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Fluorescence, Phosphorescence, and Chemiluminescence
cover a wide array of topics. One can simply examine the

number of topics that arise from photon induced excitation and
emission as summarized in Figure 1 to understand the magnitude
of this overall topic. Thus, as in previous years, we are not able
to provide extensive coverage of all developments of relevance
to this extremely broad area of research. Instead, we have
attempted to focus on important advances of general interest
and relevance to the field of analytical chemistry. In addition,
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Figure 1. Jablonski diagram for photoluminescence and examples of
applications.
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rather than cover extensions of previous advances, we have
attempted to balance inclusion of a sufficient number of highly
relevant, high-impact references to adequately survey the field
with ample descriptions of individual citations for better
clarification. If you feel that we have omitted an important
article published during the above referenced time period,
please forward the reference to the journal for inclusion in the
next review.
As a result of a change in date for this review, this review is

not in its normal biennial sequence. For that reason, this review
primarily covers the past two years (June 2013 to June 2015)
plus select articles since the last review in 2012.1 A computer
search of Chemical Abstracts provided most of the references
for this review. A search for documents written in English
containing the terms “fluorescence or phosphorescence or
chemiluminescence” and terms used in the topics covered was
used. Each section was individually screened by a single author
in order to be able to capture the most important advances for
a particular topic. Key word searches for each topic provided
subtopics of manageable sizes. Other citations were found
through individual searches by the various authors who wrote a
particular section of this review. In an effort to more effectively
accomplish this goal, we have included authors who are
knowledgeable in the various subtopics of this review.
Coverage is limited to articles that describe new develop-

ments in the theory and practice of molecular luminescence for
chemical analysis in the ultraviolet, visible, and near-infrared
region. We have reorganized the various topics and included
several new sections in this review. Discussions of cited work
are intended to be critical and focused as in previous reviews.
In general, citations are limited to journal articles and do not
include patents, proceedings, reports, and dissertations. In an
effort to reduce the length of this review to less than 300
citations, we have attempted to limit duplicate citations
between sections by retaining the same reference number for
a given citation which is cited under more than one heading. In
this effort, the citation retains the number assigned for the first
citation in this review.

■ BOOKS, REVIEWS, AND CHAPTERS OF GENERAL
INTEREST

Over the last 2 years (2013−2015), a number of books can be
referenced on the mechanisms, developments, and applications
of fluorescence. These books are either comprehensive or
tutorial and cover a broad spectrum of areas including funda-
mental principles and novel applications or focus on specific
areas in which fluorescence techniques are employed. For
example, Introduction to Fluorescence, edited by Jameson,
introduces fundamentals of the fluorescence phenomenon
and provides detailed examples of fluorescence applications in
the molecular life sciences, including biochemistry, biophysics,
clinical chemistry and diagnostics, pharmaceutical science,
and cell and molecular biology.2 Fluorescence Spectroscopy and
Microscopy: Methods and Protocols (Methods in Molecular
Biology) edited by Engelborghs and Visser covers topics in
four broad categories: steady-state fluorescence spectroscopy,
time-resolved fluorescence spectroscopy, fluorescent probe
development, and the various subcategories of fluorescence
microscopy, such as fluorescence recovery after photobleaching
(FRAP), live cell FRET imaging (FRETim), fluorescence
lifetime imaging (FLIM), fluorescence fluctuation spectros-
copy (FFS), and single-molecule fluorescence spectroscopy
(smFS).3

A number of books encompassing a variety of applications
of fluorescence microscopy techniques in biological fields have
also been published recently. For example, Fluorescence
Microscopy: From Principles to Biological Applications edited by
Kubitscheck provides a comprehensive introduction to advanced
fluorescence microscopy methods and their applications.4

Fluorescence Lifetime Spectroscopy and Imaging: Principles and
Applications in Biomedical Diagnostics edited by Marcu and
French explores advances in time-resolved fluorescence
techniques and the role of this approach in a wide range of
biological and clinical applications.5

Other comprehensive books of broad interest have also been
published that cover fluorescence applications and fundamen-
tals. A Handbook of Single Molecule Fluorescence Spectroscopy
edited by Gell, Brockwell, and Smith provides discussion on the
potential use of single molecule detection for nanotechnology
and quantum information processing. This handbook provides
an introduction to single molecule investigations using fluo-
rescence techniques and places special emphasis on the
practicalities of achieving single molecule resolution, analyzing
the resulting data, and exploring applications in biophysics.6

Fundamentals of Fluorescence Microscopy: Exploring Life with
Light edited by Mondal and Disapro introduces optical imaging
concepts and then provides considerable depth on advanced
imaging systems and their applications. Additionally, these
books also cover molecular orbital theory as an important basis
for presenting molecular physics and gaining a complete
understanding of light−matter interactions at the geometrical
focus.7 Luminescence: The Instrumental Key to the Future of
Nanotechnology edited by Gilmore emphasizes the nanoscale
semiconductor field by amalgamating a broad multidisciplinary
arena including applications for energy conservation, materials
performance enhancement, electronic circuitry, video displays,
lighting, photovoltaics, quantum computing, memory, chemo-
and biosensors, pharmaceuticals, and medical diagnostics inter
alia.8 The Handbook of Fluorescent Dyes and Probes edited by
Sabnis provides up-to-date resource of information on more
than 150 fluorescent dyes and probes. This comprehensive
volume is available and covers all available dyes and probes
known to date in the literature for uses in various fields.9

In addition to the above-mentioned books and book
chapters, some useful review articles have been published
since 2013, which summarize and critically review the
developments and novel applications of fluorescence techni-
ques in areas of biological, medicinal, and analytical chemistry.
Coverage here is limited to a small number of reviews of
broader interest. Many other reviews that focus on narrower
and more specific topics are included in various sections of this
manuscript. For example, a review article is reported on
utilization of different single molecular fluorescence tools for
development of DNA devices and for structural dynamic
investigations of biomolecules and DNA molecules.10 In a tuto-
rial review article, recent advances made in development and
applications of NIR fluorescent probes have been highlighted.
This review focuses on NIR fluorescent probes that have been
devised to sense various biologically important species, includ-
ing ROS/RNS, metal ions, anions, enzymes, and other related
species as well as intracellular pH changes.11

■ SPECIALIZED FLUORESCENCE TECHNIQUES
Many somewhat specialized fluorescence techniques are intense
areas of research in the relatively recent past. However, in
today’s fast paced multidisciplinary research environment, these
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same techniques are becoming quite common tools for re-
searchers of widely varying interests and expertise. Single mole-
cule fluorescence, fluorescence correlation spectroscopy (FCS),
and Forster resonance energy transfer (FRET) are three
examples of such techniques. An in depth review of each of
these techniques is not possible in this relatively short section.
However, some relevant reviews and advanced examples of
discoveries using these tools can be found in other sections of
this Review and in the literature at large. Rather than focus on
various applications or specific results, this section will briefly
highlight a small subset of articles and reviews that acknowledge
some technical challenges in using these tools and/or offer
some guidance on how results gained using these techniques
can be further improved. Although these techniques are related
and occasionally overlap, the discussion below is divided into
three subsections: (1) single molecule fluorescence, (2) fluores-
cence correlation spectroscopy (FCS), and (3) Forster reso-
nance energy transfer (FRET).
Single Molecule Fluorescence. Recent advances in

commercial imaging systems have allowed the use of single
molecule fluorescence as a useful tool for many researchers
of varying backgrounds. One such example involves the use
single molecule and single-particle fluorescence microscopy by
traditionally trained synthetic chemists to investigate chemical
systems by exploring the mechanisms of organic reactions,
spatial distribution of chemical reactivity on surfaces, and
the phase of active catalysts. In a recent Perspectives article,
Cordes et al. discuss the requisite photophysical and chemical
properties of fluorescent reporters and highlight the primary
challenges in applying single-molecule techniques to chemical
questions, with a goal of encouraging its broader use to observe
chemical reactions molecule by molecule.12

Single molecule fluorescence microscopy has a wide range of
uses, one of which involves biological investigations inside
living cells with millisecond- and nanometer-scale resolution.
The power of single-molecule-based methods and its increasing
accessibility have led to many exciting results. However, opti-
mizing new single-molecule experiments can be challenging, in
particular when super-resolution imaging and tracking are
applied to living cells. In a recent review, Haas et al. summarize
common obstacles to live-cell single-molecule microscopy and
also describe methods developed and applied to overcoming
these challenges.13

Shivanandan et al. have reviewed the challenges in quan-
titative single molecule localization microscopy (SMLM), a
highly useful tool for quantitative biological experiments rang-
ing from molecular biology to neuroscience.14 This review
includes a discussion of applications of SMLM in quantitative
biology, as well as some of the challenges involved and some
solutions that have been proposed. In another work, Endesfelder
et al. discuss some key principles of single-molecule super-
resolution techniques; pointing out pitfalls, highlighting recent
developments, and identifying opportunities for the future.15

Sauer and co-workers suggest that achieving super resolu-
tion is now public domain as a result of the availability of
commercial instruments and open-source reconstruction
software.16 They also note that localization microscopy remains
prone to user errors. For example, high emitter densities
with inappropriate photoswitching rates can give rise to the
appearance of artificial membrane clusters. Thus, single-
molecule movies recorded to reconstruct these images must
be carefully investigated when investigating membrane organi-
zation and cluster analysis. In other work, Coltharp et al. describe

typical workflows and precautions for quantitative analysis of
single-molecule superresolution images.17 Their guidelines
include potential pitfalls and essential control experiments.
Sage et al. report the quantitative evaluation of software

packages for single-molecule localization microscopy (SMLM),
noting that the quality of super-resolution images obtained
by SMLM depends largely on the software used to detect
and accurately localize point sources.18 They focus on the
computational aspects of super-resolution microscopy in order
to devleop metrics that reflect various trade-offs of SMLM
software packages in an effort to help users choose the best
software for their needs.
Recent advances in single-molecule switching nanoscopy

have greatly accelerated data acquisition speed and have
improved temporal resolution of super-resolution imaging.
However, Lin et al. noted that this technique had not been
quantified as to whether an increase in speed comes with
compromised image quality.19 They provide guidelines for opti-
mizing the factors that affect spatial and temporal resolution so
that single-molecule switching nanoscopy at high speeds can
achieve the same image quality as imaging at conventional
speeds. In other work, Moerner and co-workers report that the
rotational mobility of single molecules affects localization
accuracy in super-resolution fluorescence microscopy.20

Long et al. have investigated the effects of fixed pattern noise
(FPN) in semiconductor complementary metal oxide
(sCMOS) cameras that had previously obstructed their
widespread use in single molecule localization microscopy.21

Surprisingly, they found that FPN leads to almost no effect on
localization precision and that localization bias is usually <2 nm
and thus can be neglected for most localization microscopy
experiments.
Bleed-through or misidentification of probe species in

multicolor localization microscopy is known to create false
colocalization and to artificially increase certain types of
correlation between two imaged species, affecting the reliability
of information provided by colocalization and quantified
correlation. Yet, surprisingly, the effect of bleed-through on
correlation and methods for its correction had not previously
been systematically studied at typical rates of bleed-through in
multicolor imaging. Kim et al. recently presented a method of
bleed-through correction that can be applied to all types of
localization microscopy (PALM, STORM, dSTORM, GSDIM,
etc.), provided the rate of bleed-through can be reliably
determined.22 In another work, McGorty et al. have described
the correction of depth-dependent aberrations in 3D single-
molecule localization and super-resolution microscopy.23 They
demonstrate that their method can maintain z localization
accuracy over a large range of imaging depths between 0 and
2.5 μm past the coverslip.
Allen et al. have noted and addressed the importance of

proper sample preparation in single molecule localization-based
optical nanoscopy.24 They have presented in-depth analyses of
all aspects of sample preparation for single molecule super-
resolution, including both live and fixed cell preparation, choice
of fluorophore, fixation and staining techniques, and imaging
buffer considerations. In a realated study, Whelan et al. have
discussed potentially overlooked preparative artifacts in single
molecule localization microscopy (SMLM).25 In this study, they
presented three well-optimized fixation protocols for staining
microtubules, mitochondria, and actin with a discussion on
various artifacts related to images obtained from samples
prepared using these protocols.
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Fluorescence Correlation Spectroscopy. Fluorescence
correlation spectroscopy (FCS) is a powerful tool for accurate
determination of translational diffusion coefficients. In an
IUPAC Technical Report, Enderlein considered several of the
most common sources of optical aberrations and their impact
on the outcome of conventional FCS measurements.26 A new
variant of FCS, dual-focus FCS, which is robust against most of
the considered aberrations, was also described in this report.
Sanguigno et al. noted that FCS experiments performed on

flat elements, such as membranes, show unusually high relative
errors as compared to experiments in aqueous solution.27 FCS
measurements on flat surfaces have generally been interpreted
with certain hypotheses; the membrane is assumed to be
perfectly flat, motionless, and aligned with the optical axes. The
authors investigated the robustness of these hypotheses, in an
attempt to understand how misalignments and thermal
fluctuations affect temporal correlation of intensity fluctuation
collected during measurements on membranes.
Imaging FCS using array detectors has been used to quantify

the number, mobility, and organization of biomolecules in cells
and organisms. However, Wohland and co-workers have noted
that there have not been any systematic studies on the errors in
these estimates that are introduced due to instrumental and
experimental factors.28 They further investigate the limitations
that current state-of-the-art detectors place on time resolution,
signal-to-noise ratio, and total measurement time. This was
achieved by using a combination of simulations and experi-
ments on lipid bilayers to provide characteristic performance
parameters and guidelines that govern accuracy and precision of
diffusion coefficient and concentration measurements in
camera-based FCS. Guidelines are provided for an efficient
experimental design for camera-based FCS to extract infor-
mation on mobility, concentration, and heterogeneity.
Although FCS is a powerful tool for investigation of

molecular dynamics using fluorescent proteins as molecularly
specific labels, Wohland and co-workers note that FCS data
analyses and interpretation using fluorescent proteins remain a
challenge due to typically low signal-to-noise ratio of FCS data
and correlated noise in autocorrelated data sets.29 Fitting
procedures that ignore these two important issues can provide
similarly good fits for multiple competing models. Bayesian
model selection accounts for the highly correlated noise that is
present in FCS data sets and additionally penalizes model
complexity to prevent over interpretation of FCS data. Thus,
the authors applied Bayesian model selection to evaluate FCS
data from fluorescent proteins assayed in vitro and in vivo.
They found that Bayesian model selection was a robust
procedure for determining appropriate transport and photo-
physical models for fluorescent proteins when suitable models
are provided. In other studies, Schwille and co-workers present
a graphical user interface (PyCorrFit) for fitting theoretical
model functions to experimental FCS data.30 The program
features a set of tools specialized in FCS data evaluation.
FCS is typically used at nanomolar concentrations and this

limitation is generally thought to be fundamentally related to
the technique itself. However, Laurence et al. report that the
limitation to nanomolar concentrations is not fundamental but
instead due to detector limits as well as laser fluctuations.31 Use
of a high count rate detector system and application of laser
fluctuation corrections allowed FCS measurements up to 38 μM
with the same signal-to-noise as at lower concentrations without
the need for nanoconfinement approaches previously used to
increase the concentration range of FCS.

