodamine-
of mouse model according to their results. Unfortunatelye th based NIR uorophore (SiR700) with cyanine-based dyes. The
uorescence lifetimes of these modi ed cyanine dyes have noabsorbance (2A) and emission (2B) spectra of the dye-cotgdga
been studied; however, the ndings from these reports will o eravidin are represented iRigure 2 In the presence of a surfactant,
a meaningful strategy for future lifetime studies. sodium dodecyl sulfate (SDS), the emission intensity oy
The Food and Drug Administration (FDA) of the conjugated avidin was enhanced by c.a. 3-folds. This inekca
United States approved ICG dye as the only cyanine probihat the decreased polarity (more hydrophobic) generatecthfro
for in vivo use in biomedical applications. However, ICG hashe formation of SDS micelle could lead to the enhancement
been rarely used in uorescence lifetime bioimaging duet$o i of uorescence emission intensity. Their ndings suggesatt
short lifetime €2 ns). As for other cyanine dyes, increasingSiR700 could be useful for vivo optical imaging.
e orts have been taken to improve the uorescence lifetime
to meet the requirements of FLTB. It appears that none oBODIPY dyes
these dyes shows a uorescent lifetime being close to 7 res (tBBODIPY dyes have a corporate structure of %4jduoro-4-
background noise of the maximum uorescence lifetime frombora-3a,4a-diaza-s-indacene, which were discovered bibgr
tissue). Due to the lack of the uorescence lifetime datalaf t and Kreuzer in 1968T(reibs and Kreuzer, 1948These dyes
abovementioned modi ed cyanine dyes, we cannot put this as are of high extinction coe cient, strong uorescence intsity,
dead-end for FLTB yet. good photostability, and inertness to pH and mediufeddes
and Lakowicz, 2005 Normally, BODIPYs dyes' uorescence
emission wavelengths are close to NIR range. Adjusting the
Squaraine dyes absorption/emission wavelengths of these dyes to the NIR
Squaraine dyes show intensive absorption/emission in thiblei range can be realized by modifying the core of dyes. For
and NIR regions. These compounds belong to the subclagsstance,Zhu et al. (2013)prepared a polymeric BODIPY dye
of polymethoxy dyes, which consist of an oxocyclobutenolatbearing arginine—glycine—aspartic acid (RGD) peptides (potyme
core with aromatic or heterocylic components at both ends oB). The thiol-functionalized RGD cancer-homing peptide was
these moleculesP@tsenker et al., 20).1Squaraine dyes have conjugated with tetra(ethylene glycol) tethered spacers/(pet
been widely used in the elds of printing and dyeing, photo-A) under a mild basic condition. The water-soluble BODIPY
detector, biological probe, photodynamic therapy, opticaladatdye was used for NIR uorescence imaging of breast cancer
storage, laser printing, optical-emitting e ect transistorpn-  cells. Sun et al. (2019¢esigned two thieno[3,2-b]thiophene-
linear optics, infrared photography, and solar celtéu(et al., fused BODIPY derivatives, which have an enhanced absorption
20193 because of the advantages of intensive absorption bands the NIR region. Study showed that BODIPY dyes are
and good photoconductivity; however, they show small Stokesighly sensitive to microenvironmentPgi and Wei, 2019
shifts and poor solubility in aqueous solution (resulting inyielding to a fact that their uorescence intensity and fifee
aggregate and quenching). To this eddunkumar et al. (2006) dropped signi cantly when transferred from organic solvent
encapsulated dyes in the amide-containing macrocycle, laeygl t to water phase. This hinders scientists using them directly in
claimed that the method could be extended to other dyes. IELTB applications.
is believed that the uorescence properties and the chemical
robustness of squaraine dyes can be adjusted by modifying &ummary of small molecule-based CAs
adding moieties into the dye. A few squaraine dyes and theMWe summarized the chemical structures, absorbance/emnissi
photophysical properties were summarizediable 1 wavelengths, and uorescence lifetime (solvents) of some
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FIGURE 2 | (A) Absorbance spectra of near-infrared (NIR) imaging probes,ansisting of a NIR uorophore conjugated to avidin, without SI3 (dashed line) and with
SDS (solid line)(B) Emission spectra of NIR imaging probes without (dashed lingnd with (solid line) SDSNIcCann et al., 2011). Reproduced with permission.
Copyright 2011 American Chemical Society.

