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Abstract: Near-infrared fluorescent (NIRF) materials are ping labeling reagents for
sensitive determination and imaging of biologicafgets. In the near-infrared region
biological samples have low background fluorescesigeals, providing high signal to
noise ratio. Meanwhile, near-infrared radiation gametrate into sample matrices deeply
due to low light scattering. Thus vivo andin vitro imaging of biological samples can be
achieved by employing the NIRF probes. To take &dVantage of NIRF materials in the
biological and biomedical field, one of the keyuss is to develop intense and
biocompatible NIRF probes. In this review, a numbémMIRF materials are discussed
including traditional NIRF dye molecules, newly éped NIRF quantum dots and
single-walled carbon nanotubes, as well as rard @aetal compounds. The use of some
NIRF materials in various nanostructures is illatgd. The enhancement of NIRF using
metal nanostructures is covered as well. The feemece mechanism and bioapplications
of each type of the NIRF materials are discussetktails.
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1. Introduction

Near-infrared fluorescence (NIRF) is an emergingnbh within the field of fluorescence
spectroscopy. Fluorescence spectroscopy has péayé@dportant role in analytical chemistry for over
50 years and continues to expand. The major adyardé fluorescence spectroscopy lies in a high
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signal to noise ratio and thereby achieving lowedibn limits. Recently, research interests on the
near-infrared (NIR) portion of the electromagnesipectrum (700 — 1000 nm) have increased
tremendously. The studies focus on the developmwienbvel NIRF materials and detection of various
biological samples using these materials as fluemslabeling reagents. The distinct features &I
over UV and visible region fluorescence includeowdr background signal from biological samples
and a deeper penetration of the radiation into bioices. The interfering background signal in thé U
and visible region comes from autofluorescence iofogical targets, which happens when tissues,
proteins or other biomarkers fluoresce naturalljug, a high background signal appears in the
detection of biological samples when visible fllgmence spectra are used. However, the absorption of
the radiation and autofluorescence of these biokmmare at their lowest in the NIR region as
demonstrated in Figure 1. Meanwhile, biological pla® have less light scattering of NIR radiation,
giving a deeper penetration of NIR emission to imbianer structural information of biosamples.
Because of these specific characteristics, onkeofrtost prominent areas for NIR labels and sensors
in vivo imaging [1]. The penetration of the radiation caach 2 — 5 cm into a sample. Therefore, the
NIR region often is referred to as the “BiologidAlindow”. Chenget al pointed out that “It is
expected that NIR optical imaging will make a sfgraint impact in disease detection and stagingg dru
development, and treatment assessment.”[2].

Figure 1. Autofluorescence observed in a mouse with varieaselength filter sets
selected (GB: gall bladder, SI: small intestinels,dBadder) Reprinted with permission
from [1] Copyright (2002) Elsevier.
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Theoretically, one major obstacle for the applmasi of NIRF is low signal intensity. Based on the
quantum efficiency limitations of some radiatioruszes and detectors, longer wavelengths give lower
intensity signals. Traditional NIRF dye moleculesually possess a low quantum yield, which also
causes the diminished signal intensity. For examipl@ocyanine green (ICG), the most common
NIRF dye which is used for the imaging of choroigarfusion during angiography, only provide a
quntumn vyield of 1.2% [3]. In recent years, the elepment of a number of new intense and
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photostable NIRF nanomaterials along with the inaproent of signal enhancement techniques for
NIRF materials make NIRF measurements feasible.

Four categories of NIRF materials are currentlydusp fluorescent dye®) quantum dots, 3)
single-walled carbon nanotubes, and 4) rare eaefalmeagents. Of the four types of NIRF materials,
organic fluorescent dyes are traditional and fretjyeused. Among different types of organic dye
molecules, the cyanine family of dyes is the mashimonly used in sensing of biological targets due
to their biocompatibility. Quantum dots (QDs) atee tsecond most common NIRF material in
biological studies. Most QDs are nanoscale semigciods with tunable emission wavelengths. By
increasing the size of a QD, the emission wavelengtincreased as well. In addition to the two
popular NIRF materials above, single-walled carb@motubes (SWNTs) are growing as a new
category of NIRF probes. When individually suspehdesolution they have proven to be successful
bioprobes [4-5]. The fourth type of NIR materialrégse earth metal compounds. But they are seldom
used in the biological applications. Instead theyally are doped in glass for fluorescence lifetime
studies, or for making new types of lasers.

This review covers recent developments of the fgpes of NIRF materials. The fluorescence
mechanism of each type material is discussed alotigtheir optical properties. The applications of
these NIRF materials in biological field are cowkas well. The detected biological targets include
metal ions [6-9], small molecules [10], DNAs [4-B]1proteins [2,12-14], amino acids [15], bacteria
[16] and tumors [17-19].