Forster Resonance Energy Transfer. The physical
process of Förster resonance energy transfer (FRET) was
elucidated more than 6 decades ago and has since become a
powerful tool for biomedical research. A wide range of FRET
approaches have been described with each having correspond-
ing advantages and disadvantages. Ma et al. have recently
reviewed FRET applications in protein studies.32 They sum-
marize the basic components of FRET techniques, established
quantification methods, as well as potential pitfalls and
illustrated all of these by example applications.
Conjugation between streptavidin (SA) and biotin has been

widely used to link donors and acceptors for investigating
distance-dependent FRET, but a contradictory finding has
recently been reported that FRET of a common system of
(QD-SA)-(biotin-DNA-dye) (donor, quantum dot (QD);
acceptor, small organic fluorescent dye; and linker, deoxyribose
nucleic acid (DNA) molecule via SA-biotin conjugation) lost its
dependence on the number of DNA base pairs when using a
phosphate-buffered saline (PBS) solution. Thus, Saremi et al.
have reported a re-evaluation of biotin streptavidin conjugation
in FRET applications in an effort to resolve these conflicting
results.33 They have found that the conflict was caused by the
ionic strength of the adopted buffer solutions. FRET was found
to lose the DNA length dependence at relatively high ionic
strengths.
Warner and co-workers have recently explored the FRET

phenomena in organic nanomaterials for potential applications
in sensor and optoelectronic devices.34 In this regard, special
types of organic salts with relatively low melting points, given
the acronym Group of Uniform Material Based of Organic Salts
(GUMBOS), are employed. Two cyanine-based GUMBOS of
variable methane chain length were used to synthesize binary
nanomaterials (nanoGUMBOS). FRET between binary
cyanine nanoGUMBOS of altered methane chain exhibited
emission in the visible to near-infrared region of the electro-
magnetic spectrum, demonstrating potential applications in
optoelectronics. These binary organic nanomaterials also
exhibited high thermal- and photostability. Moreover, this
approach demonstrated that tuning emission spectra produced
by use of FRET can be easily achieved by changing the mole
ratio of donor and acceptor during nanomaterials formation.
In another study from this group, carbazole based GUMBOS
were synthesized that displayed intramolecular FRET.35 These
carbazole-based GUMBOS exhibited multiple emissions from
the second excited singlet state (S2), first excited singlet state
(S1), as well as from an intramolecular charge transfer state.
This study suggests a significant overlap between the S2
emission and S1 absorption such that intramolecular FRET is
observed.
Ensemble FRET results can be analyzed in a variety of ways,

and due to experimental artifacts, the results obtained from
different analyses are not always consistent. In an effort to
determine optimal analysis for use in nanodrop fluorometry,
Kelliher, et al. performed both ensemble and single-molecule
studies of FRET on oligomers of double-stranded DNA and
compared the single-molecule results to those obtained using
various ensemble FRET analyses.36 It was found that analyzing
the increase of acceptor fluorescence is less likely to introduce
errors, as compared with analyzing the fluorescence intensity
of the donor in the absence and presence of the acceptor.
In another study, Kruger et al. describe single molecule FRET
data analysis procedures for FRET efficence determination.37

They outline the parameters needed for FRET efficiency
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calculation and illustrate that the shape of the FRET distri-
bution changes depending on what parameters are included in
the data analysis procedure using single molecule FRET data
obtained on G-quadruplex DNA structures that exhibit large
conformation diversity.
Alternating-laser excitation (ALEX) combined with single-

molecule FRET has been found to be a power technique to
study biological interactions. Hohlbein et al. recently presented
a comprehensive overview of the concept and current appli-
cations of ALEX. They discuss how to obtain fully corrected
distance information across the entire FRET range and present
new ideas for applications of ALEX which they claim will push
the limits of single molecule FRET-based experiments in terms
of temporal and spatial resolution for the study of complex
biological systems.38

Finally, Cho et al. have used FRET to devise a rapid, general
and cost-efficient super-resolution imaging method which can
be directly employed using a simple fluorescent imaging system
with general fluorophores.39 Fluorescent donor molecules that
label specific target structures are stochastically quenched by
diffusing acceptor molecules, thereby temporally separating
otherwise spatially overlapped fluorescence signals and allowing
super-resolution imaging. The authors expect that the new
method will be an attractive option for super-resolution
imaging due to the simplicity of the approach.
Imaging and Super-Resolution Imaging (Conven-

tional and Lifetime). A series of fluorophores has been
reported that undergoes two-photon excitation at ∼900 and
emits in the red wavelength region (≥600 nm). These dyes
afford relatively diminished autofluorescence and solvent
sensitivity. One of the new probes enables in vivo imaging of
amyloid-β plaques in an Alzheimer’s disease mouse model.40

In other recent research involving Alzheimer’s, a curcumin
analogue dubbed CRANAD-3 was synthesized that is capable
of detecting both soluble and insoluble Aβ species. This
embodies a unique example of near-infrared fluorescence used
in monitoring Alzheimer’s disease therapy. This in vivo imaging
technology will thus also enable drug development.41

Zhou and co-workers have reported a ratiometric two-
photon fluorescent probe for imaging living cells and tissues in
real time using a through-bond energy transfer (TBET)
strategy. This probe consists of naphthalene and rhodamine
derivatives linked via π-conjugation. In live cells and tissues, the
probe exhibits excellent ratiometric imaging resolution and
deep-tissue imaging depth (180 μm).42 A unique two-photon
probe method for targeted imaging of live pancreatic islet cells
was recently reported. The probe, TP-α, was used successfully
for 3D imaging of live islets via direct staining of alpha cells.43

A cyclooxygenase-2 (COX-2)-specific fluorescence probe
(ANQ-IMC-6) has been designed and synthesized to image
cancer cells and Golgi-related events. COX-2 is an enzyme
biomarker in virtually all cancer cell lines. The quenched probe
unfolds and strongly fluoresces upon binding COX-2 in the
Golgi apparatus of cancer cells. The differentiation of tumor
and normal cells via flow cytometry as well as via one- and
two-photon fluorescence imaging, has been demonstrated.44

A promising approach for detecting tumors during surgery has
been reported employing functionalized single-walled carbon
nanotubes (SWNTs). SWNTs exhibit intrinsic fluorescence in
the second-window near-infrared NIR2 spectral region. In the
cited study they enabled a gynecological surgeon to identify and
excise submillimeter tumors. In comparison to conventional
NIR dyes, the functionalized SWNT material exhibited improved

S/N and photostability as well as better tumor-to-background
uptake.45

McCarley and co-workers have recently synthesized a novel
probe based on trimethyl-locked quinone propionic acid
(Q3PA) attached via linker to a naphthalimide for cellular
imaging of a cancer enzyme.46 An overexpressed cancer enzyme
present in the cytosol of human tumor cell, NAD(P)H/
quinone oxidoreductase-1, selectively reduces Q3PA and
produced bright emission of naphthalimide (reporter) which
is used to image cancer cells. The quantum yield of the
reporter, formed after reduction by the cancer enzyme, is 95
times more fluorescent than the probe. In another study, the
turn on fluorescent probe based on a naphthalimide derivative
was synthesized for rapid and selective imaging of biological
thiols composed of glutathione, cysteine, and homocysteine.47

Tumor pH-sensitive magnetic nanogrenades (termed
PMNs) have been developed and used as cancer theranostic
agents. PMNs are comprised of self-assembled iron oxide
nanoparticles and pH-responsive ligands. They target tumors
via surface-charge switching triggered by the acidic tumor
microenvironment. In acidic subcellular compartments, they are
in a highly active state that turns on MR contrast, fluorescence,
and photodynamic therapeutic activity. Therapeutic efficacy
was achieved in heterogeneous drug-resistant tumors.48 In
another example of probes possessing both MR and optical
imaging modalities, the Meade group synthesized multimeric
contrast agents possessing three Gd(III) chelates and an IR-783
dye. Biodistribution of a PEGylated derivative resulted in
observable fluorescence in xenograft MCF7 tumors and renal
clearance via MR imaging.49

A new theranostic prodrug that undergoes hydrogen
peroxide-mediated boronate oxidation features activation of a
fluorophore for detection and release of the anticancer agent,
SN-38. The prodrug showed effective antitumor activity in a
mouse model of metastatic lung disease. This technology is
proposed for use in imaging and treatment of metastatic
tumors, as these characteristically possess high levels of reactive
oxygen species.50

Gold quantum dots exhibit potentially favorable optical and
magnetic properties as compared to gold nanoparticles.
However, biocompatibility and aqueous stability issues have
limited their use in imaging. New silica encapsulated gold
quantum dots have been synthesized that are called “quantum
rattles.” They are stable in aqueous solutions, and cytotoxicity
studies are promising. In vivo studies show that they lead to
improved drug delivery and reduced tumor burden via
photothermal therapy. They couple three imaging modalities:
near-infrared fluorescence, photoacoustic, and magnetic reso-
nance imaging.51

The RAF serine/threonine kinases regulate cell growth
through the MAPK pathway. It is known that protein multimers
play a role in RAF activation and tumor responses to RAF
inhibitors. However, the stoichiometry and cellular location of
specific protein multimers involved in RAF activation have not
been reported previously. Nan and co-workers used photo-
activated localization microscopy (PALM) along with quanti-
tative spatial analysis to directly visualize protein multimers in
cells. This study embodies direct confirmation of the existence
of RAF dimers and higher-order multimers as well as their
involvement in cell signaling.52

The prediction of photophysical properties of fluorophores
for superresolution microscopy has been addressed via a new
stochastic approach. This method allows enumeration of
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fluorophores in simulated data and determination of the kinetic
rates governing stochastic photophysics.53 A Rosetta-based
computation was used to design a fluorophore ligase that
accepts the red dye resorufin. The resorufin ligase catalyzes a
site-specific covalent attachment of resorufin to various cellular
proteins in mammalian cell lines and in primary cultured
neurons. This enables specific imaging of cellular proteins by
conventional, as well as superresolution, microscopies.54

A challenge in superresolution microscopy is imaging the 3D
nanoscale morphology of an entire cell. Multifocus microscopy
for volumetric multicolor superresolution imaging was
simultaneously images nine focal planes and captures the
distribution of single molecules. The superresolution imaging of
3D organization was demonstrated with the mammalian
mitochondrial network and yeast microtubules during cell
division.55 Another current challenge in super-resolution
microscopy is quantitative mapping and characterization of
biomolecular species that reside deep inside cells, such as the
nucleus. A reflected light-sheet superresolution microscopy
method enables imaging inside the mammalian nucleus and
molecular counting with single-copy accuracy. The investigators
used this technology to probe the spatial organization of
transcription by RNA polymerase II molecules and to quantify
the extent of their nuclear clustering.56

Superresolution imaging of various nanocatalysts has been
shown to afford unique understanding of single particle
spatiotemporal fluctuations and reactivity patterns. The knowl-
edge gained from such studies guides the design and synthesis
of superior heterogeneous nanocatalysts.57 Quinoxaline-based
semiconducting polymer dots (Pdots) were reported that
exhibit near-infrared fluorescence, ultrahigh brightness, large
Stokes shifts, and cellular targeting capability with low
cytotoxicity. The average per-particle brightness is at least 6
times higher than commercial quantum dots. The utility of
these Pdots was demonstrated via an in vivo microangiography
imaging study using living zebrafish embryos.58 In a related
study, the authors describe squaraine-based semiconducting
polymer dots narrow bandwidth, high QY, and large Stokes
shifts.59

Bright cyan and orange luminescent proteins (nanolanterns)
have been developed for imaging. These proteins enable
multicolor imaging of the rapid dynamics of endosomes and
peroxisomes, the slow dynamics of focal adhesions, and the
simultaneous monitoring of multiple gene expression or
Ca(2+) dynamics in different cellular compartments in a single
cell.60 In a rare example of the application of advanced imaging
and analytical tools to quantitatively measure pathogenicity in
vivo, a unique approach for the investigation of host−pathogen
processes based on medium-throughput 3D fluorescence
imaging was developed. This technology was used for analysis
of Shigella infection in a large tissue volume, including obser-
vation of the targeting of colonic crypts of the guinea pig
colonic mucosa. This enables visualization of host−pathogen
interactions during the progression of infection in a robust,
versatile manner.61

The Glass group has recently reported the design of tunable
fluorescent molecular logic gates for direct visualization of
neurotransmitter trafficking. These gates are designed to afford
a turn-on fluorescence response upon corelease of glutamate
and zinc from secretory vesicles via exocytosis.62 Chang and
co-workers have reported the use of a turn-on probe to image
labile iron(II) in live cells. This probe enables visualization of
changes in iron stores upon iron supplementation or depletion

and can be used to monitor reversible dynamics of iron pools
with vitamin C stimulation or via the hormone hepcidin.63

■ INSTRUMENTATION AND LASER BASED
FLUORESCENCE TECHNIQUES

Lasers have become integral components of many experimental
techniques aimed at detailed investigations of fluorescence from
samples. In this section, we focus primarily on samples in
solution, such as fluorophores dissolved in a solvent or
nanoparticles in colloidal suspension. Related topics including
fluorescence-based microscopy or fluorescence from gas-phase
samples can be found in a previously reported review.64

Standard fluorescence measurements, whereby a sample is
optically excited and the resulting emitted luminescence
spectrum is detected, can often be accomplished using relatively
low-intensity light conditions provided by a lamp, often
coupled with a grating-based monochromator for wavelength
selection of the excitation. However, laser-based methods are
often used when greater optical excitation intensities are
required, such as in cases of nonlinear fluorescence measure-
ments, or when ultrafast temporal resolution of the fluorescence
response is needed.
We use fluorescence and photoluminescence interchangeably

to refer to both emission processes in this section. Photon−
matter interactions can be described by linear and nonlinear
optical processes. Nonlinear optical processes can be described
by use of nonlinear contribution to polarization of a sample
caused by an intense incident laser beam. Nonlinear fluo-
rescence is a powerful technique for investigating the emission
from excited-states that are not accessible with steady-state
fluorescence measurements. Additionally, the emission intensity
in time-resolved emission spectroscopy of a fluorophore is
monitored at different time delays after excitation using laser
pulses with short temporal pulse widths, allowing for precise
temporal resolution. Evaluation of the fluorescence decay
lifetimes provided valuable information on excited-state
dynamics and molecular interactions with the surrounding
environment. The nonlinear emission techniques can also be
successfully implemented in microscopy investigations.65

However, in this review we focus our discussion on ultrafast
fluorescence measurements and nonlinear fluorescence spec-
troscopy of samples in solution.
When light interacts with a sample, such as molecules or

materials, the electric field of the light Ẽ(t) produces a
polarization of the sample P̃(t) given by a generalized equation,

χ χ χ̃ = ̃ + ̃ + ̃ +

= ̃ + ̃ + ̃ +

P t E t E t E t

P t P t P t

( ) ( ) ( ) ( ) ...

( ) ( ) ( ) ...

(1) (2) 2 (3) 3

(1) (2) (3)
(1)

where, χ(1) is the linear or first-order susceptibility, while χ(2)

and χ(3) are the second-order and third-order susceptibilities,
respectively. The terms P̃(1)(t), P̃(2)(t), and P̃(3)(t) are the first-
order, second-order, and third-order polarizations, respectively.
In principle, this power series continues to additional higher-
order terms that are usually negligibly small. Under low light
intensities, this process is normally completely dominated by
first-order or linear spectroscopic interactions such that
polarization of the sample is linearly proportional to the
incident optical electric field and the overall number of photons
absorbed or scattered is linearly proportional to the incent
optical intensity, where the intensity is proportional to the
optical electric field squared. However, under higher intensity
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light, or in samples with larger higher-order susceptibilities, the
second-, third-, or higher-order optical interactions are not
negligible and may even provide a substantial optical signal.
First-order polarization of a sample can either scatter at the

incident optical frequency or absorb a single photon energy
leading to an excited state of the sample that relaxes back to the
ground state by either radiative or nonradiative processes.
Likewise, second-order polarization of the sample can either
scatter at twice the incident optical frequency, in a process
known as second harmonic generation,66,67 or the sample can
absorb the energy corresponding to two incident photons
leading to a higher excited state of the sample and subsequent
relaxation to the ground state through radiative and non-
radiative processes. Second-order and higher-order optical
processes are nonlinear processes and comprise the field of
nonlinear spectroscopy.
Two-photon absorption is a nonlinear process induced by

intense laser radiation where two-photons of equal or different
energies can be simultaneously absorbed causing an electronic
excitation to an excited-state. Nonlinear fluorescence processes
typically require pulsed laser sources with sufficient intensity to
induce a two- or multiphoton excitation. Once two-photon or
multiphoton absorption occurs, the fluorescence spectra can
be acquired in the normal way using a spectrometer and a
detector, and the parameters of the sample or excitation source
such as the relative concentrations, laser power, or laser
wavelength can be varied for systematic investigations of the
light-sample interactions.
Additional information on nonlinear fluorescence signals can

be obtained using emission anisotropy measurements.68

In addition to angular distribution of the emission dipole
direction of the molecule or material, the anisotropy parameter
also contains information on the lifetime of the excited state, as
long-lived excited states have more time to reorient toward a
more isotropic distribution before emission takes place. The
same process can be used for measuring the anisotropy from
nonlinear fluorescence, where the excitation can be a two-
photon multiphoton absorption. As an example, multiphoton
induced emission anisotropy have been performed on biological
molecules.69 These measurements can provide valuable insight
into the characteristics and properties of molecules, proteins,
and DNA molecules since the emission is very sensitive to the
environmental and conformational changes of these molecules.
Ultrafast fluorescence spectroscopy has been widely used for

study of fluorescence processes at femtosecond to nanosecond
temporal resolution. This can be accomplished through use of a
single pulsed laser, where time-resolved fluorescence is mea-
sured using various detection methods such as time-correlated
single photon counting70 and streak camera,71 with temporal
resolutions on the order of picoseconds to nanoseconds.
A new ultrafast fluorescence spectroscopic technique has

been recently reported, which is inspired from frequency-
resolved optical gating (FROG) and transient grating spec-
troscopy methods. This technique provides the advantage of
broadband detection of optical Kerr gating and low back-
grounds, based on creating a transient grating with an ultrafast
probe pulse that diffracts the fluorescence time-resolved
detection.72 The optical setup consists of a femtosecond laser
beam that passes through a beam splitter to separate the pump
and probe beams with a optical delay line for controlling the
pump−probe temporal delay. The pump pulse excites the
sample, leading to fluorescence emission, while the probe beam
is split into two beams that focus on a Kerr gating medium.