TABLE 2 | Photophysical features of selected nanomateriafs

Excitation range [nm] +[M lecm 1] [%] Fluorescence lifetime Time-gating Blinking Photostabilit y

Quantum dots 700-1,300 10°-106 10-90 20ns 5nms Yes Yes High

Polymer dots 500-800 1¢-107 10-50 1ns No No Medium
Nanodiamonds (NV)* 520-580 16 70-80 10-30 ns Yes* No Very high
Organic dyes 600-800 1¢--10° 10-50 <1-6ns No Yes Low

Carbon dots 500-650 10*-10° 1-10 10 ns No No Medium

Gold clusters 500-650 1¢t-105 <1-3 3-800 ns Yes Yes Medium
Carbon nanotubes** 700-1,300 14 << 1-7 1ns No No High
Graphene oxide 400-650 1d <1-5 1ns No Yes Medium
UCNPs 980 10°-10* <1-7 >100 ms Yes No High

SAdapted from Reineck and Gibson (2016)with permission. Copyrights 2017 John Wiley.", the molar absorption coefcient; , the uorescence quantum yield; UCNPs,
upconversion nanoparticles.

*Many nanodiamonds's lifetimes are not long enough for time-gating,@ept for the one that is of> 60 nm in diameter Hui et al., 2014).

**Absorption coef cient is proportional to nanotube length. The value is bsed on a length of 200 nm.

representative NIR organic dyes, including cyanine, sgoara in aqueous solution or bu er solutions. A trade-o between
phthalocyanines and porphyrin derivatives, rhodamine anglogsvater solubility and uorescence lifetime often exists. To
and BODIPY analogs. New dyes had been developed this end, dye-encapsulated nanomaterials (“dyes@nanecarri
improve either water solubility or uorescence properties€fe might be a solution. The hydrophobic internal nanocore
ndings encourage scientists to conduct in-depth studiese o o ers an environment to maintain the long lifetime of the
of which might be the improvement of their uorescence dyes, whereas the external hydrophilic nano-shell improves
lifetimes. As for NIR FLTB application, the uorescence lifie¢  the water solubility. Such composites were potentially meetin
threshold from tissue background noise was found to be uphe requirements of FLTB CAs. An outstanding example is
to 7 ns. None of these dyes can be perfectly qualied tdo encapsulate BODIPY dyes into a micellee( and Wei,
use as a CA for FLTB in tissue. As seenTable 1, some 2019. The resulting micelle-encapsulated dye shows great water
BODIPY dyes show promising lifetimes, for example} ns, solubility but also the unchanged uorescent lifetime ofeth

in organic solvent, but their lifetimes dropped signi cantly BODIPY dye.
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FIGURE 3 | QDs structure and novel optical properties(A) Size and composition tuning of optical emission for binary @Se and ternary CdSeTe quantum dots. A
CdSe QD with various sizes (given as diameter) may be tuned &mit throughout the visible region by changing the nanopaitle size while keeping the composition
constant. (B) The size of QD may also be held constant, and the composition ay be used to alter the emission wavelength. In the above exanig, 5-nm-diameter
quantum dots of the ternary alloy CdSgTe; x may be tuned to emit at longer wavelengths than either of theibary compounds CdSe and CdTe because of a
non-linear relationship between the alloy bandgap energyral composition (the spectrum maximum near 790 nm correspond to CdSep 34 Tep 66). (C) The structure of
a multifunctional QD probe. Schematic illustration showmthe capping ligand TOPO, an encapsulating copolymer laygtumor-targeting ligands (such as peptides,
antibodies or small-molecule inhibitors), and polyethytee glycol (PEG)$mith et al., 2004; Gao et al., 2005. Reproduced with permission. Copyrights 2004 John
Wiley and Sons and 2005 Elsevier.