2. NIRF Dye Molecules

Near-infrared fluorescent dyes are the traditiddBRF materials. Their molecular structures are
highly conjugated and have a lower energy gap katwhe ground and excited states than visible
region fluorescent dyes. So far three main typellI&f dyes are commonly used including cyanine
(Cy) dyes [17,20], squaraine dyes [21-24], andzihia and oxazine dyes [25]. Recently a novel class
of conformational restricted aza-dipyrrometheneohodifluoride (aza-BODIPY) dyes [26] has been
synthesized. This dye shows a high chemical stakihd photostability and may become a promising
NIRF reagent in the near future. In addition, pgrph array dyes [27-29] along with metal
phthalocyanine dyes [30] provide both visible ari& kegion absorbance and fluorescence.

The fluorescence mechanism of most NIR dyes iscbaseelectron transitions between molecular
electronic states. An electron is promoted fromghmund state to an excited state when the molecule
absorbs a photon from a radiation source. Relaxaigzurs to the lowest vibrational energy of each
excited state. If the electron is not at the festited state, internal conversion can occur, vadid by
further relaxation to the lowest vibrational eneofyhe lowest excited state. From this point, gnes
released as the electron returns to the groune. Sthts can occur by nonradiative emission as beat
radiative emission as fluorescence. The energygehah excitation AE.,) is generally larger than the
energy change of emissioAH.) producing a longer wavelength for the emissionatain than the
excitation.

The physical and chemical properties of NIR dyesatjustable for different applications through
chemical modification of the dye molecules. Thesmprties include solubility of the dye in aqueous
solutions, the excitation and emission wavelengties biocompatibility in a given matrix, the bindin
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ability of the dye to the probe for a single analgic. The modifications provide the dye molecules
much broader applications in the biological fieleveral important modification methods are
discussed below.

2.1 Improving Water Solubility and Reducing Aggtema

To effectively use NIRF dyes for sensing of biokadi samples, a hydrophilic nature is usually
essential. However, a number of NIRF dyes are ratemsoluble due to their highly conjugated
structures. Thus, suitable modification of thes&® Nlyes is needed prior to their bioapplications.
Gaining solubility in aqueous solutions is ofterhiaged by linking sulfonate groups to the dye
structure [2,8]. The presence of highly hydrophdidfonate groups makes the dye molecules water
soluble. Alternatively, the dye molecules can beeatbled inside a hydrophilic shell that has a
hydrophobic inner layer. For instance, Clegral. demonstrated that a dye does not have to be water
soluble to be biocompatible [31]. They imbedded tyelrophobic NIRF dye molecules into the
phospholipids monolayer of low density lipoprot@higure 2). The cholesterol ester core absorbed the
dye and functioned as a carrier to deliver theidi@bio-targets.

Modifications may change the molecule emission Jength and reaction ability. The potential
changes in the molecule activity must be considefeddlarger ligands are employed, more steric
interactions occur between the dye and the probe. modification can reduce chemical reaction
efficiency when the dyes are used for sensitiverdahations. The sulfonate groups bring negative
charges to the dye molecules. The large numbeegdtive charges will hinder some binding between
the dye and the negatively charged bioanalytes [1].

In addition to the hydrophobicity problem, eggpation is another major drawback of NIRF dye
molecules. The dye molecules can easily aggregagueous solutions, resulting in low fluorescence
intensities and blue-shift of the absorption pebko effective methods can prevent the aggregation.
One is to mix a certain amount of water solubleaarg solvents into the aqueous solution to dissolve
the dyes. Flanagaet al. have shown improved water solubility by dissofyicyanine type dyes in a
buffer solution containing 40% methanol. The abBorppeak at 650 nm (aggregates of dyes) reduced
and the absorption peak from monodispersed dyeaulele at 760 nm became narrower and intense
[16]. The second way to prevent aggregation isaojugate the dye molecule with a long “tail” of
nucleotides, such as a propynyl amino-modified entitles (7-(3-Amino-1-propynyl)-2’,3’-dideoxy-7-
deazaadenosine 5'-triphosphate (ddATP) and 7-(3r&ripropynyl)-2’,3’-dideoxy-7-deazaguano-
sine 5'-triphosphate (ddGTP) [16]). The UV-Vis alisance spectrum of the conjugates proves no
aggregation in aqueous solution after these tagldiaked to the dyes. In addition to the nucleesid
other large biomolecules, such as human serum athinave a similar function when they are linked
to the NIR dye molecules [32-33].

2.2 Separation of Excitation and Emission Bands

A challenge with many NIRF dyes is that the exmtatband and the emission band significantly
overlap. Only when the two peaks are discrete,tibap be most effectively used for the detection of
targets. A longer wavelength gap between the twrirmam values indicates that a greater sensitivity
can be attained. So far, two approaches can seghmemission and excitation peaks effectively.
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The first approach is to change the molecular sirecof the dye slightly, yet not to change the
binding properties. A minor modification induce$lae shift in the excitation wavelength. This shif
has been obtained by Peegal [7] and Kiyoseet al [8]. In both cases the center of the dye, where
the spacer and probe were attached, was alterieavim a nitrogen atom rather than oxygen, sulfur or
any other atoms. Due to an excited-state intramtdecharge transfer, a slight blue shift of enagsi
band occurred, while a significant blue shift foe excitation band. As a result, the differencevben
excitation and emission peaks increased from 3@onbh»0 nm [7].