The generated photoluminescence light is then overlapped with
the two ultrafast gate pulses in the χ(3) Kerr gating medium,
where the refractive index is modulated by the optical Kerr
effect, leading to the diffraction of the signal for time-resolved
detection with ultrafast temporal resolution.
Various nonlinear and ultrafast fluorescence processes can be

investigated using intense pulsed lasers. Nonlinear fluorescence
is used to probe two-photon or multiphoton induced processes
in various samples. Nonlinear anisotropy experiments provide
complementary measurements for the study of molecular
orientation and rotational dynamics of various fluorophores.
Additionally, ultrafast fluorescence spectroscopy can be used to
probe the excited-state relaxation processes with ultrafast
temporal resolution in various samples for applications such
as nanomedicine, solar energy, and optoelectronics.

Nonlinear Emission Processes in Fluorescence Spec-
troscopy. Nonlinear emission responses of fluorophores and
fluorescent nanoparticles provide valuable information about
relevant spectroscopy, excited-states, conformational properties,
and photodynamics, including excited-state relaxation, electron
transfer, and energy transfer dynamics from a wide variety of
samples. Nonlinear emission can be investigated for samples in
solid-state,73 biological tissue,40 and colloidal suspensions.74 In
this section, we focus our discussion and review on important
experimental results of nonlinear emission processes from
various samples in solution, including organic molecules in
solution, dissolved polymers, ionic liquids, biological materials,
and colloidal nanoparticles. Techniques such as two-photon
fluorescence, multiphoton fluorescence, and up-conversion
fluorescence will be discussed, along with corresponding
anisotropy measurements. Time-resolved measurements will
also be discussed, including time-resolved up-conversion
fluorescence, two-pulse emission modulation measurements,
time-resolved fluorescence anisotropy, and transient absorp-
tion. These measurements provide valuable insights into the
excited-state dynamics, charge and energy transfer, conforma-
tional dynamics, and optical gain of these samples for advances
in potential applications such as photonics, drug delivery,
cancer therapy, photovoltaics, and optoelectronics.
In the nonlinear optical process of two-photon induced

photoluminescence, according to eq 1, the signal will depend
on the square of the incident light intensity. Therefore, two-
photon fluorescence signals typically grow quadratically as a
function of the incident excitation light intensity. For this
reason, two-photon fluorescence and other nonlinear spectro-
scopic investigations are often performed using intense pulses
of light, with excitation pulse widths usually on the nanosecond
to femtosecond time scales. By varying the excitation wave-
length, nonlinear spectroscopy, including two-photon absorp-
tion and two-photon fluorescence, of a wide range of samples
can be studied in detail to understand the molecular
interactions under intense incident light. As an example, a
series of studies on the two-photon absorption properties and
subsequent two-photon fluorescence of a series of cyanoacetic
acid triphenylamine derivatives in toluene were recently
reported.75 Here, the electron donor groups employed are
the triphenylamine moiety, cyanoacetic acid moiety as electron
acceptor groups, and vinylene or phenylethyne as the π-bridge.
It has been shown that the two-photon absorption cross section
is affected by the length of the π conjugation chain in the
infrared region, which leads to enhanced two-photon excited
fluorescence. Additionally, comparing the one-photon induced
fluorescence to corresponding two-photon induced fluorescence,
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along with the corresponding one-photon and two-photon
absorption spectra, allows for a more detailed understanding of
a molecule’s interactions with light. Spectral shifts often occur
between linear and nonlinear responses due to different spec-
troscopic symmetry, selection rules, and Franck−Condon factors.
These studies can provide information on how nonlinear optical
response varies with sample composition and can set the stage
for additional time-resolved nonlinear optical measurements for
determining the quantum mechanical energy relaxation dynamics
in molecules and materials.
Nonlinear fluorescence measurements also provide detailed

spectroscopic information for investigations on a variety of
different nanoparticle samples in colloidal suspension. A recent
study on plasmonic nanoparticles reports on the effect of various
solvents on two-photon fluorescence of gold nanorods.76 These
measurements were performed in different organic solvents
such as DMF, DEG, CH3OH, C2H5OH, CH3CN, DMSO, and
DMF and the results were compared to gold nanorods in water.
Here it was observed that two-photon induced emission is
significantly quenched in organic solvents compared to water.
Figure 2 is a plot of relative intensity of the two-photon

fluorescence spectra of gold nanorods dispersed in different
solvents. Such measurements often enable subsequent measure-
ments, such as transient absorption studies or time-resolved
fluorescence measurements, which allows investigators to
determine the mechanism for quenching or enhancements in
nanoparticle samples. Here, time-resolved transient absorption
measurements determined that electron transfer from the
gold to the polymer is the primary process that leads to the
fluorescence quenching. Nonlinear fluorescence measurements
provide important nonlinear optical characterizations for a wide
variety of nanomaterials.
In recent years, great interest has emerged regarding

lanthanide-doped colloidal nanoparticles for potential applica-
tions in biological imaging and single molecule tracking. When
excited using near-infrared radiation, these doped nanoparticles

emit stable luminescence in the visible spectrum through the
nonlinear process called up-conversion, which is strong, stable
corollary to two-photon fluorescence. The narrow and spectrally
pure emission of up-converting NaYF4 nanocrystals can be
achieved through multiple doping with lanthanide ions.77

Through this method, it is possible to develop different doped
nanoparticles with controlled, spectrally pure up-converted
emission spectra. Figure 3 is a display of the emission spectra

of lanthanide doped-NaYF4 nanocrystals after excitation with
980 nm pulses. The spectrally pure and highly tunable emission
achieved is via different energy transfer pathways between
different lanthanide ions doped into the nanoparticle crystal
matrix, which makes these nanomaterials suitable for diverse
optical applications. The effect of varying the temperature on
the up-conversion emission of Er-doped single-crystal perov-
skite PbTiO3 nanofibers was also investigated,78 where the high
tetragonality and spontaneous polarization of perovskite can be
controlled by changing the temperature. This method allows
for additional control of the intensity of the luminescence.
These lanthanide-doped nanoparticles can be studied and
optimized for biological imaging applications using nonlinear
fluorescence spectroscopy.
Time-resolved fluorescence is a widely used technique for

study of chemical, structural, and electronic dynamics in a
variety of samples such as proteins, molecular dyes, and nano-
materials. In time-resolved fluorescence, an excitation pulse,
often from an ultrafast laser, provides sample excitation, and the
fluorescence signal or spectrum is measured as a function of
the delay time. Temporal resolution faster than the excited-state
lifetime is needed to track the evolution of the signal strength,
spectrum, or anisotropy on the appropriate time scale. Several
instrumental techniques can be implemented for these mea-
surements, including time-correlated single-photon counting
and time-dependent fluorescence up-conversion. Time-resolved
fluorescence up-conversion was used to investigate the
dynamics of higher-lying excited-states in cyanine dyes to
probe energy transfer from cyanine excited-states only
accessible through two-photon excitation for applications in
two-photon photosensitizers.79 Here, the time-resolved fluo-
rescence signal is up-converted in a nonlinear crystal using a
probe pulse for subpicosecond temporal resolution of the
fluorescent signal. It was shown that these dynamics strongly
depend on the dye structure and the conjugation length.

Figure 2. Relative intensity of two-photon fluorescence peaks of gold
nanorods dispersed in various solvents. Inset: Two-photon fluo-
rescence spectra of gold nanorods dispersed in water and the other
organic solvents under study. Reproduced from Zhao, T.; Jiang, X.-F.;
Gao, N.; Li, S.; Zhou, N.; Ma, R.; Xu, Q.-H. J. Phys. Chem. B 2013,
117, 15576−15583 (ref 76). Copyright 2013 American Chemical
Society.

Figure 3. Emission spectra of NaYF4 nanocrystals doped with Er3+/
Pr3+/Yb3+ (2/2/2 mol %), Ym3+/Tb3+ (2/2 mol %), and Er3+/Tm3+

(2/2 mol %). Reproduced from Chan, E. M.; Han, G.; Goldberg, J. D.;
Gargas, D. J.; Ostrowski, A. D.; Schuck, P. J.; Cohen, B. E.; Milliron, D.
J. Nano Lett. 2012, 12, 3839−3845 (ref 77). Copyright 2012 American
Chemical Society.
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Time-resolved fluorescence up-conversion was also used to
investigate the dynamics of carrier recombination at the surface
of CdSxSe1−x nanocrystals.80 These nanocrystals possess a
quasi-type-II electronic band alignment characterized by
confinement of only a single carrier. This process hinders
charge recombination due to formation of surface trap states,
which can reduce fluorescence quantum yields. The temporal
delay between excitation of the carriers and beginning of
emission from the nanocrystals known as rise time τrise, provide
valuable information on the surface charge trapping. Figure 4a

shows a representative fluorescence upconversion time profile
of CdS0.39Se0.61. The change in τrise at different sulfur
composition of the nanocrystal is illustrated in Figure 4b. By
increasing the sulfur composition, the hole-trapping process
was eliminated and an increase in the hole relaxation lifetime to
the valence band is observed.
Gold nanorods and coupled gold nanospheres exhibit strong

two-photon induced emission81 that can be utilized in numerous
applications such as two-photon sensing and imaging. However,
more information on the mechanism behind this strong two-
photon photoluminescence is essential for development and
optimization of such applications. Femtosecond two-pulse
emission modulation spectroscopy was used to further inves-
tigate these phenomena.82 It was shown that decay times for
the profiles of the cross contribution are 4.0 ± 0.2 ps and 3.1 ±
0.1 ps for gold nanorods and coupled gold nanospheres,
respectively. These values are in agreement with the lifetimes of
the intermediate states obtained from time-resolved trans-
mittance measurements. These results prove that strong two-
photon induced emission is due to sequential absorption of
two-photons from the ground-state to the excited-state
mediated by a real intermediate state. Figure 5 is a time profile
obtained from two-pulse emission modulation of coupled gold
nanospheres obtained by spatially and temporally overlapping
two femtosecond laser beams centered at 800 nm.
Time-resolved fluorescence anisotropy is another powerful

method to probe energy transfer dynamics between fluoro-
phores at different molecular orientations. Here, the fluo-
rescence anisotropy is measured using an up-conversion
nonlinear crystal using a probe beam, at different polarizations.
Ultrafast fluorescence up-conversion anisotropy was used to
investigate the solvent-dependent energy transfer in different
dendrimers composed of triarylamine groups connected by
triazole linkers.83 These measurements show that the anisotropy

decay is controlled by the two competitive processes of
solvation effect and incoherent energy transfer between the
different dendrimer branches.
The implementation of pulsed lasers allows for study of

nonlinear optical phenomena that are not accessible with
normal, continuous light sources. Nonlinear emission is widely
used as the basis of various spectroscopy techniques such as
two-photon fluorescence, multiphoton fluorescence, and up-
conversion fluorescence, along with corresponding anisotropy
measurements. These powerful techniques can be employed to
investigate the nonlinear emission response of various materials
such as organic fluorophores, polymers, molecules in the gas
phase, solid-state samples, and nanomaterials. Nonlinear
emission spectroscopy in colloidal samples is used to investigate
the properties of various organic and polymer materials, nano-
materials, ionic liquids, and biological materials. The different
spectroscopy techniques used are essential for characterization
of excited-states phenomena that are not accessible by steady-
state emission studies. Additionally, fluorescence anisotropy is
used to probe the conformational changes of molecules and
polymers. Time-resolved spectroscopy, including time-resolved
upconversion, two-pulse emission modulation, and time-
resolved fluorescence anisotropy measurements using femto-
second excitation pulses offers valuable tools to study the
excited-state decay dynamics in various systems. These non-
linear and time-resolved fluorescence measurements provide
fundamental studies on the excited states and dynamics of
molecules and nanomaterials for developing new applications in
fields such as nanomedicine, molecular sensing, photovoltaics,
and optoelectronics.

■ TOTAL LUMINESCENCE AND SYNCHRONOUS
EXCITATION SPECTROSCOPIES AND RELATED
TECHNIQUES

Total luminescence (TL) and synchronous fluorescence spec-
troscopy (SFS) have garnered tremendous activity over the past
2 years, resulting in a large number of research articles
published in this area. Total luminescence spectroscopy moni-
tors intensity as a function of many experimental parameters,
including excitation and emission wavelengths, the polarization

Figure 4. (a) Fluorescence upconversion time-profiles of CdS0.39Se0.61.
(b) The rise time obtained from the time-resolved upconversion
measurements of CdSxSe1−x nanocrystals at different sulfur composi-
tion. Reproduced from Keene, J. D.; McBride, J. R.; Orfield, N. J.;
Rosenthal, S. J. ACS Nano 2014, 8, 10665−10673 (ref 80). Copyright
2014 American Chemical Society.

Figure 5. Time-profile obtained from the two-pulse emission
modulation measurements of coupled gold nanospheres. Reproduced
from Jiang, X.-F.; Pan, Y.; Jiang, C.; Zhao, T.; Yuan, P.; Venkatesan, T.;
Xu, Q.-H. J. Phys. Chem. Lett. 2013, 4, 1634−1638 (ref 82). Copyright
2013 American Chemical Society.
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(both linearly and circularly polarized light), and luminescence
decay time.
In many articles, the basic forms of TL spectra are often

termed as an excitation emission matrix (EEM) or a three-
dimensional spectrum. Total luminescence provides rich
information about excited states, molecular interactions, and
microenvironments. Synchronous fluorescence spectros-
copy (SFS) is a measure of fluorescence intensity through
synchronous scanning of both the excitation and emission
monochromators.
Pavitra et al. have synthesized a series of Dy3+ ion single-

doped and Dy3+/Eu3+ ion codoped white-light emitting SrY2O4
nanocrystalline phosphors using a citrate sol−gel method.
The cathodoluminescence (CL) spectra confirmed that the
penetration depth is inversely proportional to the total atomic
weight and atomic number of the compound. Measurement of
cathodoluminescence (CL) spectra confirmed that the
penetration depth is inversely proportional to the total atomic
weight and atomic number of the compound.84

Lu et al. have prepared monodispersed, nanometer-size,
periodic mesoporous organosilicas for effective screening of
drugs and therapeutic protocols for diseases. These multi-
fluorescent nanoparticles have intrinsically different and finely
tunable pore surface polarities governed by the type and
amount of fluorophore inside the framework.85

Some spectroscopy and imaging techniques have proved
valuable for early detection of cancer. For example, the
Miroslay group used EEM and total SFS of normal and
malignant breast tissue specimens to serve as data inputs in the
development of a Support Vector Machine (SVM) based
diagnostic tool. Various input combinations were tested for
classification accuracy using SVM prediction against histo-
pathology results. Using SFS data, SVM provided 100%
sensitivity and specificity for several data input combinations.86

Also, based upon SFS, the group reported differences in the
luminescence responses of pigmented human skin and
nonpigmented human skin. The differences in fluorescent
characteristics were more distinct in SFS spectra than in
conventional emission and excitation spectra.87

Rajasekaran et al. characterized and distinguished urine
samples from normal and cancer patients via use of SFS.
Different ratio parameters were calculated from the values of
synchronous luminescence spectra and the parameters were
used as input variables for a multiple linear discriminant
analysis across normal and cancer groups. The stepwise analysis
classifies 90.3% of the original grouped cases correctly.88

Abdel-Aziz et al. used beta-cyclodextrin and Calix(8)arene as
fluorescence enhancers in a novel SFS technique to quantify
benzo(a)pyrene in contaminated water samples. The method
showed a detection limit of 380.00 pg/mL, which is well below
the maximum level set by the Environmental Protection
Agency.89

During this review period, much research has been done on
detection of metals in various matrices. For example, Change et
al. found that the photoluminescence (PL) of 11-mercaptoun-
decanoic acid (11-MUA)-protected gold nanodots (Au NDs)
was highly dependent on capping ligands and the ligand
density. Because PL of the Au NDs-ligand species increased
upon increasing the ligand density and chain length, they could
be used as probes for detection of total mercury ions (organic
and inorganic).90

Wang et al. have synthesized luminescent hybrid porous
polymers (LHPP) with high thermal stability that could be

used as sensors for chemical explosives. Their luminescent
properties were quenched by nitroaromatic explosives and
could be tuned by altering the reacting species and reaction
conditions.91

■ LUMINESCENCE TECHNIQUES RELEVANT TO
BIOLOGICAL AND CLINICAL MEASUREMENTS

Various luminescent techniques for detection of cells or
biological analytes have been introduced during this review
period. As one example, chemiluminescence-based techniques
have been reported for detection of several bioanalytes. Zhang
and co-workers have developed an interesting rolling circle for
amplification-induced detection of DNA methyltransferase.92

Ju et al. have used an array-based chemiluminescence imaging
method to detect protein targets in a high-throughput format.
In this regard, they used a proximity-dependent DNAzyme to
produce chemiluminescent signals.93 Ultrasensitive detection of
DNA, via chemiluminescence, has been reported by Li and
Gao.94 These authors combined exonuclease-assisted signal
amplification and a carbon nanotube-assisted background
reduction approach to facilitate sensitive detection of DNA.
Chemiluminescence resonance energy transfer has also been
used to detect various analytes. Wu and co-workers have
developed an immunoassay for detection of the ovarian cancer
biomarker, CA-125, via chemiluminescence resonance energy
transfer to graphene quantum dots.95 Bi et al. have reported
single-nucleotide polymorphism detection based on ligation
chain reaction and utilizing chemiluminescence resonance
transfer imaging on magnetic particles.96