Nanomaterial-Based CAs hydrophilic organic polymers, nanoparticles made of silica and
Nanomaterials are a class of materials that are of size rangeganically modi ed silica, quantum dots (QDs), semicormting
from 1 to 100nm for at least one dimension. Comparedorganic polymers, carbonaceous nanomaterials includinigara
with molecular probes, nanomaterial-based uorescence gsob (quantum) dots, carbon nanoclusters and carbon nanotubes,
are not subject to nonspecic binding of proteins, so theirnanodiamonds, upconversion materials, metal particles,aimet
optical properties are not aected. In recent years, theoxides {Volfbeis, 201)x The photophysical features of selected
research of nanomaterial-based CAs has been developindyapichanomaterials are shown iffable 2 As discussed earlier, to
especially in the elds of medicine and diagnosisafin et al., eliminate the auto uorescence from tissue, the uoresanc
201). Their uorescence appeared not be easily aected byifetimes for FLTB CAs are recommended to be equal or above 10
solvent polarity, ionic strength, pH, and temperature. Morens. As shown iffable 2 QDs, nanodiamonds, gold clusters, and
importantly, they show high sensitivity and selectivity toet upconverting nanoparticles (UCNPSs) are quali ed for time-ghte
target and have good contrasi\Vplfbeis, 201x The most FLTB. Among them, QDs and UCNPs have unique advantages,
commonly used nanomaterial-based CAs are hydrophobic ansuch as NIR emission, long uorescence lifetime, and tueabl
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FIGURE 4 | (A) Fluorescence lifetime imaging (FLIM) image of each nearfiafed (NIR)-emitting 2D encoded microbeads. The scale bardicates 10mm, which is also
applicable for(C). (B) Lifetime distribution of NIR-emitting 2D encoded microbeasl (inset: unmixed FLIM image)(C) Merged uorescence emission spectra image of
each NIR emitting 2D encoded microbeads with multi-emissiorfpseudo-colored red: 700 nm; pseudo-colored green: 760 nm) (D) Fluorescence emission spectra of
NIR-emitting 2D encoded microbeads Chen et al., 2014). Reproduced with permission. Copyright 2014 John Wiley ath Sons.

uorescence properties, which make them promising CAs forlHgS, PbS, PbSe, #&8 and so on. HgS can exhibit narrow,
NIR-FLTB. The detailed features and applications of QDs andize-dependent transitions between 500 and 800 nm for sizes
UCNPs are described below. Gold cluster- and nanodiamondanging from 1 to 5nm Goswami et al., 20)2PbS has a
based CAs are briey introduced because of their relativelyarge exciton Bohr radii of 20nm, whose uorescence has a

shorter excitation wavelength$gble 2. wider adjustable range\WWang et al., 2012 PbSe belongs to
e IV-VI semiconductors, which has large Bohr radius, small
Quantum dots Stokes shift, and bright luminescenceéa( et al., 2007 AgS

Quantum dots (QDs), tiny light-emitting particles at nanotee  belongs to I-VI semiconductors, which has 1.0eV of narrow
size, are extremely bright and photostable. Although QDs caband gap and low toxicity Nleherzi-Maghraoui et al., 1996

be excited by a wide range of wavelengths, the NIR QDs aithe emission wavelength of a QD is related to size, which can
considered safe because they are non-ionizing. QDs aregémger be adjusted through changing surface compositi@er{tolila