Figure 2. Schematic diagram of a hydrophobic NIR dye mdeassembled into a
natural cholesterol nanostructure. Reprinted wigdtnpssion from [31]. Copyright
(2007) American Chemical Society.
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Modification of dye molecular structures is not als feasible. Alternatively, two dyes can be used
as one effective NIR dye if one dye emission oyerlaith the other excitation. Based on fluorescence
resonance energy transfer (FRET), one dye candmnar and the other is an acceptor. The excited
state of the donor transfers energy to the accdptarnonradiative, long-range dipole-dipole coogli
mechanism. This transfer requires the distance dertvthe donor and acceptor to be close enough,
typically less than 10 nm [34]. For example, thessmon band of Cy5.5 overlaps with the excitation
band of NIRQ820 [14]. When the two dye molecullesely exist, the excitation wavelength is 675
nm provided by Cy5.5 and the emission wavelengt®2@ nm given by NIRQ820 (Figure 3). The
emission and excitation peaks are completely segzhra

2.3 Fluorescence Lifetime of NIRF Dye Molecules

Fluorescence lifetime is an important property gé anolecules. A longer lifetime gives excited
electrons a greater possibility to release endrgyugh non-radiation. The lifetime of NIRF dyes can
be changed upon modifications of dye molecularcttines. It has been reported that the NIR dye
molecules containing different heavy atoms (halpgesn alter their fluorescence lifetime. The
lifetimes of these dyes vary with the identity béthalogen substitution near the center of the Tye.
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heavier halogen atom gives the longer lifetime. average variation within the same dye series is
about 35 ps [12]. The experimental results fronskHlgphotolysis techniques indicate that the
modification of dyes using a heavy-atom increabesdfficiency of electron crossing into the triplet
state. The heavier atom shows a larger rate afsyggem crossing. Thus, the effect of modificatdén
molecular structures on NIRF dye lifetime shouldcbasidered prior to any modifications. Increased
lifetime results in lower fluorescence quantumgjelnd thus lower signal intensity.

Figure 3. FRET occurs between Cy5.5 and NIRQ820 [14]. Repd with permission
from [14]. Copyright (2004) American Chemical Sdgie
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heavier halogen atom gives the longer lifetime. average variation within the same dye series is
about 35 ps [12]. The experimental results fronsHlgphotolysis techniques indicate that the
modification of dyes using a heavy-atom increabesdfficiency of electron crossing into the triplet
state. The heavier atom shows a larger rate afsyggem crossing. Thus, the effect of modificatdén
molecular structures on NIRF dye lifetime shouldcbesidered prior to any modifications. Increased
lifetime results in lower fluorescence quantumgjelnd thus lower signal intensity.

2.4 Bioapplications of NIRF Dye Molecules

NIRF dye molecules have demonstrated great poteaia highly sensitive fluorescent labeling
reagent foin vivo andin vitro bioimaging. The biological targets include tisscel]s, proteins, DNAS,
metal ions.etc Usually, the dye molecule is linked to a probat ttan specifically bind to the target.
The probe can be an antibody, a single strand DNA bgand. To link the dye molecules to the
probes, the dye molecules are modified with varifwmtional groups, such as amine group [8,16],
succinimidyl ester group (which is converted intocarboxyl group in the reactions) [16] or an
isothiocyanate group (ITC) [12,16]. The functiorggbups allow the dye molecules to attach to
biomolecules and other small molecules. Hameted. [16] have compared the susceptibility of three
Cy dyes with the succinimidyl ester and isothio@tangroups when they conjugated with amino-
functionalized dideoxynucleotide triphosphates. Flecinimidyl ester groups are very sensitive to
hydrolysis, but the isothiocyanates are not. Theligbthiocyanate dye (those with an alkyl chain
spacer) shows better conjugation efficiency to lyigiegatively charged nucleotides than an ITC group
with a very short spacer next to the dye molecule.

3. NIR Luminescent Quantum Dots

Quantum dots (QDs), also called nanocrystals, arspecial class of materials known as
semiconductors. Currently, they are composed abgier groups of 1I-VI, llI-V, or IV-VI elements.
The size of QDs is in the range of 2-10 nanomdtE#s 50 atoms) in diameter. As the size of the QD
changes, there is an obvious difference in the ®arisvavelength [35]. Thus, simultaneous detection
of multiple targets at different emission waveldrsgtwith a single excitation wavelength is a
remarkable feature of QDs [36]. As opposed to marganic dyes, QDs are highly photostable.
Normally, the QDs are formed from a number of hematal inorganic compounds, such as PbSe,
InAs, CdSe, and CdTetc However, a majority of these compounds are téxitiving systems. To
reduce the toxicity and increase biocompatibilityyctionalization of the surface of QDs is necegsar
by postcoating a biocompatible shell, which is camniy done by various organic compounds.