During this review period, several fluorescent dyes and
probes have been developed for bioanalyte detection or
imaging. Li et al. have developed a new near-infrared
fluorescence probe, with emission greater than 700 nm, for
detection of nitroreductase in zebrafish.97 Divalent zinc ion is
known to play an important role in biology, including
neurotransmission, apoptosis, and cellular metabolism. There-
fore, there is great interest in probes that can detect zinc in
biological environments. The Lippard group has reported a
reaction-based fluorescent sensor for detection of mobile
Zn2+.98 In addition, Peng et al. have reported detection of
Zn2+ by use of dye-assembled up-conversion nanoparticles.99

Many luminescent techniques have been developed for preop-
erative cancer imaging, e.g., radiodiagnosis with 18-Fluorine-100

or Technetium (99 mTc)-101based probes. In contrast, only a
few intraoperative imaging techniques exist for cancer detection
in real time. Real time intraoperative detection of breast cancer
has been achieved by Tummers et al. using a near IR fluo-
rophore, i.e., methylene blue.102 Using indocyanine green, Yuen
and co-workers have demonstrated detection of sentinel lymph
nodes as well as lymphatic vessels during open prostatec-
tomy.103 Metildi and co-workers have reported use of
activatable cell penetrating peptides (ACPPs) in fluorescence-
guided surgery of pancreatic cancer using orthotopic mouse
models.104 Yano et al. have developed a telomerase-specific
oncolytic adenovirus (OBP-401) that expresses green fluo-
rescent protein (GFP) and have used this GFP-expressing
adenovirus to label pancreatic cancer for fluorescence-guided
surgery in a mice tumor model.105

■ LOW-TEMPERATURE LUMINESCENCE

Low-temperature luminescence and related studies continue to
be areas of active research during this review period. This is
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evidenced by the number of quality publications since the last
review. Many papers involving the utility of low-temperature
luminescence and related studies for characterization of
lanthanide and actinide transition elements, inorganic and
organic complexes, and rare-earth ion doped materials were
published. Novel stannate phosphors, orthorhombic CaSnO3
phosphors doped with Er3+, Nd3+, and Sm3+ were synthesized
by conventional solid-state methods a under N2/H2 gas flow
and subjected to visible and near-IR photoluminescence (PL)
studies.106 The dopant ions were observed to be incorporated
well into CaSnO3 and are responsible for PL emissions in the
temperature range of 10−300 K. The observed PL peaks at 490,
546, 656, 696, 894, 1065, and 1344 nm for CaSnO3:Nd

3+

phosphor was ascribed to the f−f transition of Nd3+ ion.
Emissions at 564, 600−607, 646−656, and 714 nm were
detected for CaSnO3:Sm

3+ samples. The strongest emission,
observed at 600 nm, was ascribed to 4G5/2 →

6H7/2 of Sm
3+.

Emission lines at 528, 548, 662, and 852 nm were also observed
for CaSnO3:Er

3+, corresponding to Er3+ intra4fn shell tran-
sitions. In a related study, the influence of temperature on PL
properties of LiMgPO4 doped with Eu3+ and Eu2+ has been
published.107 Luminescence emission was observed to be highly
dependent on the excitation wavelength. Two broad PL
emission bands, peaking at 380 and 490 nm were also observed.
These emissions were related to 4f65d1 → 4f7 (8S7/2) lumi-
nescence of Eu2+ and to europium-trapped excitation,
respectively, and/or to several sharp lines between the 580
and 710 nm region, ascribed to the 5D0 → 7FJ (J = 0, 1, 2, 3
and 4) transitions in Eu3+. Increased temperature was also
observed to increase intensity of the Eu2+ luminescence. It was
also reported that the charge compensation mechanism for
Eu3+ and Li+ as well as Eu2+ replacing Li+ in the LiMgPO4 is a
long distance compensation that allowed for the existence of
some of the europium ions either as Eu3+ at low temperature or
as Eu2+ at high temperature. It was concluded that Eu2+ in the
Li+ site with long distance compensation yields only 4f65d6 →
4f6 luminescence. In contrast, Eu2+ in the Li+ site with short
distance compensation yields 4f65d6 → 4f6 luminescence and
europium-trapped exciton emission.
A novel compound, dysprosium-based multifunctional ionic

liquid crystals, has been synthesized and its spectral properties
at various temperatures have been characterized.108 The influ-
ence of phase transitions on luminescence as a result of changes
in temperature for this dysprosium based ionic liquid crystal has
also been studied. Luminescence characteristics of two emission
transitions (4F9/2 to 6H15/2 and from 4F9/2 to 6H13/2) at
various temperature (20−100 °C) were investigated. The
change in luminescence intensity at different temperatures was
categorized into three groups: (i) solid crystalline state, (ii)
liquid crystalline state, and (iii) isotropic liquid state, which
shows change in phase (Figure 6).
The unusual red phosphor, Sr2P2O7:Bi

2+, exhibiting
luminescence properties at low (10−300 K) and high (300−
500 K) temperatures was reported.109 Incorporation of Bi2+

ions into Sr2P2O7 resulted in the emissions at ∼660 and ∼698
nm at room temperature and are encoded, as Bi(1) and Bi(2)
due to the substitutions for two different crystallographic sites,
i.e., Sr(1) and Sr(2), respectively, in the compound. At lower
dopant concentrations, a preferential substitution into Sr(2)
sites partially due to size matching was observed. On the
contrary, more Bi2+ ions were found to occupy the Sr(1) sites at
higher concentrations, resulting in distinct changes of emission
intensity ratios of Bi(2) to Bi(1). Increased environmental

temperatures also resulted in increased thermal quenching,
which was suppressed by increasing the Bi2+ concentration. The
Bi(1) emission at ∼660 nm showed antithermal-quenching,
particularly, at higher temperatures, with blue shift of the
overall emission band and almost no change in lifetimes. This
study is envisioned as promoting a future design of heavily
doped phosphors for white light emitting diodes (WLEDs)
with better resistance to thermal quenching. In a related study,
the result of color-tunable luminescent organoclay-based hybrid
materials, with potential applications in WLED and thermo-
sensors was reported.110 These hybrid composites (both as
powder and transparent film) were prepared by simple mixing
of an organic sensitizer, aminoclay (a.c.), and lanthanide (Ln3+)
in aqueous solution and subjected to PL analysis. It was
observed that the emission color of a compound can be fine-
tuned by changing various parameters, including the molar ratio
of Eu3+ to Tb3+, the excitation wavelength, and the temperature.
The study resulted in white light with satisfactory color
coordinates. The emission intensity ratio of the 5D4 → 7F5
transition (Tb3+) to the 5D0 → 7F2 transition (Eu3+) of the
composite containing both Eu3+ and Tb3+ was also observed to
be linearly related to temperature at 78−288 K. These
characteristics make the composite particularly suitable for
optoelectronic devices such as thermosensors and WLEDs.
Another study has reported on thermoluminescence (TL)

spectral properties of samples of natural albite, NaAlSi3O8
in Brazil.111 The mineral was a solid solution of K-feldspar
(4600 ppm, K) and Ca-feldspar (1100 ppm, Ca). The TL
spectra of natural and preannealed albite at high temperatures
showed a very intense band around 275 nm and weaker bands
around 400 and 560 nm. Other TL properties were investigated
through monochromatic (275 and 400 nm) glow curves. The
electron paramagnetic resonance (EPR) spectrum measured at
low temperature (77 K) showed the typical 11 lines signal
due to an Al−O−−Al center superposed on the Fe3+ signal

Figure 6. Temperature-dependent luminescence intensity from 4F9/2
to 6H15/2 transition (blue light emission, excitation at 366 nm) of
[(−)EphC16H33]5 [Dy(SCN)8] ionic liquid crystal in ethanol and
their micrographs obtained from polarized optical microscope.
Reproduced from Lu, C.; Das, S.; Siraj, N.; Magut, P. K. S.; Li, M.;
Warner, I. M. J. Phys. Chem. A 2015, 119, 4780−4786 (ref 108).
Copyright 2015 American Chemical Society.
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around g = 2.0. However, the EPR spectra above 260 K showed
only the g = 2.0 signal due to the Fe3+ ions. The results of
temperature dependent PL of MgZnO epitaxial layers with high
Mg content was investigated to gain a better insight of the
influence of carrier localization on PL dynamics was
published.112 The result of the study showed a double blue-
shift of the PL peak position with increases in temperature. The
randomly distributed carrier localization centers in the MgZnO
films resulted in two energy separated Gaussian-shape density-
of-states tails in the vicinity of the fundamental band gap edge.
The filling of these tail states by the thermally activated carriers
with increased temperature resulted in a temperature-induced
double blue-shift of the PL peak position. Magnesium content
and crystal structure of the MgZnO epitaxial layers were
observed to have considerable influence on double blue-shift of
the PL peak position.
Layered rare-earth terbium hydroxides (NO3-LTbH) co-

doped with Gd3+ (NO3-LTbH:Gd) also prepared by hydro-
thermal method using modified sensitizers (L) were
reported.113 Compared with the NO3-LTbH precursor, the
sensitizer-modified NO3-LTbH:Gd was found to exhibit high
luminescence intensity and high luminescence quantum
efficiency (Φ = 33%) due to the synergistic effect of codoped
Gd3+ and intercalated sensitizers in the organic−inorganic
hybrid materials. The results of the study indicated that the
synergistic effect of significant Tb3+ luminescence enhancement
was caused by Gd3+ inducing a cascaded energy transfer from
the host to Tb3+ via organic sensitizers. The LTbH:Gd was also
observed to have multiple roles, including energy-transfer
bridges that connect the sensitizers and Tb3+ (in host) to
enhance the characteristic emission of Tb3+ and the
phosphorescence of sensitizers, while also act as host matrixes
for the sensitizers. A SrWO4 single crystal was successfully
synthesized using the Czochralski pulling method.114 Lumines-
cence spectrum under X-ray excitation of a bulk SrWO4 single
crystal was observed to show a broad emission band from 300
to 700 nm at room temperature. The decay time spectrum was
reported to contain two components of 2.6 ns (5.7%) and
522 ns (94.3%) at room temperature. A change in the light
yield and decay time was observed between 10 and 300 K. Most
importantly, the luminescence yield of SrWO4 at 125 K was
found to be 8 times higher than at room temp. It is of
significant interest to note that the SrWO4 decay time gets
longer by a factor of 51 as the temperature decreases down to
10 K.
In another study, luminescence properties of the promising

cryogenic scintillator Li2MoO4 were investigated in the
temperature region of 2−300 K during this review period.115

In this study, the Li2MoO4 single crystals were grown using the
conventional Czochralski method and the low-temperature
gradient Czochralski technique. The bandgap of Li2MoO4 was
established using the luminescence excitation and reflectivity
spectra. Three luminescence bands with the maxima at 1.98,
2.08, and 2.25 eV were observed in the emission spectra of
Li2MoO4 crystals. Two high-intensity peaks were also observed
at 22 and 42 K in the thermoluminescence curves of both
studied crystals due to the thermal release of self-trapped
charge carriers. The coexistence of self-trapped electrons was
believed to be the major factor responsible for poor scintillation
light yield of Li2MoO4 at low temperatures. The first
observation of low temperature luminescence of CoO crystals
under synchrotron irradiation was also reported.116 At 8 K, the
PL of CoO was characterized by smaller bandwidth and higher

intensity relative to the corresponding PL band of NiO.
Interestingly, the PL excitation spectra of CoO and NiO were
found to be identical. The position of the band related to
charge transfer from oxygen ions to the 3d-shell of cobalt ions
was also determined, with the excitation energy observed to be
3.5 eV.
In another study, sulfide and oxysulfide bulk glasses Ga−La−

S−O, Ge−Ga−S, and Ge−Ga−As−S doped, or codoped, with
various rare-earth (RE3+) ions was investigated for their room
temperature transmission and low-temperature PL.117 Photo-
luminescence spectra were collected using external excitation
into the Urbach tail of the fundamental absorption edge of the
host glass. The results from this study indicated that low
temperature PL spectra were dominated by the broad-band
luminescence of the host glass, with relatively sharp super-
imposed emission bands due to radiative transitions within 4f
shells of RE3+ ions. The dips in the host glass luminescence due
to 4f−4f up-transitions of RE3+ ions were also observed in the
Ge−Ga−S and Ge−Ga−As−S systems, providing direct
experimental evidence of energy transfer between the host
glass and respective RE3+ dopants.
The use of low temperature PL for optical characterization of

several nanoparticles, nanomaterials, carbon nanotubes, and
quantum dot materials has also attracted considerable attention.
For example, results of temperature-dependent luminescence of
structurally precise Au25(SC8H9)18 and Au38(SC12H25)24
monolayer-protected cluster (MPC) nanoparticles at low
temperature ranging from 4.5 to 200 K following electronic
excitation using 3.1 eV pulsed lasers have been published.118

The integrated PL intensity for Au25(SC8H9)18 was observed to
be highly temperature dependent. A considerably high increase
of approximately 70% PL intensity was observed as the sample
temperature increased from 4.5 to 45 K. The PL intensity was
also found to be statistically invariant for temperatures between
45 and 65 K. However, PL was quenched at temperatures
>65 K. Quantitative analysis of PL emission energies and peak
widths obtained at sample temperatures >45 K indicated that
MPC nonradiative relaxation dynamics are mediated by
coupling to low-frequency vibrations associated with the ligand
shell that passivated the nanoclusters, which accounted for the
low emission yields at high sample temperatures. Contributions
from two different vibrational modes were further observed:
Au(I)−S stretching (200 cm−1) and Au(0)−Au(I) stretching
(90 cm−1). In addition, the magnitude of electronic−vibration
coupling was observed to be state-specific and consistently
larger for the high-energy portions of the PL spectra. The PL of
single-wall carbon nanotubes with a varying spectral profiles
ranging from ultranarrow lines in suspended nanotubes to
broad and asymmetry line shapes at low temperature was also
reported.119 This study provided a complete set of PL profiles
in matrix embedded nanotubes including unprecedented
narrow emission lines. It was also reported that the diversity
of the low temperature luminescence profiles in nanotubes
originated in tiny modifications of their low-energy acoustic
phonon modes. It was also reported that when low-energy
modes are locally suppressed, a sharp photoluminescence line
as narrow as 0.7 meV is restored. Multipeak luminescence
profiles with specific temperature dependence also showed the
presence of confined phonon modes.
In another study, hydride vapor phase epitaxy (HVPE) was

utilized to grow low-defect GaN.120 The undoped films were
grown on sapphire and was subsequently subjected to steady-
state and time-resolved PL analysis. One of the observed
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dominant PL bands in high-quality GaN grown by HVPE was
the green luminescence (GL) band, with a maximum at 2.4 eV.
This PL band was easily recognized in time-resolved PL mea-
surements due to its exponential decay even at low temper-
atures (<50 K), with a characteristic lifetime of 1−2 μs. The PL
lifetime for the GL band was reported to increase by an order
of magnitude as the temperature increases from 70 to 280 K.
The authors explained this unusual phenomenon on the
assumption that the electron-capture coefficient for the GL-
related defect decreases with temperature as T−2.6.
A ligand-assisted reprecipitation strategy for fabrication of

brightly luminescent and color-tunable colloidal CH3NH3PbX3
(X = Br, I, Cl) quantum dots with absorption quantum yield up
to 70% at room temperature and low-excitation fluencies has
been described.121 The quantum dots average diameter size was
found to influence the PL quantum yield of quantum dots.
For example, CH3NH3PbBr3 quantum dots of average diameter
3.3 nm were observed to have a more intense PL quantum
yield than the corresponding micrometer-sized bulk particles
(2−8 μm). This observation was due to the increase of exciton
binding energy as a result of size reduction and proper
chemistry passivation of the Br-rich surface. Wide-color gamut
WLEDs using green emissive CH3NH3PbBr3 quantum dots
and red emissive K2SiF6:Mn4+ as color converters were also
fabricated to further provide enhanced color quality for display
technology. The colloidal CH3NH3PbX3 quantum dots are
expected to exhibit interesting nanoscale excitonic properties,
with potential practical applications in lasers, electrolumines-
cence devices, and optical sensors
Photoluminescence studies of CdSiO3:Cr

3+ (1−9 mol %)
nanophosphor was also synthesized by a low-temperature
solution combustion technique and subjected to low PL
analysis.122 The PXRD results revealed that the samples
produced well formed with monoclinic crystals. With the
average crystallite sizes established by Scherrer’s method,
Williamson−Hall (W−H) plots and size-strain plot were
found to be in the range of 20−45 nm, with the energy band
gap range of 5.42−5.47 eV. The nanophosphor PL analysis
showed an intense emission peak at 691 nm for the excitation
wavelength of 361 nm, corresponding to 2Eg →