as a new class of uorescent CAs for bioimaging, thanks to thet al., 200R For example, emission wavelength of cadmium
high sensitivity (brightness), high speci city (targetihgnd the selenide (CdSe) QDs can be tuned to cover 450—650 nm range by
capability for multiple targets (narrow emission spectrum). Aadjusting the size of QD from 2 to 7 nnirigure 3A). By changing
number of NIR uorescent QDs have been designed, includinghe composition of the alloy CdgEe; x, emission wavelength
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FIGURE 5 | (A) Fluorescence lifetime imaging (FLIM) images of microbeadsjeipped with QDs-720, dispersed in buffers with different pl values (left: pHD 6.0, right:
pH D 7.0, scale bar: 100 mm) and(B) PL lifetime histograms collected from the images(C) In vivoFLIM experiments of the background of the nude mouse (left) ah
the QDs-720 injected into adjacent locations with differeinpH values (green: pHD 6.0, red: pH D 7.0) on the back of the nude mouse (right), respectively (stabar:
10mm) Chen et al., 2015). Reproduced with permission. Copyright 2015 Royal Socigtof Chemistry.

of QD with a diameter of 5nm can be tuned from 610 to Auto uorescence from the tissue was suppresseéigure 5C
800 nm Figure 3B) (Smith et al., 2004 Compared with organic and the CAs showed a great selectivity toward pH. In 2019, Pons
molecule-based CAs, QDs show more intriguing uorescencend his colleagues reported that the uorescence lifetimes o
properties, including adjustable emission wavelengthsh higZnCulnSe/ZnS QDs are between 100 and 300 ns, which enable
molar extinction coe cient, high uorescence quantum y@il the e cient rejection of fast auto uorescence photons busal
large e ective Stokes shift, and high photobleaching rest#a increase the sensitivity?pns et al., 20)9With the excitement of
(Hahn et al., 2011; Zhang et al., 2D1&ccording to the survey, conceiving FLTB with long uorescence lifetime QDs, scistst
the core of the most commonly used QDs is CdSe coupled withlso noted that such organic QDs may have toxigityivo, such
the shell layer of ZnSe or CdSe. For bioimaging applicationgs genotoxicity@iraud et al., 2000
the core-shell structure is often coated with surfactamg
stabilizer ligands, amphiphilic polymers) or a nity ligandg(g., UCNPs
antibodies), as shown iRigure 3C(Xing and Rao, 2008Most  UCNPs were rst described in the early twentieth century, and
importantly, QDs have along uorescence lifetime, rangirgni ~ UCNPs convert long-wave light into shorter-wave luminesmen
20 to 50 ns or greater, which overcame the limit of organicand have long uorescence lifetimé\(zel, 200%. UCNPs can
molecules in FLTB. The relatively long uorescence lif&im emit photons with higher energy than the absorbed photons.
separates QDs' uorescence from uorescence backgrounuh fro UCNPs have high photostability, deep tissue penetration {ectci
tissue € 7 ns) Smith et al., 2004 Although QDs with emission  at NIR wavelengths), and low background interfererida €t al.,
wavelengths of 450-650 nm have been well-studied, QDs tha014, by which it attracts increasing attention in the eld of
emit at NIR wavelengths are rarely explored because of thsioimaging. The mechanism of energy transfer upconversion
challenging synthesisig et al., 201)L is describe inFigure 6 (Tan et al., 2016 UCNPs are often

In 2014, Chen and his collaboratorEifen et al.,, 2004 excited at NIR wavelengths (far NIR excitation wavelength
reported a new class of lattice-strained CdTe/CdS: Cu QDsill eliminate the auto- uorescence background), and the
which have high photoluminescence quantum yield (PL QYYesulting emission occurs in visible or ultraviolet regsoof the
(50-70%), widely tunable NIR- uorescence emission spectruralectromagnetic spectrum.
(700-910nm), and long uorescence lifetime (up to around 1 At the early stage of the development of UCNPs, e orts had
ms). They used the as-prepared QDs to fabricate the NIR-ergittinbeen made to improve the upconversion e ciency by modifying
2D codes based on multi-emission and multi-lifetime. ThéWL composition, phase, and size, whereas the quantum vyield of
images and lifetime distribution of microbeads are presente UCNPs was still limited by energy transfer between doped ions.
in Figure 4. The most exciting feature of UCNPs is that their uorescence