3.1 Luminescence Mechanism of QDs

The energy level range of QDs is significantly eliéint from that of bulk semiconductors. In bulk
semiconductor materials, the energy levels arendiramus series. When the sizes of semiconductor
crystals are reduced to the Bohr exciton radiuschvis the mean distance between the electron and
the hole, its energy levels become discrete becaiuge quantum confinement effect. Semiconductor
crystals with sizes in this scale are referredstq@antum dots. Quantum confinement effect widees t
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HOMO and LUMO gap of QDS and causes the electrstmacture and photophysics to be greatly
changed compared with that of bulk materials. Théttwof this energy band gap determines the
absorption band edge of QDs. Thus the absorpti@h laminescence properties of QDs strongly
depend on the size of QDs [37]. As the size in@®asr decreases, both the absorption and
luminescence peaks undergo red or blue shiftssipea to the diameter.

The indirect bandgap semiconductors are specie¢ gheir HOMO and LUMO do not match. If the
electron is recombined with a photon while beingitex, it will be promoted to the LUMO through an
indirect path. This lower bandgap provides emissiotine NIR region. Silicon QDs are an example of
indirect bandgap semiconductors. However, nothal éxcited modes of silicon QDs are the indirect
bandgap transitions. The surface passivants of cesmuctor nanocrystals can influence their
photoluminescence. Oxygen can directly interachv@i orbitals, which substantially changes the
HOMO and LUMO as compared with hydrogen passivafi®8]. The 1 to 2 nm H-passivated
nanocrystals tend to emit blue/violet light for alg-allowed transitions whereas core/shell oxide-
passivated nanocrystals emit yellow-red light fipote-forbidden transitions.

A few recent works reported that noble metal namgielrs with a ligand monolayer can behave as
QDs. One example is an Au nanocluster that was osetpof several tens or hundreds of atoms with
ligands protecting the surface. The size of thenanocluster is less than 3 nm. Unlike the above
semiconductor nanocrystals, the luminescence mexthaof these monolayer-protected Au clusters
(MPCs) is not based on the HOMO-LUMO energy gaph®&, the luminescence mechanism of the
Au-nanocluster is based on the metal-to-molecalesition from the Au cluster to the ligands [39].

3.2 Structures of NIRF QDs

A number of core-shell NIRF QDs has been repogadh as CdHgTe/ZnS nanocrystals [34,40-42],
CdHgTe nanorods [43], CdZnTe [44], InAs/CdSe/ZnBeefshelll/shell2 (CSS) structure [45], silicon
QDs [46-48].etc The core-shell structure of QDs is popular beeauprovides a higher fluorescence
quantum yield. The core is composed of the widexdbgap composition, while the shell is composed
of the narrower band gap composition. This cordlstieicture can improve the efficiency of radiated
transition and restrict the irradiated transitibor example, an InAs/CdSe/ZnSe core-shell-shellS)CS
structure yields remarkably high fluorescence quanyield and gives a high photostability covering
the entire NIR range from 800 nm to over 1,600 As].[

The fluorescence of QDs is strongly affected bydhdace ligands. As mentioned above, the core-
shell structure restricts the irradiated transititre same is true with the ligand on the QD s@fac
Murray et al. found that the near-infrared photoluminescencAuwg and Aus MPCs is intensified
with exchange of nonpolar ligands by more polaoldie ligands. The effect includes more ligands:
thiophenolates with a variety g¥-substituents; alkanethiolatésterminated by alcohol, acid, or
quaternary ammonium groups; and thio-amino aciék [3
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3.3 Bioapplications of NIRF QDs

Previously, QDs were limited in their applicatiofsr bio-labeling targets because of their
hydrophobic nature. With the development of varioesy syntheses and surface modifications, QDs
can be prepared in agueous solution or suspendedtar by the phase transfer method. This surface
treatment also minimizes the quenching effectiggenerally observed with QDs in aqueous solution.
Wiesset al. [34] have developed a hybrid approach to syntieeSidHgTe/ZnS core/shell NIRF QDs in
water phase. The quantum yields of the QDs are(20-5 the NIR region.

The hydrophilic property provides QDs a wide variet applications in biological and biomedical
fields. The single QDs can be traced in living £dbhr in vivo andin vitro imaging of biological
process [49-50]. So far, a large number of resepagiers have been published in this area. Figure 4
shows a typical example of imaging cells using @Bs fluorescent labeling reagent. The living P815
mast cells were incubated with phospholipid micelbated QDs overnight and thus the cells were
labeled by the QDs [34].