4A2g transition
of the R-line of chromium. Racah parameters were used to
describe the effects of electron−electron repulsion within the
crystal lattice. The PL intensity was found to increase with
increased in Cr3+ concentration. The highest PL intensity was
observed from the 7 mol % doped sample. However, a decrease
in PL intensity due to cross relaxation as result of concentration
quenching was observed with further increases in Cr3+ concen-
tration. The chromaticity coordinates and correlated color
temperatures of all the phosphors were also observed to be
located in the red region, with a high potential for the
fabrication of the red component of WLEDs.
Low-temperature synthesis and characterization of micro-

structural, morphologic, and optical properties of Mn-doped
ZnO nanorod array films via chemical bath deposition on glass
substrates was also reported.123 X-ray diffraction patterns
showed sharp, intense peaks, demonstrating the highly crys-
talline nature of the film. Energy dispersive X-ray (EDAX) and
scanning electron microscopy (SEM) were further utilized to
confirm the presence of Mn2+ ions in ZnO nanorods. Scanning
electron microscopy analysis suggested that Mn-doped ZnO
nanorods were well aligned and distributed throughout the
surface. A room- temperature PL showed the presence of one
broad defects-related band in the visible region in the range

440−640 nm. In another study, low-temperature luminescence,
luminescence excitation, and luminescence imaging spectros-
copies were explored to investigate the optical and electronic
properties of GaAs/AlGaAs quantum well tube (QWT) hetero-
structured nanowires (NWs).124 The result of the study
indicated that GaAs QWTs with widths >5 nm have electronic
states which are delocalized and continuous along the length of
the NW. However, a decrease in the NW QWT width from
5 to 1.5 nm resulted in only a single electronic state bound to
the well, with no optical excitations to a confined excited state.
These quantum-dot-like states broaden at higher temperatures
and quench at temperatures >80 K. The lifetimes of these
localized states were also observed to vary from dot to dot from
160 to 400 ps. The study concluded that the presence of
delocalized states and then localized states as the QWTs
become more confined, may provide opportunities and chal-
lenges for possible incorporation into quantum-confined device
structures.
A two-step strategy for synthesis and fabrication of 3D

flower-like Co3O4 hierarchical microstructures, from 3D flower-
like α-Co(OH)2 microstructures assembled by hexagonal
porous nanoplates was published.125 The 3D flower-like
α-Co(OH)2 microstructures were synthesized by use of a facile
surfactant-free low temperature hydrothermal process and
fabricated by annealing the obtained 3D flower-like
α-Co(OH)2 microstructures. The results of X-ray diffraction
and Raman spectrum analyses have revealed that the hierar-
chical microstructures formed from 3D flower-like α-Co(OH)2
microstructures are composed of pure cubic phase Co3O4.
However, SEM analysis showed Co3O4 microstructures to
exhibit 3D flower-like hierarchical structures assembled by
hexagonal porous nanoplates. Photoluminescence study in-
dicated that these novel 3D flower-like Co3O4 hierarchical
microstructures displayed a strong broad emission in the visible
range of 650 to 800 nm with a peak at around 710 nm (1.75 eV),
which was very close to the indirect optical band gap of 1.60 eV
for a Co3O4 thin film. The results of this study further showed
that the PL emission likely originates from an indirect optical
band gap emission. The broad PL emission was associated with
a wide size distribution of porous nanoplates in 3D hierarchical
microstructures. Accordingly, these 3D flower-like Co3O4
hierarchical microstructures, with unique optical properties,
will likely have applications in visible light emitting materials.
Investigation of low temperature PL of several organic

compounds and transition element organic complexes also
generated considerable interest during the review period. For
example, the luminescence of high-quality solvent-free PCBM
([6,6]-phenyl-C61-butyric acid Me ester) crystals between room
temperature and 4 K was reported.126 The PL spectra of PCBM
crystals were observed to become increasingly well-structured
as the temperature is lowered, with extremely well-resolved
emission lines (and a minimum line width of ∼1.3 meV at
1.73 eV). The observed structured emission was attributed to a
vibronic coupling model such as Franck−Condon, Jahn−Teller,
and Herzberg−Teller effects. It was also reported that the
optical transitions are not formally forbidden from the low-
lying excited states of PCBM. However, the high symmetry of
the electronically active fullerene core limits the intensity of the
0−0 transition. The simulation studies also suggested that the
emissive state of PCBM can be considered as a mixture of the
T1g and Hg excited states of C60. Consequently, the Hg state was
reported to play a more considerable role in the relaxed excited
state of PCBM than in that of C60. In another study, the
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reported synthesis of a series of three Pt(II) complexes with
doubly cyclometalating terdentate ligands L1, L1H2 = 3,6-bis-
(p-anizolyl)-2-carboranyl-pyridine, with di-Et sulfide (1),
triphenylphosphine (2), and t-butylisonitrile (3) as ancillary
ligands forming organic light emitting diodes was published.127

X-ray diffraction studies of 1 and 2 show coordination of the
L1 ligand in a C−N−C mode in which the bulky and rigid
o-carborane fragment was cyclometalated via a C atom. The
new Pt(II) pincer complexes displayed very high luminescence
quantum yields at decay times of several tens of microseconds
even in solutions under ambient conditions. Using the low
temperature (T = 1.3 K) emission decay behavior, the emission
was assigned to a ligand centered triplet excited state (3LC)
with small metal-to-ligand charge-transfer singlet and triplet
(1,3MLCT) admixtures. Phosphorescence was observed to be
quenched by molecular oxygen. Therefore, optical sensors
operating under a wide range of oxygen pressures can be
developed. The new materials can also have potential utility as
emitter materials for diverse optoelectronic applications
because of their high luminescence quantum yields.
Dynamic Luminescence Measurements. Over the past

review period, dynamic luminescence measurements have
generated considerable new research in many areas including,
but not limited to, bioimaging techniques, proteins dynamics,
luminescence lifetimes, and quenching mechanisms. In this
regard, various luminescent nanoscale probes have been
explored for advancing in vivo imaging of biological entities.
Near infrared-emitting long-persistent luminescent nanopar-
ticles (LPLNPs) Zn2.94Ga1.96Ge2O10:Cr

3+,Pr3+ were synthesized
via a citrate sol−gel method combined with calcination, for
long-term in vivo tumor imaging.128 These luminescent
nanoparticles exhibit a high signal-to-noise ratio and deep
tissue penetration without the need for excitation during
imaging. An intense near-infrared emission and a long-lived
afterglow (over 15 days) distinguish these biocompatible
nanoparticles from persistent luminescent nanoscale counter-
parts.128 Lanthanide-doped luminescent upconversion nano-
particles were also synthesized for imaging biological
tissues.129,130 The design of Nd3+-sensitized upconversion
core−shell nanoparticles was efficient in minimizing the laser-
induced overheating effect, usually observed in Yb3+-doped
upconversion nanoparticles. This structural design allows for
energy transfer from Nd3+ (sensitizer excited at 795 nm) to
Yb3+ and Yb3+ to the activator A3+ (Tm, Er, Ho), while
maintaining a spatial separation between Nd3+ in the shell and
A3+ in the core of nanoparticles.129,130 Advanced noninvasive in
vivo imaging was achieved through improvement of spatio-
temporal resolution in fluorescence microscopy, where ultra-
thin light sheets from 2D optical lattices were introduced into
the microscope.131 This technique was applied to imaging of
various intracellular dynamic processes with a reduced level of
photobleaching; these nanoscale processes include three-
dimensional tracking of microtubule growth during mitosis,
cellular processes during the development of embryos, and
cell−cell or cell−matrix interactions (Figure 7).
Single-molecule fluorescence imaging exhibits an amplified

signal when employing a SunTag system to recruit 24 copies of
green fluorescent proteins (GFP) coupled with antibodies to a
polypeptide.132 To test the tagging system in gene tran-
scription, a nuclease-deficient mutant of Cas9 protein (dCas9)
was first labeled with SunTag and coexpressed with antibody-
GFP for imaging. SunTag was then fused with the herpes virus
transcriptional activation domain VP16 and a subsequent

strong activation of gene expression was observed.132 In a
different approach, single-molecule fluorescence spectroscopy
was used to study the folding mechanisms of α-helical
proteins.133,134 The transition path time and the folding time
were experimentally measured using a photon-by-photon
analysis of fluorescence trajectories and a measurement of
Forster resonance energy transfer (FRET) efficiencies of the
dye-labeled protein. It was shown that the kinetics of folding
and unfolding processes are affected by parameters such as
temperature, pH, and viscosities of media.133,134 Protein
conformational changes were monitored by incorporating the
fluorescent amino acid acridon-2-ylalanine (Acd) into proteins
expressed in Escherichia coli.135 Studies of fluorescence lifetimes
of Acd showed that it is quenched by tryptophan and tyrosine
through a photoinduced electron transfer (PET); however, Acd
can also act as a Forster resonance energy transfer (FRET)
acceptor from tryptophan and 7-methoxycoumarinylalanine
(Mcm) fluorophore. PET, FRET, and luminescence resonance
energy transfer (LRET) between Acd and Eu3+ lanthanide were
all used as tools to monitor protein folding and binding
interactions.135 Detection of protein−peptide interactions in
live bacteria was enabled by using a luminescent probe (DBT-
2EEGWRESAI) which consists of two tax-interacting protein-1
(TIP-1)-specific ligands (EEGWRESAI) and one 4,7-di-
(thiophen-2-yl)-2,1,3-benzothiadiazole (DBT) molecule, bound
using a “click” chemistry.136 The probe fluoresces via a turn-on
mechanism in the far-red/near-infrared (FR/NIR) region upon
interaction with protein (TIP-1) and polyprotein (ULD-TIP-1
tetramer). In this study, DBT fluorescence is activated due
to the hydrophobic microenvironment provided by the self-
assembly of the probe−protein complex into spherical or
network-like nanoscale assemblies.136

Rapid measurement of luminescence lifetimes in the micro-
second region has been performed on polystyrene micro-
spheres encapsulated with lanthanide-complexes and coumarin
salt.137 Luminescence resonance energy transfer (LRET)
occurs between the acceptor dye (coumarin) and Eu3+

lanthanide complex donor. The lanthanide lifetimes are tuned
by modifying the dye−lanthanide distance, thereby creating

Figure 7. Lattice light-sheet microscopy. An ultrathin structured light
sheet (blue-green, center) excites fluorescence (orange) in successive
planes as it sweeps through a specimen (gray) to generate a 3D image.
The speed, noninvasiveness, and high spatial resolution of this
approach make it a promising tool for in vivo 3D imaging of fast
dynamic processes in cells and embryos, as shown here in five
surrounding examples. Reproduced with permission from AAAS
(ref 131).
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time-domain suspension arrays. These arrays were applied for
simultaneous detection of different pathogen DNA single
strands by conjugating Eu-LRET microspheres with different
lifetimes to the target DNAs.137 A time-correlated single-
photon counting (TCSPC) board has been developed to
concurrently record the decay of intrinsic fluorescence related
to oxidized flavine adenine dinucleotide (FAD) and the
phosphorescence decay from the oxygen sensitive ruthenium-
complex Kr341, in living cells.138 The TCSPC technique
(TCSPC board TimeHarp 260) was integrated into fluo-
rescence and phosphorescence lifetime imaging (FLIM/PLIM),
a tool highly useful for tissue analysis. In this approach, the
presence of dopamine induces protein binding and causes a
decrease in FAD fluorescence lifetime; however, dopamine
increases the phosphorescence decay time of Kr341 loaded in
cells due to oxygen consumption.138 These luminescence
lifetime studies proved that multiplexing concepts are feasible
in the presence of a mixture of fluorophores as long as the
luminescence decay times are significantly different.
Dynamic photoluminescence quenching and decrease in

lifetime of carbon dots (CDs) have been demonstrated in the
presence of Fe3+. The quenching was found to be temperature-
dependent due to increased collisions between Fe3+ and CDs at
high temperatures. It was also noted that photoluminescence of
CDs was substantially quenched in the presence of the H2O2/
Fe2+ system due to oxidation of Fe2+ into Fe3+ and possible
destruction of emissive groups by hydroxyl radicals. This
temperature-dependent quenching behavior allows use of these
materials as H2O2 sensors.139 Luminescence of the bis(2,9-
dimethyl-1,10-phenanthroline)copper(I) ([Cu(dmp)2]

+) com-
plex was observed to be quenched depending on the solvent
(donating or nondonating solvents).140 Studies show that
luminescence quenching in this case is not due to the formation
of metal-centered exciplex as has been previously postulated but
rather due to interactions of the complex with solvent molec-
ules. This interaction contributes to a change in energy band
gap between the ground state and 3MLCT (metal-to-ligand-
charge-transfer) excited state, thus affecting luminescence
lifetime. In this study, static and time-resolved X-ray absorption
spectroscopy combined with molecular dynamics simulations
were used to understand the photoluminescence quenching
mechanism.140

■ SENSORS
Sensors that rely on fluorescent molecules or nanoparticles to
report the presence or concentrations of an analyte of interest
continue to be an active research area during this review period.
With nearly 800 publications during this review period, this
research has focused on various analytes including ions,
explosives, and others. In this review, we have selected a
small number of articles that represent the most interesting
findings in terms of analytes, sensing systems, and observed
response times and limits of detection.
Detection of explosives, particularly nitroaromatics, contin-

ues to be important subject matter during this review period. In
a study by Zhang et al., a metal−organic framework (MOF)
based sensor has been developed.141 The MOF framework was
found to provide recyclability and stability. This sensor depends
on the electron accepting property of the NO2 groups on the
nitroaromatic explosives, which results in fluorescence quench-
ing attributed to photoinduced electron transfer and reso-
nance energy transfer. The researchers also observed that
TNT detection was possible by use of the naked eye and that

distinction between different nitroaromatic explosives was
possible by detecting shifts in the PL spectra due to different
number of NO2 groups on various nitroaromatic molecules.
In another study from Li et al., a visual method for detection
of trinitrophenol using luminescent graphene quantum dots
has been reported.142 These sensors emitted blue at 450 nm
after excitation with a UV light of 365 nm, while the analyte
quenched this fluorescence due to resonance energy transfer.
The reported limit of detection was 0.091 μmol L−1 and
analysis was possible in aqueous samples. While many
manuscripts in this review period covered detection of
nitroaromatic compounds, Ganiga et al. have developed a
nanosensor system for detection of the explosives pentaery-
thritol tetranitrate (PETN) and cyclotrimethylenetrinitramine
(RDX).143 This sensor was FRET-based as a result of initial
quenching of the fluorescence of diphenylamine with CdS
quantum dots. The analyte interaction with diphenylamine
afforded a decrease in FRET intensity at 585 nm and an increase
in fluorescence of diphenylamine at 355 nm. The authors
reported a respective detection limit of 10 and 20 nM for PETN
and RDX.
Fluorescence sensors based on ionic liquids and GUMBOS

have been reported by Warner and co-workers. As an example,
a novel ionic liquid based fluorescent sensor, i.e., bistrihexadecyl
phosphonium fluorescein ([P66614]2[Fl]), has been synthesized
for selective and sensitive detection (LOD ∼ 300 ng/mL) of
albumin in aqueous medium.144 This IL sensor exhibited strong
interactions with albumins (BSA and HSA). The basis of
sensing is that the IL sensor, ([P66614]2[Fl], is converted from
an aggregated state into a monomeric form upon interaction
with albumin. The result is a drastic increase in fluorescence
intensity of the IL sensor due to formation of the more
fluorescent monomer. This change in fluorescence intensity of
the IL probe for albumin primarily depends upon the amount
of protein sample in the aqueous medium. In a different
study, similar types of ILs, [P66614]2[FL] and [P66614][FL] were
employed in nanodroplet form as a pH sensor (Figure 8).145

Contrasting stacking patterns in the nanodroplets at different
pH values produced drastic changes in spectral characteristic. In
addition, significant color changes were visually observed when
the IL-nanosensor was prepared under different pH conditions.
Similar to our last review, considerable attention has been

given to development of fluorescent sensors for detection of
ionic species. Reports on zinc and copper sensors were the
most abundant, obviously driven by their utility in intracellular
imaging. In a study by Palanimuthu et al., the authors reported
on a glyoxal bis(4-methyl-4-phenyl-3-thiosemicarbazone)
ligand based sensor permeating the MCF-7 cells and binding
to Zn2+ in cell organelles.146 The fluorescence intensity peaked
at ∼550 nm and showed impressive selectivity to Zn2+ as
compared to other metal ions tested. Lin et al. have also