In 2015, Chen et al. prepared Cu-doped CdzZnS QDs thdifetime reaches microseconds rangéni and Kang, 2010 In
have ultra-small size (3.5nm), NIR-emission (720 nm), and 2009, Hilderbrand et al. reported a multi-channel luminegcen
long lifetime (up to 1 ms) (Chen et al., 20)5The QDs-based Y,03-based UCNP, and it was used for tle vivo imaging
in vivo pH imaging using FLIM can be seen iRigure5  of blood vesselsHjlderbrand et al., 2009 Thanks to the
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FIGURE 6 | Schematic of the energy transfer upconversion mechanisnrén et al., 2016). Reproduced with permission. Copyright 2016 John Wiley ah Sons.

long uorescence lifetime of the UCNPs, the good contras
images were obtained after a microsecond exposure, which
eliminated the background uorescence from the tissue. Wal e
reported lanthanide-doped UCNPs that are of NaYB-NaYF)
nanocrystals with multiple Y¥ and EEC dopants, and the
UCNPs showed no on/o emission behavior (“blinking”) down
to milliseconds (Vu et al., 200Q In vivoandin vitro bioimaging
results demonstrated the capability of such UCNPs toward
single molecular bioimaging and future targeting bioinagi
applications. Chenet al. described a high quantum yield
UCNPs with core/shell structure ofa(NaYbF4:Tm3C)/Can
(Figure 7) (Chen G'_t al, 20])2“ exhibits highly e cient NIRin- FIGURE 7 | Structure of @-NaYbF4:Tn?C)/CaF, upconverting nanoparticles
NIRout upconversion, and it was used for hlgh contrast ang (Chen et al., 2012). Reproduced with permission. Copyright 2012 American

deep bioimaging. Chemical Society.

Gold clusters and uorescent nano-diamonds

Gold clusters often consist of several tens of gold atomggvesl _ _

through the chemical reduction of gold ions in solution oreth form uorophore (Berezin and Achilefu, 20)0The uorophores
etching of large gold NPs. Their uorescence emissions aoulare protected by the protein shell, which can isolate uoropgmr
be tuned into NIR range (usually up to700 nm) with lifetime ~ from the external environment, and thus their lifetimes are
up to 800 ns Reineck and Gibson, 20).6Thanks to the stable and not sensitive to external environment. However,
long uorescence lifetime, they have been used for bioimggi their optical properties could be aected by pH that may
applications Ghang et al., 2011; Liu et al., 2013; Roy et alcause the conformation change of the protein. A cerulean
2019, seeTable 2 Likewise, the uorescence lifetime of nano- (ECFP/S72A/Y145A/H148D) uorescent protein was reported
diamonds could be up to 20 ns {ui et al., 201), which that possesses high extinction coe cient and a uorescence
makes them qualied for bioimaging application. For both lifetime of 3.5 nsRRizzo etal., 2004

cases, researchers employed time-gated uorescence tovebse

uorescence intensity after applying a 10-ns threshold. Summary of nanomaterial-based CAs
As shown inTable 3 both QDs and UCNPs show acceptable
Fluorescent proteins uorescence lifetime ¥10 ns) at NIR region, which meet

The synthesis of uorescent proteins includes two processethe criteria of FLTB CAs. The instinct features of QDs
the rst is encoding by a cascade of DNA, including geneuorescence are the narrow emission spectrum and adjustable
transcription and translation; and the second is maturataomd  emission wavelength. These advantages make them promising
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TABLE 3 | Photophysical features of typical nanomaterials-based autrast agents (CAs).