Figure4. Cell staining of NIRF CdHgTe/ZnS QDs in miceltaslive P815 mast cells. (a)Bright field
image of cells, (b) confocal fluorescence microgdopage, and (c) merged image. Detection
wavelength range is 650-750 nm. Reprinted with jEsion from [34]. Copyright (2004) American
Chemical Society.
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Figure 5 shows another example of the applicaifche typical CdTe/ZnS core/shell QDs for
vivo targeting and imaging of tumor vasculature [1%je Bmine functionalized poly(ethylene glycol)
(PEG) was postcoated on the QD surface to link (RQprobe to the QDs for bioimaging.
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Figure 5. Core-shell structure of QDs with functionalizadface to bind to a specific
target. Reprinted with permission from [19]. Copiti (2006) American Chemical
Society.
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4. Single-walled Carbon Nanotubes

Carbon nanotubes were first reported in 1976 [bljwever, it was not until 1991, when lijima
clarified the atomic structure and character ofjlgirwalled carbon nanotubes (SWNT) and multi-
walled carbon nanotubes (MWNTS), that the real gnolmegan in this field [52]. The majority of the
research has focused on mechanical, thermal, aatt@tic properties of carbon nanotubes. In 2002,
O’Connellet al [53] first reported the band gap fluorescencenflan individual SWNT. Afterwards,
the interest in the optical properties of carbonatabes has increased. The bioapplications of the
carbon nanotubes have demonstrated that SWNTg@maging contrast agents and fluorescent labels
for bioimaging [54-55].

4.1 Structure of SWNTs

Carbon nanotubes are entirely composed of carbosg istate [56]. SWNTs are single tubes that
are approximately 1 nm in diameter and 1~60in length. Its length to diameter ratio is in thage
of 100~1000 [57]. Therefore, carbon nanotubes aradaal one-dimensional material [58]. The
structure of a SWNT can be conceptualized as aatwra-thick layer of graphite (called graphene)
wrapped into a seamless cylinder. The wrapping sif/the graphene sheet is represented by a pair of
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indices (,m) called the chiral vector. Figure 6A shows that thiral vector is defined as,& na, +
ma. The integers andm denote the number of unit vectors along two dioast in the honeycomb
crystal lattice of graphene. T denotes the tubs ard aand a are the unit vectors of graphene in real
space. Three types of nanotubes are possible: ammelgzag and chiral, depending on how the two-
dimensional graphene sheet is "rolled upt# 0, the nanotubes are called "zigzag," and whem,
they are called "armchair." At any other angle,atahes are called "chiral.” (Figure 6B) [57-58].

Figure 6. (A) The chiral vector of a carbon nanotube irwa-tlimensional graphene.
Reprinted with permission from [59]. Copyright (B)@Nature Publishing Group; (B)
Molecular models of single-walled carbon nanotubesnchair (a), zigzag (b), and
chiral (c). Reprinted with permission from [52]. @oight (2002) AAAS.

4.2 Fluorescence Mechanism of SWNTs

The unique structure of carbon nanotubes resultseim special optical properties. The distinctive
NIRF arises from the one-dimensional direct elegstrdband gap. The band gap size is inversely
related to the SWNT diameter. A narrow excitati@ak in the visible region (500-600 nm) produces
an intense fluorescence in the NIR region [53].iTfieorescence lifetime is usually very short (#1)
compared to other NIRF materials. The short lifetieliminates non-radiative deactivation and thus
gives SWNTSs high fluorescence quantum vyields. Theréscence of SWNTs can be quenched when
they are aggregated in bundles. This is the redisan MWNTs have no fluorescence signals. A
MWNT is composed of multiple SWNTs assembled witbime another in a large tube. Thus, to
achieve high fluorescence intensity using SWNT psplthe concentration of SWNTs should be
carefully optimized, along with modifying the suréafor increased solubility [60-61].
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4.3 Bioapplications of SWNTs

Due to the excellent photostability and high fllsmence quantum yield, the SWNTs have been
applied as optical sensors farvivoimaging. Cherukuret al used NIRF SWNTs to image phagocytic
cells [62]. Low concentrations of nanotubes in dgital specimens were selectively detected using a
spectra-fluorometer and a fluorescence microscopdifrad for the NIR region. Cultured mouse
peritoneal macrophage-like cells were incubated growth mediums containing different
concentrations of SWNTs. Analyses of the washel$ atlowed that the ingested nanotubes remain
fluorescent (Figure 7A) and can be imaged throu@lRF microscope at wavelengths beyond 1100
nm (Figure 7B).