Figure 8. pH dependent color change of [TTP]2[FL] nanodroplets,
Reproduced from Das, S.; Magut, P. K.; de Rooy, S. L.; Hasan, F.;
Warner, I. M. RSC Adv., 2013, 3, 21054−21061 (ref 145), with
permission of the Royal Society of Chemistry.
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developed a sensor for labile Zn2+ in the endoplasmic reticulum
using benzoresorufin.147 Benzoresorufin was functionalized
with dipicolyl- or picolyl-amine groups and displayed an in vitro
8.4-fold fluorescence emission enhancement after complexing
with Zn2+, with similar results obtained in vivo in natural stem
cells. The spontaneous localization of the sensor in the
endoplasmic reticulum of different cell types allowed for zinc
level monitoring specific to that organelle. This behavior was
useful for studying the connection between various cellular
phenomena and Zn2+ in the endoplasmic reticulum. The detec-
tion of potassium ions using a fluorescent sensor has been
reported by Liu and coauthors.148 By improving the fluo-
rescence intensity of thioflavin T after binding to G-quadruplex,
the authors developed a K+ sensor with a detection limit of
1 mM. The fluorescence enhancement in this sensor was
produced by rotational restrictions of the benzothiazole and
dimethylaminobenzene rings in the excited state G-quadruplex-
thioflavin T complex. The authors proposed a molecular rotor
mechanism and confirmed this hypothesis by using a nonrotor
analogue of thioflavin T.
A fluorescent sensor based on a metal-ion indicator dis-

placement assay has been developed for detection of sulfur
mustard simulants in water.149 Allowing the analyte to react
first with dithiol yields podand with high affinity to Cd2+.150

This complex then displaces Cd2+ from a metal:indicator
complex based on 3-methylesculetin, turning on the
fluorescence of the freed indicator. A similar concept relying
on the displacement of quencher from an indicator complex
was developed for detection of copper ion (Cu2+). Use of
isothiocyanate functionalized gold nanoparticles coated with
FITC produced a FRET-quenched fluorescence. Upon addition
of cysteine, the FITC could be displaced leading to recovery of
fluorescence intensity. However, in the presence of Cu2+, O2
oxidation of cysteine occurs and the displacement does not
occur, leading to quantitative detection of Cu2+ with a detection
limit of 0.37 nM.
Other cellular imaging sensors based on near-infrared

fluorescent sensor Cy-NO2 have been developed using a photo-
induced electron transfer quencher nitrothiophenol group.151

This sensor undergoes displacement of nitrothiophenol with
thiol to recover the fluorescence intensity. Biological thiols
including cysteine, homocysteine, and glutathione play crucial
roles in maintaining redox balance of biological systems. These
thiols replace the thiolate to form amino-substituted products
that afford discrimination of cysteine from homocysteine and
other thiols which the authors used for imaging cysteine in
living cells. This research group has also advanced a solution
to the same problem using a ratiometric fluorescent sensor
selective in sensitivity to cysteine over homocysteine and
glutathione.152 This sensor was based on more rapid intra-
molecular displacement of the sulfur in the monochlorinated
boron dipyrromethene (BODIPY) with amino groups of
cysteine than with homocysteine and glutathione. Fluorescence
imaging of living HeLa cells with various thiols was
demonstrated using this system.

■ DATA ANALYSES
The utility of various data analyses and data processing
strategies, including multiple linear regression (MLR), partial-
least-squares (PLS) regression, unfolded partial-least-squares
regression with residual bilinearization (U-PLS/RBL), principal
component analysis (PCA), principal component regression
(PCR), nonparametric linear-regression (NPLR), successive

projections algorithm-linear discriminant analysis (SPA-LDA),
and parallel factor analysis (PARAFAC), continue to be of
considerable interest. Thus, several practical applications of data
analyses and data processing strategies for instrumental
calibration, classifications, and pattern recognitions of complex
data, and analyses of samples of pharmaceutical, bioanalytical,
biomedical, food, agricultural, environmental, energy, and
fuel interest have been published during this review period.
As an example, the utility of linear regression analysis of
fluorescent data for accurate determination of two cepha-
losporins, cefadroxil (CEFA) and cefuroxime sodium (CEFU),
active ingredients in pharmaceutical formulations, has been
reported153 Cephalosporins are a family of bactericidal
antibiotics that are structurally related to penicillin. Cepha-
losporins were also first derived from the fungus, Cepha-
losporum acremonium. The reported method for CEFA and
CEFU analysis was based on the reaction of cephalosporins
with 1,2-naphthoquinone-4-sulfonate in an alkaline medium to
form fluorescent derivatives that were extracted with chloro-
form. The fluorescence emissions of CEFA and CEFU were
subsequently measured at 610 and 605 nm, respectively, after
excitation at 470 nm for CEFA and 460 nm for CEFU. Beer’s
law was followed over concentration ranges of 20−70 ng/mL
for CEFA and 15−40 ng/mL for CEFU. The influence of
experimental conditions including pH, temperature, reaction
time, 1,2-naphthoquinone-4-sulfonic concentration, and extrac-
tion solvent on the accuracy of CEFA and CEFU determination
in pharmaceuticals was further examined. At optimum
conditions, limits of detection (LOD) of 4.46 ng/mL for
CEFA and 3.02 ng/mL for CEFU, and high linear regression
square correlation coefficients of R2 = 0.9984 or better were
reported. Excellent recoveries ranging from 97.50 to 109.96%
for CEFA and 95.73−98.89% for CEFU were also obtained for
the analysis, demonstrating high accuracy for this technique.
The reported method has potential practical applications for
determination of CEFA and CEFU in pharmaceutical
formulations in quality control laboratories.
The potential utility of PCR and PLS regression analysis of

synchronous fluorescence data for multicomponent and
simultaneous analyses of metoprolol (MET), propranolol
(PRO), and amiloride (AMI) in the presence of strong
serum albumin signals was demonstrated.154 Amiloride is a
diuretic and is commonly used for treatment of hypertension.
Propanol and MET are nonselective β-blockers and are often
prescribed for treatment of angina pectoris and cardiac arrest.
The measured high R2 > 0.998, low root-mean-square-error-of-
prediction (RMSEP) values (<5%), recoveries (93−108%), and
low LOD (7.59 ng/mL for MET, 5.27 ng/mL for PRO, and
13.87 ng/mL for AMI) are quite impressive, demonstrating the
high accuracy and sensitivity of the method for MET, PRO, and
AMI analysis. A binary mixture, consisting of amlodipine
besylate (AML)/candesartan cilexetil (CAN) and telmisartan
(TEL), has been analyzed to provide high accuracy and low
limit of detection using fluorescence spectroscopy.155 Amlodi-
pine besylate, CAN, and TEL are drugs commonly used for
treatment of hypertension. The fluorescence of AML was
recorded at 367 nm excitation and 454 nm emission
wavelengths. However, 265 and 392 nm were chosen as
excitation and emission wavelengths, respectively, for inves-
tigation of the fluorescence of CAN in ethanol, while the
fluorescence spectrum of TEL was recorded at a different
wavelength in alkaline solution. Regression analysis of the
fluorescence data provided excellent correlation between the
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fluorescence intensity and the concentration over various
ranges for AML, CAN, and TEL. In this regard, the authors
reported a low LOD of 0.034 μg/mL for AML, 0.0063 μg/mL
for CAN, and 0.0007 μg/mL for TEL.
Multicomponent determination of two antihypertensive

drugs, metoprolol (MET) and pindolol (PIN) in synthetic
mixtures by use of multivariate curve resolution (MCR), PLSR,
and PCR analysis of MET and PIN synchronous fluorescence
spectral data was also published.156 Metoprolol and PIN
showed emission maxima at 302 and 310 nm, respectively. The
fluorescence spectral profiles of MET and PIN are highly
overlapping, preventing the use of a conventional univariate
method for MET and PIN quantitative analysis. Consequently,
a chemometric multivariate calibration method was used as an
alternative strategy for simultaneous quantitative analysis of
multicomponent MET and PIN samples. The reported method
is capable of determining MET and PIN sample within the con-
centration range of 0−0.5 mg/L for MET and 0−5 mg/L for
PIN. This protocol also allowed successful determination of
MET and PIN drugs in blood serum samples. Application of
spectrofluorometric methods in conjunction with NPLR
analysis (Theil’s method) for accurate determination of closely
related fluorescent reaction products of fluoxetine and
olanzapine drug mixtures was recently published.157 Fluoxetine
is a selective serotonin reuptake inhibitor and antidepressant
agent, often used for the treatment of major depressive
disorder, panic disorder, and premenstrual dysphoric disorder.
Olanzapine is also used for treatment of depression and bipolar
disorder. The analytical strategy involved derivatization of
fluoxetine and olanzapine drugs using 4-chloro-7- nitrobenzo-2-
oxa-1,3-diazole (NBD-Cl) in a borate buffered medium
(pH 9.5) to form highly fluorescent products. The first and
second derivative ratios of the emission data along with their
convolution using 8-point sin xi or cos xi polynomials (discrete
Fourier functions) were subsequently used for data analysis.
This protocol allowed for accurate and simultaneous deter-
mination of fluoxetine and olanzapine in the presence of a
minor component (olanzapine) and strong overlapping spectra
of the two NBD-Cl fluorescent products of fluoxetine and
olanzapine. The study is particularly interesting because it
combined the advantages of convolution of derivative ratio
curves using discrete Fourier functions and the reliability and
efficacy of nonparametric analysis of data.
Determination of naproxen (NAP) in serum based on PCR

has also been reported.158 Fluorescence EEMs of NAP in serum
with excitation wavelengths from 235 to 293 nm and emission
wavelengths in the range 320−420 nm were collected. The
resulting excitation emission fluorescence matrix data of NAP
were unfolded and subjected to PCA and linear regression data
analysis to select the most relevant principal components
(PCs): the eigenvalue ranking and the correlation ranking.
Results from data analysis showed that the importance of each
PC to multivariate calibration was not correctly described by
its eigenvalue but by its influence on the prediction of the
dependent variable. When compared to a conventional HPLC
method, the combined use of simple spectrofluorometry and
MRA strategy was found to be faster, easier to use, and of lower
cost for quantification of NAP in serum.
The fluorescence-based assay MRA of guest−host spectra

data for chiral discrimination and for accurate determination of
enantiomeric excess (ee) values of amines, amino, and amino
acid ester molecules of pharmaceutical interest with low errors
of 1−2% was also demonstrated.159 This method employed the

self-assembly of 2-formylphenylboronic acid with a chiral diol
and a chiral amine to produce two diastereomeric iminoboron-
ates that differ in fluorescence intensity and polarization. The
use of orthogonal dynamic covalent self-assembly in determi-
nation of the enantioselective strategy in this study has great
potential application for development of high-throughput pro-
cedures for determination of chirality. In a related study,
the combined use of fluorescence spectroscopy, guest−host
chemistry, and PCR for the determination of enantiomeric
composition of tryptophan (Trp) using bovine serum albumin
(BSA) as a chiral selector has been reported.160 Principal
component regression was used to correlate changes in the
fluorescence spectral data with respect to the enantiomeric
composition of Trp. These models were subsequently validated
by use of leave-one-out cross validation and external test vali-
dation methods. These models were also capable of accurate
determination of enantiomeric composition of 2.50 μmol/L
Trp in the solution.
Use of multivariate analyses, chemometrics, and data pro-

cessing has also garnered considerable interest in biomedical,
bioanalytical, biomedical, and clinical studies during this review
period. For example, Fakayode’s research group has reported
the first potential utility of fluorescence spectroscopy in con-
junction with multivariate PLS regression analysis for accurate
determination of Hg(II) concentrations in human serum
albumin (HSA) samples.161 Human serum albumin is a protein
responsible for transport and delivery of drug molecules, fatty
acids, and metabolites to various targets and removal of waste
products from the body. However, binding with heavy metal
ions, including Hg(II), can adversely affect the physiological
properties of has, with deleterious health consequences. The
volatility of Hg at room temperature precludes the use of
conventional flame, graphite furnace, or inductively coupled
atomic absorption spectroscopy for routine analysis of Hg in
most research and medical laboratories. Binding of Hg(II) with
HSA results in dramatic quenching of HSA fluorescence
emission, with a slight blue shift of the HSA emission λmax,
precluding the use of univariate regression analysis of the
fluorescent data for Hg(II) determination in HSA samples. This
challenge was eliminated by use of multivariate PLS regression
analysis. The PLS regression was used to correlate the changes
in Hg(II)-HSA fluorescence emission with Hg(II) concen-
tration in HSA samples. Models were able to correctly predict
Hg(II) concentrations in HSA sample test solutions, with
a RMSEP of 6.59%. The simplicity, low cost, and robustness
of this method makes it a promising alternative for rapid
determination of Hg(II) concentration in other biological
specimens.
Regression analysis of the autofluorescence (AF) of skin has

also been examined. This study involving the relationships
between past glycemic control and microvascular complications
in Japanese patients with type 1 diabetes162 was implemented
for 241 patients and 110 controls. Three monthly HbA1c levels
were determined over a 2 decade time period, and the area
under the curve (AUC) of the HbA1c was calculated. MRAs
were performed to investigate the effect of variables on the
severity of diabetic complications. Examination of results
showed that skin AF values were directly correlated with the
severity of specific diabetic complications. Moreover, during the
3 to 15 year period, the HbA1c AUC values were significantly
related to the severity of multiple diabetic complications.
Multivariate analyses showed that skin AF was associated with
nephropathy when the HbA1c AUC value was removed from

Analytical Chemistry Review

DOI: 10.1021/acs.analchem.5b04109
Anal. Chem. 2016, 88, 170−202

186

http://dx.doi.org/10.1021/acs.analchem.5b04109


the independent variables. In contrast, other factors such as age
at registration, age at onset of diabetes, and skin AF were all
directly related to retinopathy. This study concluded that skin
AF can replace the HbA1c AUC value for measure of long-term
glycemic control and may serve as a biomarker for micro-
vascular complications.
Various biopsy procedures applied toward control of lung

disease did not show significant results due to poor recognition
of vital tumor tissue. In this regard, two new spectroscopic
methods, diffuse reflectance spectroscopy (DRS) and fluo-
rescence spectroscopy (FS)] have been suggested. These
spectroscopic methods aid in investigations of tumor tissue
composition for accurate classification of tissue types of samples
collected during transthoracic lung biopsies.163 This study
involved ex-vivo DRS and fluorescence measurements of lung
tissues from 13 patients who were diagnosed with lung cancer
or pulmonary metastases. Histological analysis was further used
to determine sensitivity and specificity between different types
of tissues using this optical method. Examination of data
showed great distinction between lung parenchyma and tumor
tissue with high selectivity and sensitivity. Data analysis for
each patient was further performed to eliminate interpatient
variation and resulted in 100% sensitivity and specificity.
Additionally, fluorescence measurements allowed discrimina-
tion between necrotic and non-necrotic tumor tissues with 91%
sensitivity and selectivity. It was concluded that the combined
use of DRS and fluorescence measurement and CART with a
biopsy device further enhances the quality of diagnosis and
transthoracic biopsies.
Adulteration and counterfeiting of food items and agricul-

tural products continues to be problematic in the food industry,
with negative impacts on consumer food safety and public
heath with severe financial implications for food producers.
Consequently, the practical application of multivariate analysis,
chemometrics, and data processing for pattern recognition,
classifications, and determination of various analytes of interest
for quality control and quality assurance in foods items and
agricultural products has generated considerable interest during
this review period. For instance, fraudulent addition of plant
oils during the manufacturing of hard cheeses is problematic
and a real issue for the dairy industry, particularly in Brazil.
Considering the importance of monitoring adulterations of
genuine cheeses, the potential utility of synchronous fluo-
rescence spectroscopy, successive projections algorithm-linear
discriminant analysis (SPA-LDA), principal component analysis-
linear discriminant analysis (PCA-LDA) and MLR for the
detection of cheese adulteration with plant oils in Brazil has
been investigated.164 Synchronous fluorescence spectra were
collected within the range of 240−700 nm at different
wavelength intervals. The LOD of adulteration, 3.0 and 4.4%,
respectively, were observed for application of wavelength
intervals of 60 and 80 nm. Multiple linear regression models
were used to calculate the level of adulteration, with the lowest
RMSEP of 1.5 for the measurement acquired at a wavelength
interval of 60 nm. Lower classification errors were obtained
for the SPA-LDA rather than for the PCA-LDA method. The
lowest classification error rates of 3.8% (Δλ = 10 and 30 nm)
and 0.0% (Δλ = 60 nm) for the PCA-LDA and SPA-LDA
classification methods, respectively. The protocol is envisioned
to have practical application and utility for detecting the
addition of plant oils to hard cheese.
In another study, use of EEM fluorescence in combination

with PARAFAC and PLS regression for accurate determination

of the corrupting content of mixed wine spirit in adulterated
brandy samples was published.165 The PARAFAC-PLS
regression model was found capable of accurate prediction of
mixed wine spirit levels in adulterated brandy with the RMSEP
value of 1.9% and a R2 = 0.995 between reference contents and
predicted values. Derivative synchronous fluorescence spec-
troscopy has been employed for sensitive detection of binary
mixtures consisting of 2-naphthoxyacetic acid (BNOA) and
indole-3-acetic acid (IAA).166 Quantitative analysis of BNOA
and IAA were performed at 239 and 293 nm using synchronous
fluorescence spectra recorded in buffer media. Using a
synchronous derivative method, the overlapped fluorescence
spectra of BNOA and IAA were effectively resolved and allowed
ppm detection limit. Real samples of fruit juice having BNOA
and IAA mixture provided reasonable results using this method,
showed good recoveries of 83.88−87.43% for BNOA and
80.76−86.68% for IAA, and an RSD of <5.0% without prior
separation procedures. The accuracy and precision of the
results obtained using a synchronous derivative method for
BNOA and IAA analysis was also found to be statistically
comparable with the results using HPLC−MS methods.
Applications of multivariate analysis of fluorescence spectral

data for determination of analytes in environmental, energy,
and fuel related studies were also reported during this review
period. Seven polycyclic aromatic hydrocarbons (PAHs) from
the EPA priority pollutant list (benzo[a]anthracene, benzo[b]-
fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene, dibenz-
[a,h]anthracene, benzo[g,h,i]perylene, and indeno[1,2,3-c,d]-
pyrene) have been analyzed and reported for edible extra virgin
olive oil.167 The PAHs analyses in this study were based on
measurement of EEM on nylon membranes and processing
data using unfolded partial least-squares regression with residual
bilinearization (U-PLS/RBL).The LOD for the method ranged
from 0.29 to 1.0 μg kg−1, with recoveries between 64 and 78%.
This method was applied to 10 samples of edible oil, two of
which presented PAHs ranging from 0.35 to 0.63 μg kg−1.
When compared to chromatographic separation methods, this
method allowed rapid analysis with a significant reduction in
solvent consumption. A selective method for determination of
boron in uranium samples by spectrofluorimetry in synchro-
nous derivative mode has also been published.168 This method
is based on complexation of nonfluorescent boron with a
fluorescent chromotropic acid to form a fluorescent boron-
chromotrope complex. The native fluorescence spectrum of the
chromotropic acid was found to overlap with that of the
complex. Therefore, a synchronous derivative mode was
employed for analysis, eliminating the need for physical
separation of excess ligand and complex. Using the optimized
experimental and instrumental conditions, LOD of 2 ng/mL,
the linear concentration range of 5−100 ng/mL, and an R2

value of better than 0.997 were obtained. Precisions better than
5% at 10 ng/mL level and 3% at 50 ng/mL level (n = 9) were
also reported. The method was further validated using
reference materials and was successfully applied to analysis of
uranium nuclear fuels, with an accuracy of ±10%. This method
is particularly advantageous because it reduces sample size
requirement, thus reducing the load of uranium recovery from
analytical waste in the case of enriched uranium based samples.