Type Fluorescent Solvents Photophysical features References
component
Absorption Emission Lift time Lift time
wavelength wavelength (in vitro ) (in vivo)
Abs (nm) Em (nm) (ns) (ns)
Quantum Dots HgS H,O 550 730 5.2 - Goswami et al., 2012
(QDs) Pbs toluene 770 960 2,570 - Cheng et al., 2017
hexane 770 960 2,820 -
chloroform 770 960 2,710 -
PbSe HO - - 8,670 - Kigel et al., 2009
Ag2S Chloroform 785 975-1175 57-181 - Zhang Y. et al., 2014
water 808 1200 50 - Santos et al., 2017
CdSe H,O 425 640 1.68 - Zhang et al., 2019
CdSe@znsS PBS - 605 43 - Gaigalas et al., 2014
PBS - 705 131 -
H,O - 800 160 -
CdTe/CdS: Cu water - 700-910 1,000 - Chen et al., 2014
Cu-doped CdznS Buffer - 720 800 (pH 7) 800 (pH7)  Chenetal., 2015
ZnCulnSe@2ZnS blood stream - 830 - 100-300 Pons et al., 2019
Upconversion Y,O3-based Blood stream 980 795 - ms Hilderbrand et al., 2009
nanoparticles NaYF; (b-NaYF) Dulbecco's Modi ed 980 540 & 650 ms ms Wu et al., 2009
(UCNPs) nanocrystals with multiple Eagle Medium
Yb3¢ and Er¢ dopants (DMEM)
(a-NaYbF,:Tm*¢)@Cal,  water 975 800 3 10° >10° (tissue) Chen et al., 2012
Gold Clusters Awo water 561 628 245.1 — Roy et al., 2015
Au/dihydroplipoic acid PBS 550 684 500-800 > 600 (cell) Shang et al., 2011
Aultrysine water 520 700 1,000 - Liu et al., 2013
Nanodimanonds  Fluorescent nanodiamonds water 532 700 20 - Hui et al., 2014

FIGURE 8 | (A) Schematic of wide- eld time-domain uorescence lifetime imaying (FLIM).(B) Setup of the frequency-domain FLIM instrumentation Eson et al.,
2004; Van Munster and Gadella, 200¥. Reproduced with permission. Copyrights 2004 Royal Socty of Chemistry and 2004 John Wiley and Sons.

CAs candidates for multiple targets bioimaging. Using UCNPsinder which rare uorescence from tissue could be generated.

as CAs allows the ease of low power excitation light sourcdot to mention that their long uorescence lifetime oers a
and of the elimination of auto- uorescence background. Thegreat tool to further improve the signal-to-background mti

excitation light for UCNPs could be at far NIR, such as 950 nm(SBR). The SBR of UCNPs-based bioimaging was adequate for
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FIGURE 9 | Diagram of the frequency domain ultrasound-switchable ucgscence (USF) system. The same instrumentation is used bofbr characterizing the sample
agent and for imaging experiments. The sample characteritimn setup is indicated by the green box, whereas the imagingetup is indicated by the red box (in et al.,
2012). Reproduced with permission. Copyright 2012 Society of Pbto-Optical Instrumentation Engineers (SPIE).

uorescence intensity-based bioimaging; thus, few staidiave as a detector that demodulates and receives uorescenaisign
investigated UCNPs-based FLTB. Biocompatible surfactantg/hen FLIM instrument is applied into biological samples, an
such as PEG, could be coated onto the surface of QDs aridevitable issue is the scattering light in deep tissueifgiance,
UCNPs, which helps in mitigating the toxicity of such CAsthe imaging depth for breast could reach centimeters. In such
during in vivo bioimaging. However, increasing concerns havescenarios, the resolution of optical imaging technique bellost.
been brought up by toxicologists regarding the toxicity bét

core components of QDs and UCNPs. Fortunately, uorescence )

protein might be a nontoxic alternative to QDs or UCNPs. Novel Hybrid FLTB Technology