Figure 7. (A) SWNTs emission spectra in an aqueous susperssid in macrophage
cells; (B) Fluorescence image of one macrophagedal incubated with SWNTs [62].
Reprinted with permission from [62]. Copyright (ZJmerican Chemical Society.
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Recently DNA wrapped SWNTs have been used to makén avivo glucose sensor through
immobilization of glucose oxidase onto the SWNT§E Bnother sensor employed a DNA wrapped
carbon nanotube with a magnetic iron oxide nanaparat one end [4]. This design allows the sensor
to trace both NIRF signal and magnetic resonancagimg (MRI). It is expected that more
bioapplications of SWNTs will appear in the nedufe.

5. Lanthanide Rare Earth Metal Compounds

Several lanthanide (IIl) (L) compounds are intrinsic NIRF materials [63-65hvwiéver, the low
absorbance coefficients € 1IM™ cm™) make the rare earth metal ions difficult to benped to the
excited state. Thus, this type of NIRF materialgssally employed for fundamental studies [66-68].
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5.1 Fluorescence Mechanism of Rare Earth Metal Gamgs

The low absorbance coefficients of*lrtompounds indicate that the excitation of lelectrons is
difficult. Moreover, once the electrons are excitédey are particularly prone to nonradiative,
vibrational deactivation. To assist electrons iacteng the excited state, some organic ligands are
coordinated to the metal ions. The selection ofdiganic ligands is strict. If the ligands contain
number of high energy oscillators, such as C-H @ndd, quenching of the fluorescence more likely
occurs. In general, polyfluorinated ligands canumedthe quenching effect. Once a suitable organic
ligand is coordinated, the complex shows efficidiR emission under UV excitation. In addition, the
organic ligands can stabilize the*'fions and decrease their aggregation.

The Lr** emission lines are from multiple energy levelsisipossible for Bf ions to emit from
three energy level$P,, D, and’G,. In fact the peaks observed all come friiba level, relaxing to
different ground states$D, = 3F,, D, > 3F, and’D, > 'G,. In contrast to Bf and the emission of
most other LA" ions, YB* ions only have emission possible from a singldtedcenergy level’Fs,.

The characteristic emissions allow for rare earétaincompounds to be used as bioprobes and protein
conjugates for chiral assays of biological struesusind medical diagnostics [69].

5.2 Applications of NIRF Rare Earth Metal Compounds

Lanthanide metal ions are frequently used in theliss of various mechanisms, including redox
reactions and fluorescence lifetime. Meanwhileythee employed to make laser materials and as
dopants to fabricate specific glass or crystale filmdamental studies are based on up-conversion of
fluorescence when the elevated electrons are fugketed to a higher energy level and then emit
fluorescence as they return to the ground state.twb photon process gives a larger energy gapaand
lower emission wavelength, which provides an edfitivehicle for fundamental study.

The engineering of rare earth metal compounds exi@ number of new NIRF materials that
demonstrate promising applications in bioanalyses. example, Y and Tni* were co-doped into a
NaYF,; nanocrystal [70]. The produced new nanocrystale hen excitation band at 980 nm and
emission bands at 474 nm and 800 nm. The nanolsystam be used as labels for sensitive
determinations om vivo imaging of biological samples. Furthermore, NIRBperties of rare earth
metal compounds can advance laser features whgratbedoped into laser materials. Recent reports
showed that the laser intensity, thermal stabiéityd fluorescence lifetime have been greatly imgdov
by doping Tni* and YB* in oxyfluoride silicate glasses [66] and neptud{)[71]. It is expected that
more applications of rare earth metal compoundsdlogical field will be feasible in the future.

6. Assembly of NIRF Materialsinto Nanoscale Matrix

The sensitivity of detection of biological targatsing NIRF molecules is limited by the small
number of NIRF molecules attached to a single takggually this number is from 1 to 5. To improve
the sensitivity, a large number of NIRF molecules assembled into a nanoscale matrix to form an
intense fluorescence nanoprobe. Besides the stilangescence signal, the NIRF nanomaterials
exhibit excellent photostability because the nartamarotects dyes from environmental oxygen.
Various types of nanomatrices have been repontethi$ review we cover only a few which possess
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following characteristics: 1) transparent and nioioescent in the visible and NIR region; 2)
biocompatible; 3) inert to the NIRF materials andrgunding environment; 4) low toxicity. Based on
current experimental results, silica, carbonatesomde polymers fit these conditions.

6.1 Silica-based NIRF Nanomaterials

The inert silica nanoparticles have low toxicitylidng cells [72]. Its negatively charged matrix
provides numerous electrostatic binding locations & wide variety of positively-charged dye
molecules. Thus, silica provides NIRF an exceltaatrix to form nanomaterials.