■ ORGANIZED MEDIA
Luminescence studies involving organized media have extended
into various aspects of science and technology over the past
few years. In addition to use as templates for synthesis of
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nanostructured materials and serving as biomimetic systems,
organized media can be applied to applications in organic
electronics, multimodal nanotheranostics, bio and chemo-
sensing, as well as stimuli responsive drug delivery vehicles.
Although there are numerous reports in each of these areas,
only a few selected studies are included in this review. Gidron
et al. have provided a review on a new class of conjugated
oligomers composed of alpha-oligofurans and have discussed
use in organic field effect transistors (OFETs) and organic light
emitting transistors (OLETs).169 A hafnium oxide-organic self-
assembled nanodielectric (Hf-SAND) material consisting of
alternating π-electron layers has been reported by Everaerts
et al. with multilayered structure confirmed using X-ray fluo-
rescence and X-ray reflectivity. This represents a significant
advance in hybrid organic−inorganic dielectric materials.170

High radiance of bioluminescent materials hold great promise
for photonic application. Gather et al. have presented a study
where a dried film of green fluorescent protein (GFP) showed
low fluorescence quenching and strong optical amplification
that has been exploited in designing vertical cavity surface
emitting microlasers.171 A different study by Masai et al. reports
on enhanced solid state phosphorescence from a cyclodextrin
based insulated platinum-acetylide with controlled thermal
fluctuation. The polymer exhibited identical phosphorescence
in both solid state and in solution achieving unimolecular
phosphorescence.172

Luminescent materials often demonstrate a photophysical
phenomenon referred to as aggregation induced emission
(AIE). This phenomenon is frequently exploited in high
technology applications such as optoelectronics and sensing. In
this regard, Mei et al. have presented a critical review of current
advancements in this area, wherein mechanistic analysis of the
AIE processes have been performed.173 Restriction of intra-
molecular motions (RIM) has been demonstrated as the
primary reason for AIE and strategies of molecular engineering
toward design of new AIE based luminogens are discussed.173

Luminescence based molecular self-assemblies, complexes, and
conjugates are also demonstrated for use as chemical tools in
clinical diagnosis. A recent study shows a near-infrared (NIR)
squarine dye reported to self-assemble and form nonfluorescent
nanoparticles, which selectively respond to human serum
albumin (HSA) by turning on green fluorescence with a
sensitivity limit of 3 nM.174 Abo et al. have demonstrated a
novel dye−protein conjugate with SNAP-tag protein for
detecting H2O2 as well as visualization of H2O2 endogenously
produced in living cells.175 Label free recognition of bio-
molecules was achieved using plasmonic nanostructured film
derived from Ag nanoparticles-dyes-Au assembly with strongly
coupled architecture. Directional surface plasmon coupled
emission characteristics of this designed sensor served as the
means for biorecognition.176 Chen et al. have reported live cell
imaging using a dual emission fluorescent nanocomplex of gold
fabricated through a crown-like assembly of dye encapsulated
silica particles decorated with gold nanocrystals. Imaging using
this nanocomplex was based on highly sensitive and selective
quenching of gold nanocrystals in the presence of reactive
oxygen species.177

Recently, the use of a hydrogel for tuning the size of NIR
nanomaterials has been demonstrated.178 In this regard, sodium
deoxycholate trishydroxymethyl)amino-methane (NaDC/
TRIS) hydrogels were prepared at different pH values and at
variable concentrations of TRIS. Hydrogels prepared under
such conditions were used to tune the size of nanoGUMBOS

(nanomaterials derived from GUMBOS). NIR based nano-
GUMBOS of altered size suggested the possibility of using
these materials for bioimaging. In addition, a detailed rheol-
ogical study revealed two unusual stable regions of elastic
modulus, which suggests potential applications for drug delivery.
Organized media in various forms have also been extensively

used in biomedicine as theranostics and controlled release of
therapeutic drugs. Bollhorst and co-workers have developed a
bifunctional submicrometer colloidosomes coassembled from
magnetic iron oxide and fluorescent silica nanoparticles which
demonstrates potential applications in drug targeting, bioimag-
ing, and magnetic hyperthermia.179 Ling et al. have developed a
multimodal self-assembled theranostic nanogrenades composed
of magnetic iron oxide and pH sensitive ligands. The nano-
grenades disassembled into a highly active state in acidic sub-
cellular environment that turns on MR contrast, fluorescence,
and photodynamic therapy which enables early detection of
cancer.48 A study by Tian et al. describes the design of
multifunctional nanomicelles functionalized with a newly
screened cancer specific aptamer for targeting cancer cells. A
pH activitable fluorescent probe and NIR photosensitizer
encapsulated in these micelles can light up lysosomes for real
time imaging and generate reactive oxygen species causing
lysosomal destruction, respectively.180

A number of reports have surfaced during this time period
that describe the design of novel organized media for stimuli
responsive, targeted, and controlled drug delivery. For example,
a second generation metallodendrimer, peripherallydimethyl
isophthalate (DMIP) functionalized poly(benzyl ether) has
been found to self-assemble in regular vesicles with hexagonal
metallocycle cores. Fluorescent molecules encapsulated in these
cores demonstrated halide induced controlled release through
vesicle−micelle transition establishing the potential of these
vesicles as smart stimuli responsive deliver vehicles.181 In
addition, Deshayes et al.182 and Duan et al.183 have reported in
two separate studies, pH responsive drug delivery vehicles for
release of chemotherapeutic agents. The first study reports a
phenylboronic acid (PBA) installed polymeric miceller nano-
carrier that was developed to selectively target sialic acid (SA)
overexpressed in tumors and thereby aiding target specific
release of chemotherapeutic drugs at intratumoral pH con-
ditions.182 The second study outlines the design of luminescent
pH responsive supramolecular vesicles based on water-soluble
pillar[6]arene and a ferrocene derivative, which self-assemble
via a novel host−guest inclusion complex.183 Guo and co-
workers have developed a protein, enzyme, and light responsive
fluorescent supramolecular assembly which undergoes target
specific molecular disassembly and drug release with implica-
tion for broad biological applications.184

There are numerous and very exciting reports on fabrica-
tion of novel multifunctional supramolecular assemblies with
potential for a multitude of applications. A DNA programmed
dynamic assembly of multicolored quantum dots (QD) has
been developed by He et al. as a new class of FRET based QD
computing systems.185 Chen et al. have reported a rapidly
healing supramolecular polymeric hydrogel based on host
guest recognition between poly β-cyclodextrin and polymeric
α-bromonaphthalene with photostimulated room tempera-
ture phosphorescence for use as artificial soft materials.186

A supramolecular coordination complex (SCC) with tunable
emission has been presented by Pollock and co-workers. This
system was designed based on a series of functionalized D
2-h[D(2)A(2)] rhomboids (D = 2,6-bis(4-ethynylpyridine)aniline
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based ligands). Tunability of the system was attained by simple
functional group modifications para to the aniline amine.187

■ FLUORESCENCE POLARIZATION, MOLECULAR
DYNAMICS, AND RELATED PHENOMENA

Fluorescence polarization and anisotropy continue to offer
alternative platforms for exploring diverse molecular inter-
actions and enzymatic activities. A representative sampling of
notable recent advances and novel applications are provided in
the following areas: nanomaterials, DNA analysis, chiral recog-
nition, and protein dynamics. For the purposes of this review, the
terms polarization and anisotropy are used interchangeably.
Nanomaterials such as nanoparticle based probes and sensors

continue to be of considerable interest to researchers. For
example, Zhou et al. have developed novel, simple, and cost-
effective sensing graphene oxide (GO) platforms for detection
of the activity of protein kinases. This approach eliminates the
need for expensive synthesis of specialized reagents, e.g.,
antibodies specific for phosphopeptide or protein domains.188

This GO-based platform also offers several benefits including
(1) efficient quenching effect to various fluorescence labels, (2)
tunable adsorption characteristics of biomacromolecules, and
(3) potential future fluorescence anisotropy (FA) kinase assays.
The protein kinase activity was investigated by suppressing
phosphorylation modification on carboxypeptidase Y (CPY)
digestion. Thus, without peptide phosphorylation, free fluo-
rophores originate by cleaving fluorophore-labeled peptide by
CPY; however, fluorescence quenching was observed due to GO/
peptide nanocomplex formation. The probes validity was proven
by using the GO-based method to simultaneously monitor
activity of two model kinases with low detection limits (Figure 9).

Wang and co-workers have reported a dual opto-electrical
sensor for recognition of a single analyte, i.e., vitamin B1, using

gold nanorods (Au NR) and gold nanoparticles (Au NP)
covalently bound to luminescent terbium complexes.189 These
Au nanosensors were anchored onto the surface of glassy
carbon electrodes while both fluorescence and cyclic
voltammetry data were collected. Both techniques positively
and selectively signaled the presence of vitamin B1 in aqueous
samples in comparison with other similar vitamins B2, B3, B4,
B5, and B6 present.
Ziegler et al. have designed polarization-sensitive polymer

nanoparticles (NPs) for use as fluorescent probes. Preparation
of NPs was achieved by use of nanoprecipitation and sub-
sequent bioconjugation, resulting in small NPs (∼7 nm in
diameter), easy to functionalize and facilitate binding to protein
targets, with a high quantum yield of 0.75.190 Excitation energy
transfer (EET) can occur along the conjugated polymer
backbone found in NPs whereby energy from higher-energy
local regions of a semiconducting polymer chain efficiently
funnel energy to chromophores with localized energy minima
where emission is preferred. Practical applications of semi-
conducting probes were demonstrated by monitoring the
rotation of microtubules as they process across a kinesin-coated
surface. Future uses for these bright, polarization-sensitive
probes include studies of rotational motions of biomolecules.
DNA analyses have garnered a tremendous amount of

activity during this review period. Yang and co-workers, strate-
gically used streptavidin, as a molar mass amplifier, coupled
with cyclic assembly amplification based on a hybridization
chain reaction (HCR) to obtain both large fluorescence
polarization assay responses and high sensitivities.191 In this
study, they constructed target-triggered cyclic assembly of
DNA−protein hybrid nanowires where one blocking DNA
strand is released by target−aptamer recognition. The proposed
assay exhibited a turn-on response to the chosen model
small molecule-adenosine triphosphate (ATP) with a LOD of
100 nM for ATP. This assay’s response range was from 0.5 to
100 μM for ATP in complex biological samples, including cell
media, human urine, and human serum, thereby cementing its
practicality in real complex biological systems.
Zhang et al. have developed a novel fluorescence anisotropy

amplification assay for detection of Pb2+-dependent GR-5
DNAzyme activity.192 The DNAzyme featured a DNAzyme
strand and a hybridized rA-cleavable substrate strand fitted with
a tetramethylrhodamine (TMR) fluorophore. They labeled the
TMR at the 5′-end of the substrate strand and attached tandem
guanine bases (G) at the 3′-end of the enzyme strand to
monitor the binding-induced change of the TMR−G
interaction. The optimization strategies included investigating
the effects of the number of the tandem G base of the
DNAzyme strand, incubation time, buffer pH, and ion strength.
Under optimum conditions, they reported a large fluorescence
anisotropy change, |Δr| = 0.168, detection limit of Pb2+ of
100 pM, and dynamic range from 200 pM to 100 nM.
Huang and co-workers proposed to better understand fluo-

rescence anisotropy modulation by investigating the influence
of various dye moieties, molecular volumes, and double
stranded DNA (dsDNA) end-structures in order to facilitate
facile recognition design strategies suitable for a broad spectrum
of analytes.193 Fluorescence anisotropy of short dsDNA labeled
with ROX (6-carboxyl-x-rhodamine) and positively charged
centers was systematically investigated in parallel with two-
dimensional (2D) 1H−1H nuclear Overhauser enhancement
spectroscopy (NOESY) for confirmation.

Figure 9. Schematic of the protein kinase activity assay based on GO/
peptide nanocomplex and suppression of phosphorylation to
carboxypeptidase Y cleavage. Reproduced from Zhou, J.; Xu, X.; Liu,
W.; Liu, X.; Nie, Z.; Qing, M.; Nie, L.; Yao, S. Anal. Chem. 2013, 85,
5746−5754 (ref 188). Copyright 2013 American Chemical Society.