Yet the uorescence lifetimes of uorescence proteins fatrs ~ Ultrasound-based bioimaging is well-known for its great
at a few nanoseconds, which is not bene cial to outstand th@enetration in tissue and good resolution; however, it does n
auto uorescence background from tissue (up t& ns). Even have the good contrast and vast detection method as uoresee
though good contrasts have been conceived, light scatfenin bioimaging. Theoretically, the combination of ultrasouadd
tissue is still a challenge for nanomaterial-based FLTBifwove ~ Uorescence could harness advantages of both and conceive

the resolution in deep tissue. deep-tissue, high-resolution, and good contrast bioimggin
Ultrasound-switchable uorescence (USF) is a technology that
FLTB Instrumentation uses ultrasound pulses to make uorophores emit uoresce in

FLIM mainly includes time- and frequency-domain methodsthe ultrasound focus region. In 2012, USF bioimaging was rst
(Birch and Hungerford, 2002 Their main components can reported, and the method is about one order of magnitude lette
be seen inFigure 8 The spectroscopic con guration is mainly than other deep-tissue uorescence imaging.én et al., 2012
composed of excitation source and detection instrumentatio Another research group demonstrated a frequency-domain
(Leblond et al., 2000 For time-domain method, uorophores temperature-modulated uorescence tomography systerm (
were excited by pulsed light sources, and uorescencertifeti et al., 201p This work realized a depth of 2cm and a size
measurement is conducted with time-gated detection, timef 3 mm in the biological tissue. The measurement system and
correlated single photon counting (TCSPC), or streak-FLIMexperimental setup are shownkigure 9.

Microchannel plate and intensi ed charge-coupled device (JCD It is noteworthy that USF CAs are a hybrid CA of
camera can realize full- eld FLIM\WWang et al., 1992 multi-  small molecule and nanomaterial. NIR dyes, that is, ICG or
photon excitation FLIM can be performed by combination BODIPY, were encapsulated in a polymer nano-carrier, for
confocal microscopy or multiphoton excitation uorescenceexample, Poly(N-isopropylacrylamide) (PNIPAM) nanoparticles
microscopy with TCSPCHecker, 201 streak-FLIM can be or Pluronic micelles. The dyes' uorescence is highly depende
achieved by a streak camerHrichnan et al., 2003 As for on the polarity of the microenvironment; that is, higher
frequency-domain method, the typical light sources aretligh intensity of emission at more hydrophobic environment. The
emitting diodes or laser diodes. Unlike time domain, it uses anicroenvironment inside the nano-carrier will become more
co-frequency modulated CCD or photomultiplier tube (PMT) hydrophobic through conformation change upon being heated,
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namely, thermosensitive property. When the ultrasound (high ~ An intriguing breakthrough to this end was the hybrid
intensity focused ultrasound, HIFU) gave the energy (heat) ebioimaging technique of ultrasound and uorescence.
the focused area, the USF CAs within the area will emit higheApart from the establishment of new ultrasound-modulated
uorescence (turned ON). Intensity-based USF bioimaging ha uorescence imaging instrument, the development of CAs
been exploredKei and Wei, 2019 but no new reports of USF is a key element for the success of such hybrid bioimaging
FTLB have been emerging yet, which is likely attributed te thtechnique. Taking USF as an example, the CAs consist of
unavailability of long uorescence lifetime USF CAs. a NIR dye-encapsulated nanocarrier. Intensity-base USF
bioimaging have been explored, and results substantiate a
proof-of-concept deep-tissue, high-resolution bioimaging.

is believed that USF-based FLTB will further improve the
Nano-sized CAs of FLTB are one class of nanomedicines fgerformance in deep tissue if a responsive lifetime-based CA

CONCLUSIONS AND OUTLOOK

disease diagnosis or monitoring. Small molecule-based CAsdeveloped.

can ful ll the requirements ofin vitro FLTB, such as cellular

bioimaging, whereas they appear not applicable in tissue irgagi%UTHOR CONTRIBUTIONS
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