Figure 8. Scanning electron microscopy images. (a) Silicaroparticles without
dopants form necks between particles, (b) Pr-dquég-dispersed silica particles, (c)
low mono-dispersed Pr-doped microparticles, and gd) energy dispersive X-ray
(EDAX) spectrum of the mono-dispersed Pr-doped oparticles shown in
(c). Reprinted with permission from [73]. Copyrid@001) American Chemical Society.
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Moranet al. used acetic acid to catalyze the hydrolysis atlensation of tetraethyl orthosilicate
(TEQOS) in the presence of Ln@H,0O to producdanthanide-doped silica microspheres as shown in
Figure 8 [73]. The fluorescence spectra ¢f Bnd Ef* remained the same after they were doped in the
silica nanomatrix. A series of NIR dyes with laamide complexes were successfully doped into
silica-poly(ethylene glycol) sol-gel hybrid matdrj@a4]. The complexes are very stable in the s#l-g
matrix.

In addition to silica nanospheres and sol-gel magome materials with nano-sized pores can be
used to incorporate the NIRF materials, such aoopmsus silicate-based materials. Siral [69]
covalently immobilized ternary lanthanide {ErNd®*, Yb**, Snt*, PP*) complexes to the phen
functionalized mesoporous MCM-41 (Figure 9). Thgatids around the lanthanide ions (including
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hfth/ttnb and phen ligands) could efficiently tréarsthe absorbed energy to the lanthanide ionsFNIR
from lanthanide ions (Bf, Nd®*, Yb**, Sn*, P") have been obtained in the region of 1300-1600 nm.
The highly ordered hexagonal channel structures amiform tunable pore sizes of MCM-41
mesoporous material open a new field to orderly masite materials for lasers and optical
amplification.

Figure 9. Expected structure of the Ln(hfgphen—M41 (Ln = Er, Nd, Yb, Sm) and
Pr(ttnbkphen—M41 mesoporous materials. hfth = 4,4,5,5 6&)6@afluoro-1-(2-
thienyl)hexane-1,3-dionate; tfnb = 4,4 4-trifludte2-naphthyl)-1,3-butanedionate.
Reprinted with permission from [69]. Copyright (Z)Elsevier.

1,10-phenanthroline (phen) group 5-(N.N-bis-3-
(trethoxysilylypropyliureyl-1,10-phenanthroline
phen

6.2 Carbonate and Polymer-based NIRF Nanomaterials.

Carbonate and polymers are also used as nanoesafiocc encapsulation of NIRF materials.
Gaponiket al [42] prepared a NIRF microcapsule by adsorbintewsoluble CgHg; <Te nanocrystals
in a hydrophilic carbonate core via polyelectrodyt€he produced capsules can be used as fluorescent
labels for imaging of cells and tissue.

Biocompatible polymers are attractive matrix fondtionalization of biomaterials. Ghoroghchigin
al. [29] reported a NIR emissive polymersomes withr@ad fluorescence wavelength modulation. A
variety of ethyne- and butadiyne-bridged (PZn)-otymersomes were incorporate to supermolecular
fluorophores (Figure 10). Controlling polymer-toxdrophore noncovalent interactions finely tunes the
photophysical properties of the encaplsuted supkecutar materials. The developed NIRF
nanostructure was used to label dendritic cells0Z5]. A lower detection limit of 5,000 DCs was
obtained.
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Figure 10. (A) Schematic diagram of polymersomes incorpagatnono-, bis-, and
tris(PZn)-based chromophores. Reprinted with pesimisfrom [29]. Copyright (2005)
American Chemical Society.

The polymer and silica can form a hybrid matrix émrcapsulating dye molecules. Recently,etfu
al. synthesized a stable, non-liposomal silica/polyméerocapsules [Poly(allylamine hydrochloride),
PAH] [76]. The microcapsule can absorb a large remh®G. The final ICG content of 23% by weight
was obtained with a minimal leakage compared t@rot6G-doping particles. The ICG-containing
capsules were active for NIR laser-induced heatind,were more photostable than free ICG.

Besides the inorganic and polymer nanoparticlesyesbiomolecules are suitable nanocarriers for
delivering of NIRF materials to targets. One examlthe lipoprotein nanoparticles (Figure 2) [31].
The low-density lipoproteins (LDL) particles ar@bbompatible, biodegradable, and non-immunogenic.
Their size can be precisely controlled (~22 nm)itsyapoB-100 component through a network of
amphipathic R-helix proteinlipid interactions. Cheh al developed a ligand-modified NIRF dye
functionalized LDL nanoparticle. The LDL nanopaki enabled the firdh vivo validation of the
LDL rerouting principle. This was also the firatvivo application of the bio-nanocarrier for enhanced
optical imaging of cancer cells in living animals.

7. Metal Enhancement of NIRF

The high signal intensities, low detection limits)d fast response time are critical for sensitive
determinations of trace amounts of biological tesg&hus, the high fluorescence intensity is detéra
for all label reagents. However, the signal intgnef NIRF materials is intrinsic and limited bysit
maximum value. To raise the limit of their intriogntensities, signal amplification is required. o
metal nanostructures (e.g. Au, Ag) can enhancdlubeescence intensities of NIRF molecules which
exist in their electromagnetic field. This phenomenis called surface plasmon resonance
enhancement. Based on the radiation mechanismadbattive material, the surface enhancement can



Sensors008, 8 3098

be further divided into surface/metal-enhanced régoence [77] and surface/metal-enhanced
chemiluminescencetc

7.1 Enhancement Effect of Metals on Fluorophores

The fluorescence enhancement of metals on dye miekecs determined by metal nanostructures.
In nanodimension, the collective oscillations oftatiec free electrons are limited by the nanostioet
boundaries, and thus form the surface plasmon waleeg the boundaries. The surface plasmon wave
resonates with the incident wave at an optimal tmmj which results in the greatest absorptionhef
incident light. The oscillation wave affects theari®y fluorophores in several aspects.

First of all, on the surface of metal nanostructtine occurrence of surface plasmon resonance leads
to a strongly enhanced absorption of the incidghit! When the surface plasmon resonance band of
metal nanostructure overlaps with the excitatiotheffluorophores, the energy is transferred frbm t
metal to the fluorophore so that the possibilityeatitation of the dye molecule is increased. Thus,
more ground state electrons of dye molecules catrdmsferred to the excited state and produce a
higher fluorescence signal. Secondly, the metabstancture can change the radiative deactivatiten ra
(I) of the fluorophores. Furthermore, the fluoreseetifetime () and the quantum yieldQ) are
changed based on the equation (1) and (2) [32]:

_ T

Q= @
1
Tk, @)

Here, ky is the non-radiative rate. Both fluorescence quanyield and lifetime will differ when
considering the effect of metal. The total radiatileactivation rate will be written &s+ I',, wherel
corresponds to the radiative deactivation rateeckosmetal. So, the quantum yield and lifetime are
modified as equation (3) and (4):

r+r,
AT
r=_ 1
r+r,+k,

The fluorescence lifetime becomes shorter and trentgm vyield is larger. Thus, fluorescence
intensity is increased. The theoretical calculatioatches the experimental results [32, 78]. Thjrdly
the metallic nanostructures scattering affectctheling efficiency of the fluorescence emissionhe
far field [79-80]. By regulating the plasmon respoa band to the fluorophore emission wavelength, a
fluorescence enhancement can be obtained.

The metal nanostructure enhancement can only benddss at the suitable conditions. If the
distance between the metal and fluorophore istlesms 10 nm, the FRET will occur [81-82]. In this
case, the incident light first excites the fluorops, and then the excited fluorophores transfer th
energy to the metal, resulting in nonradiativeas&[83]. Some experimental results also have shown
that quenching exists in distances up to 100 nrh [B4is has been explained by the far field resoran
interaction by the coupling of the excited fluoropés to the metal [79].

3)

(4)
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7.2 Metallic Nanostructures for NIRF Enhancement

A number of metallic nanostructures have been dgeel as the enhancement substrates for higher
intensity of NIRF dyes, such as the silver islailichd [32, 85], silver colloid assembled films [86],
silver nanorods [87], silver nanoplates [88], go&thoshells [80]etc. A silver island of 100 ~ 500 nm
in diameter enhanced a modified NIR dye moleculdGAHSA) by 20-fold [32]. The enhancement
mechanism is to increase ICG quantum yield andedser its deactivation time when ICG is at an
appropriate distance to silver island film. Haédsal [80] used the gold nanoshells as the substrate to
enhance ICG by adjusting the surface plasmon blse ¢o ICG excitation and emission bands. A 50-
fold fluorescence enhancement was achieved whesutiace plasmon resonance band was tuned to
the emission band of ICG. While an enhancemenbirfaat only 15 was obtained when the surface
plasmon resonance band overlapped with the ICQagim band. This enhancement was attributed to
the scattering efficiency of the metal nanoshellpded with the fluorescence emission in the fadfie
The various metal enhancements have greatly imdrahe detection sensitivity of NIRF dye
molecules in bioanalyses.

Conclusions

Different types of NIRF materials have been devetbpln general, NIRF dye molecules are
traditional fluorescent labeling reagents in bioging and bioanalysis. The emerging nanomaterials
provide NIRF a promising new direction. QDs and SVgNhave demonstrated great potential as
photostable and highly intensive NIRF tags for tletermination of biological targets. Meanwhile,
doping a large number of NIRF molecules into a maatwix to produce an intense fluorescence
nanoprobe is attractive since it can fully use diegeloped NIRF dye molecules to generate a wide
variety of NIRF nanomaterials. To further improve tfluorescence intensity, metallic nanostructures
are combined with NIRF materials for sensitive daiaations of trace amounts of targets. Each type
of NIR material brings its own strengths and weakes to the table. Pulling from the strengths of
each, novel and highly sensitive NIRF probes cadéxeloped. Two major advantages in NIR region,
low background signal and deep penetration of texfiaproviding NIRF probes broad applications in
the biological and biomedical field.
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