Analytical Chemistry Review

DOI: 10.1021/acs.analchem.5b04109
Anal. Chem. 2016, 88, 170−202

189

http://dx.doi.org/10.1021/acs.analchem.5b04109


Fluorescence anisotropy signal for small molecules and ions
is inherently weak and therefore typical protocols require signal
enhancements procedures including complex covalent labeling
of recognition probes to amplify its size/volume and, in turn, its
fluorescence anisotropy signal.194 Zhen et al., eliminated the
need for such cumbersome covalent modifications by simply
using graphene oxide as a signal enhancer (N9s). The simple
label-free and sensitive fluorescence anisotropy approach used a
G-rich single stranded DNA (ssDNA) as recognition probe,
acridine orange (AO) as a reporting fluorophore, and K+ as a
model target species. ssDNA and AO adsorb onto the GO
surface through the electrostatic and π−π stacking interactions
resulting in a large fluorescence anisotropy value resulting from
the AO-GO formation. However, in the presence of target
species K+, the ssDNA folds into the G-quadruplex structure
thereby allowing primarily AO to interact more closely with
the small sized G-qudruplex yielding a much lower anisotropy
value.
Chiral recognition continues to be an active area of research

during this review period. As an example, Lan et al. report on a
novel strategy for creating 3D anisotropic Au nanorod (AuNR)
helical superstructures (helices) with designed configurations
and properties.195 The helices were assembled by designing an
“X” pattern arrangement of DNA capturing strands (15nt) on
both sides of a 2-dimensional origami template whereby AuNRs
(functionalized with the complementary DNA sequences) were
deliberately placed. The resulting superstructures comprised
origami intercalated between neighboring AuNRs with inter-
rod distances of 14 nm and an inter-rod angle of 45°. While a
full helix was found to contain 9 AuNR with a length of about
220 nm, slight origami/AuNR molar ratio modifications could
be used to tailor the number of AuNR from 2 to 9. Fabrications
of left handed and right handed helices were also achievable
with minor adjustments to the mirrored-symmetric “X”
patterns. The macroscopic AuNR assemblies demonstrated
maximum anisotropy factor of 0.2 which demonstrates their
potential for use in other applications such as chiral fluids or
negative index materials.
Amaral et al. have described a sensitive fluorescence

polarization chiral sensor platform that rivals conventional
chiral detection methods.196 The technique is based on an
enantioselective L-histidine-dependent DNAzyme, which is
composed of an enzyme strand (E) and a fluorescently labeled
substrate domain (S*) joined via complementary regions at
their extremities. While the assembled enzyme−substrate probe
alone displayed high fluorescence anisotropy due to its large
volume, upon L-histidine induced cleavage of RNA phos-
phoester bonds of labeled substrate domains (S*) and
subsequent formation of single strand small size fragments, a
significant loss of fluorescence anisotropy response was
observed. However, no significant change in probe anisotropy
was observed upon addition of its antipode, D-histidine. Both
uni- and bimolecular formats of this sensor were evaluated as
well as optimization of the sensor via enzyme and substrate
sequence modifications were conducted and resulted in
detectable trace levels of L-histidine as low as 0.05%.
Great strides have been made in understanding protein

dynamics and function during this review period. Flavenols,
a class of bioactive naturally occurring phenolic compounds
and related derivatives, such as robinetin, have recently been
demonstrated as alternatives to conventional therapeutics; thus,
the details of their interactions with biorelevant targets, are of
great interest.197 Robinetin is also of interest to the fluorescence

sensing community, because it undergoes a photoinduced
excited state intramolecular proton transfer (ESIPT) reaction
resulting in “two color” intrinsic fluorescence emission which
allows for multiparametric sensing. Pahari et al. have explored
the binding characteristics of robinetin with the carrier protein
human serum albumin (HSA) using both spectroscopic and
molecular modeling studies. In agreement with molecular
docking studies, time-resolved anisotropy studies showed a
marked (∼170 times) increase in the rotational correlation time
(τrot) due to substantially restricted motion of robinetin within
the hydrophobic subdomain IIA site of HSA protein matrix.
McCarroll and co-workers have recognized the need for a

more purposeful approach at understanding molecular
interactions based on a systematic approach to isolate
compatible target−ligand pairs, rather than the current method
of mostly trial and error.198 In this regard, they describe a novel
comprehensive approach used to rationally identify suitable
protein targets for a given ligand molecule based on a dynamic
isoelectric anisotropy binding ligand assay or DIABLA. This
technique is derived from a melding of dynamic isoelectric
focusing (DIEF) and fluorescence anisotropy. Optimization
parameters weighed heavily on evaluating the use of fluo-
rescence anisotropy as a detection mechanism but also explored
protein focusing pH, effect of ligand concentration, and
nonspecific binding effects. Future studies will examine
mixtures of proteins, such as cell lysates, where fluorescence
anisotropy is performed on separated protein bands obtained
after DIEF in order to detect a target protein of interest.
Development of a one-step highly rapid assay for detection of

bacterial protective antigen (PA) protein based on a com-
binatorial approach of Förster resonance energy transfer
(FRET) and homogeneous time-resolved fluorescence
(HTRF) of a lanthanide complex has been reported.199 This
immunoassay was designed as follows: two distinct antibodies
(Abs) labeled with donor and acceptor fluorophores (europium
cryptate (EuK) and Alexafluor647, respectively) were bound to
PA in close proximity to one another, thereby inducing the
energy transfer between them and giving rise to two emitted
wavelengths over time. The sensitive detection method was
able to detect 2 ng/mL PA in serum of B. anthracsis-infected
rabbits in as little as 15 min. With appropriate modifications,
a similar immunoassay was also developed for detection of
bacterial spores with similar success (LOD 2 × 106 spores/mL)
employing an incubation time of 30 min.

■ CHEMILUMINESCENCE

Chemiluminescence (CL) is a well-established technique with a
wide range of applications, including but not limited to
biological and environmental chemical analysis. Recently, CL
has been widely explored for examination of bioanalytical
systems due to the powerful detection and rapid response of
this method. Significant growth in the number of publications
around the globe emphasizes the importance of this technique.
In this review, we focus on the progress of chemiluminescence
during the last 2 years. In this period, thousands of peer
reviewed manuscripts and review articles have concentrated
on improvement of the CL technique in terms of sensitivity,
selectivity, accuracy, and quantum efficiency. In this regard, new
strategies were considered, which mostly implicate synthesis of
new chemical compounds,200,201 utilization of nanoparticles,202−206

technologies for fabrication of electroluminescent sensors, and
development of new methodologies,207 etc.

Analytical Chemistry Review

DOI: 10.1021/acs.analchem.5b04109
Anal. Chem. 2016, 88, 170−202

190

http://dx.doi.org/10.1021/acs.analchem.5b04109


A new system based on carbon nitride quantum dots
(g-CNQD) has been introduced for chemiluminescence
measurement. These g-CNQD are known for their fluorescent
properties, but chemiluminescent behavior has never previously
been detected in this system. Yurong Tang and co-workers203

have investigated remarkable CL properties of carbon nitride
quantum dots (g-CNQD) which exhibited extraordinary
sensitivity and selectivity for free chlorine in real water samples.
A very simple microwave-assisted synthetic approach was
introduced to obtain monodispersed g-CNQD. The g-CNQD
displayed strong CL emission in the presence of sodium
hypochlorite (NaClO) at pH values greater than 9 due to the
presence of hypochlorite anion. In addition, no interference in
CL intensity was observed in the presence of other commonly
present ions in a real sample of water. This CL behavior of
g-CNQD was attributed to the exciton formation. Moreover,
singlet oxygen could transfer energy to g-CNQD which aids to
amplify CL signal.
Recently, carbon nanoparticles (carbon dots, green nano-

material for next generation) have been presented for dual peak
electrogenerated chemiluminescence (ECL) in order to detect
iron ion with high accuracy and sensitivity.206 In these spectra,
the first ECL peak appeared to be sensitive to iron ion
concentration, while the second peak served as an internal
reference. This two peak ECL system provided great
advantages for detection of metal ions by displaying high
accuracy and sensitivity in comparison to single peak ECL. In
another development, a highly selective, sensitive, and label free
ECL system has been introduced for cancer cell detection
which is based on carbon nanodots (C-dots) and graphene
nanosheets. In this study, carbon nanodots served as an ECL
probe and graphene nanosheets were used to amplify the signal.
Evaluation of data displayed remarkable cell capture ability of
this newly designed cytosensor with excellent sensitivity for
cancer cells.208

Different electrogenerated chemiluminescence (ECL) emis-
sion colors in spectra can easily be achieved by simply changing
the solvent and surface attachment.209 To tune the emission
color from electrogenerated chemiluminescence, five new
heteroleptic iridium(III) complexes have been synthesized by
Yuyang Zhou et al.201 Furthermore, the role of ancillary ligand
on quantum efficiencies has also been demonstrated. Multicolor
emission including green, orange, and red was attained, which is
important for expending multichannel analytical techniques.
Interestingly, these complexes showed high ECL efficiency in
the presence of tripropylamine. Moreover, 2, 11, and 214 times
higher ECL efficiencies were achieved in these newly
synthesized complexes compared to well established electro-
luminescent chromophore, i.e., tri-2,2′-bipyridylruthenium(II)
(Ru(bpy)3

2+), under similar experimental conditions. Another
exciting study regarding multicolor ECL is presented by Paul S.
Francis et al. In this work, an ECL system exhibiting the three
primary colors (red, green, and blue) was established for
inexpensive, portable devices. To achieve all primary colors of
emission with minimum or no spectral overlap, new iridium
and ruthenium complexes were synthesized. An ECL spectrum
of the three dye mixture was efficiently resolved with good
intensity in three-dimensional space. Furthermore, simply by
tuning the applied potential, specific molecules could be excited
in the mixture with the emission detected by use of a digital
camera.200

Recently, a new concept of chemiluminescence (cyclic chemilu-
minescence (CCL)) has been presented by Gongke Li et al.207

CCL has many advantages over existing electroluminescence
methods, including flow injection CL. Using CCL, one can
obtain more information on the reaction by recording the signal
at multiple stages after a single time injection of a sample.
An exponential decay curve was recorded which was typical for
a given reaction. Additionally, this technique has been shown to
discriminate closely related compounds, including structural
isomers because of variations in the decay curve.
Significant developments in chemiluminescence resonance

energy transfer (CRET) methodology have been demonstrated
by the Chao Lu group.204,210,211 CRET has been demonstrated
to be a promising approach for selective detection of
analytes,210 providing high sensitivity204 as well as for cathodic
ECL.211 In this regard, a novel fluorescent dye was chosen as an
analyte to accomplish high energy transfer by matching energy
levels of donor and acceptor for CRET. Dye aggregation usually
produces quenching, resulting in lowered CRET efficiency.
To overcome this issue, an orderly arranged structure was
fabricated that provides improvement in the CRET efficiency.
This CRET strategy was applied to selective determination of
peroxynitrile (a reactive oxygen specie) among various other
reactive oxygen species in vitro, as depicted in Figure 10.210

In another study, this same research group demonstrated
CRET in aggregation induced emission of gold nanoclusters.212

A confinement effect has also been introduced in CL field by
this group.213 A confined bilayer of cetyltrimethylammonium
bromide (CTAB) in carbon dots assist in bringing the reactive
intermediate to the central carbon dot, which produces an
amplification of the CL signal.
Use of ionic liquids in chemical measurements has offered

new opportunities for fabrication of new electroluminescence
systems. During the last 2 decades, ionic liquids have received
tremendous attention due to their characteristics of great
tunability.202 On the basis of the tunable hydrophobic
characteristics of ionic liquids, Junho Jang and Won-yong
have designed a new ECL system to control selectivity of the
well-known electroluminophore (Ru(bpy)3

2+) toward analytes
of variable hydrophobicity. This system provided high
sensitivity and does not require coupling of the ECL system
with a separation technique (e.g., HPLC or CE) or enzymatic
reaction. In this regard, ionic liquids of appropriate hydro-
phobicity were introduced into a sol−gel titania/Nafion
composite film. Since ionic liquids are known to increase the
conductivity of composite films, as well as oxidation rate of

Figure 10. Chemiluminescence features of the calcein@SDS solution
in the presence of different ROS. Reproduced from Wang, Z.; Teng,
X.; Lu, C. Anal. Chem. 2015, 87, 3412−3418 (ref 210). Copyright
2015 American Chemical Society.
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tripropylamine (a hydrophobic ECL co reactant), such addition
improves the sensitivity of the ECL sensor. A clear trend of
increasing electroluminescence signal intensity was observed for
the hydrophobic analyte as the hydrophobicity of ionic liquids
used in the composite film increased.214 In a similar manner,
hydrophilic analytes exhibit high ECL signal in the presence of
hydrophilic ionic liquids.
Numerous highly sensitive chemiluminescence immuno-

assays have been developed and significant strides have been
made in this field during the last 2 years for selective and
sensitive analyses of biomolecules.205 Lei Ma and co-workers205

have used chemiluminescence immunoassay based on nano-
bodies immobilized on magnetic beads for sensitive detection
of human prealbumin in serum sample. In another study, Fei et
al.215 have developed a very simple, reliable, and inexpensive
chemiluminescence immunoassay. In this work, three different
technologies, chemiluminescence, immunoassay, and micro-
fluidic system, were synchronized. This microfluidic chips based
immunoassay was employed for detection of alpha fetoprotein
in serum with a detection limit of 1.5 ng/mL. They also tested
this system for use in clinical samples and results are in
agreement with the Roche’s ECL kit.
A very interesting report regarding mechanically induced

emission has been presented by the Sijbesma group.216 In this
study, a mechanoluminophore was designed by incorporating a
very well-known, highly stable, and sensitive 1,2-dioxetane into
a polymer chain. Mechanically induced chemiluminescence
produced blue light in the molecule, which was recorded upon
stress using a digital camera. Emission spectra were also tuned
from blue to green to red by varying the acceptor groups.

■ NEAR-INFRARED FLUORESCENCE
Similar to previous reviews, a significant number of published
manuscripts report on the use of NIR fluorescence for in vivo
imaging. Lower interference from biological matrixes and high
penetration depths of NIR light are powerful combinations for
such applications. Other nonimaging applications are also
exploring the utility of this phenomenon. The number of
publications using NIR fluorescence seems to be reaching a
level of maturity as new innovative chemistries are introduced
into this area. The most interesting aspects over the last 2 years
of NIR fluorescence in analytical applications are in develop-
ment of unique chemistries for detecting specific analytes,
either as probes or sensors.
A novel copper sensor has been described217 for rapid and

ultrasensitive detection of copper ions using the specificity of
click ligation chemistry and a dark-quenching mechanism. This
sensor was prepared using azide-functionalized polyethylene
glycol-cyanine 5.5 (azido-PEG-Cy5.5) and alkyne-function-
alized blackhole quencher-3 (alkyne-BHQ3). The detection
mechanism is based on click chemistry and FRET. Selectivity
was evaluated using other metal ions ∼10 000 times higher in
concentration than that of Cu2+. However, no quenching was
observed, suggesting that this specific chemosensor can be used
for detection of intracellular and serum levels of copper ions.
Another metal ion detection technique using NIR fluo-

rescence has been described by Wang,218 based on NIR
fluorescence changes caused by Hg2+-induced dissolution and
aggregation of label free single strand DNA (ssDNA) wrapped
in single-walled carbon nanotubes (SWNTs). Long wavelength
NIR fluorescence signal (>1000 nm) was linear up to 200 nM
concentrations. This microfluidic chip detection was success-
fully evaluated with real environmental water samples.

An interesting glucose monitoring device has been described
by Khan et al.219 Mutants of glucose/galactose-binding protein
(GBP) used as the glucose receptor were site specific and
covalently labeled with Blue Oxazine using click chemistry. This
system exhibited fluorescence increases of 15% and 21% upon
addition of saturating glucose concentrations. Fluorescence
responses to glucose were also observed when GBP Blue
Oxazine was immobilized to agarose beads. The solvatochromic
behavior of Blue Oxazine was utilized as a detection method.
NIR fluorescence detection of DNA methylation and

transcription has been described by Chen et al.220 The assay
consisted of two connected systems, transcription and
methylation. The gene transcription used biotinylated cDNA
and DNA methylation used anti-5-methylcytidine antibody
(5MC-Ab) reported by near-infrared fluorescence labeled
streptavidin and a secondary antibody using IRDye800 as the
signal generating fluorophore. This method was fully validated
and optimized for simultaneous detection of DNA methylation
and transcription processes.
Protein−peptide interactions have been visualized by use of

NIR fluorescence.136 An understanding of these interactions is
important for gaining insight into development of therapeutics
for many ailments. The authors report synthesis of a far red-
NIR fluorescence light-up probe for selective detection of
protein−polyprotein peptide interactions without employing a
quenching mechanism. The probe synthesized for these studies
is very soluble and virtually nonfluorescent in an aqueous
environment. By utilizing self-assembly of the protein and the
probe, its far red-NIR fluorescence turns on and hence allows
detection of specific protein−polyprotein peptide interactions,
which was demonstrated in both solution and live bacteria. The
use of long wavelength fluorescence makes this a promising
technique for bioimaging and biosensing applications.
NIR fluorescent organic dye nanoparticles have been

described in another manuscript by Yu et al.221 The authors
use small-molecule organic dye nanoparticles (ONPs) to
achieve encapsulation of NIR dyes. Fluorescence resonance
energy transfer is utilized to achieve large Stokes shifts for
fluorescent nanoparticles. The host nanoparticles have a double
role which is not only entrapping and protecting the NIR
fluorophores but also serve as an acceptor for FRET. When
compared to the entrapped pure NIR dyes, the nanoparticles
have almost 50-fold brightness and large Stokes shifts in
combination with dramatically enhanced photostability. These
studies utilized a commercially available phthalocyanine dye,
NIR712. NIR712-doped NPs were prepared by use of a simple
solvent exchange method making the preparations very
attractive even for nonchemists, achieving single mode distri-
bution of nanoparticles of about 100 nm size with spherical
structures. NIR712-doped NPs have proven to be nontoxic to
mice, indicating a safe fluorescence probe for bioimaging and
other applications.
Kraft et al.222 have reported an enhanced approach to using

ICG in medical tests. Since ICG is the only NIR fluorescent dye
approved by the U.S. FDA, improvement in its utility for
human applications is very important. ICG’s protein binding
properties create significant difficulties in most bioanalytical
assays. In this manuscript, Kraft et al. describe a study to
determine lipid−ICG interactions on ICG fluorescence
intensity and ICG−lipid complex stability. They found that
ICG−lipid binding stabilizes and enhances fluorescence and
that the liposomal ICG nanoparticles that form during these
steps had excellent light and storage stability. Liposomal ICG
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could also have surface ligands or antibodies in order to target
specific tissues in the lymphatic system and for delivering
therapeutics.
Cui et al. have reported a donor−acceptor based system for

detecting β-amyloid deposits.223 Imaging agents specifically
targeting Aβ plaques in the brain are useful for early diagnosis
of Alzheimer disease. The authors report synthesis and
characterization of NIR fluorescence imaging probes utilizing
donor−acceptor architecture for binding to Aβ plaques. An
ideal probe for this purpose should have significant fluorescence
intensity change upon binding to Aβ aggregates but weak
interactions with serum albumin. The authors achieved these
goals with very simple molecular design. Results were
confirmed by use of both in vivo and in vitro fluorescence
imaging and histological data.
Zhao et al.224 have developed a fluorescence sensor for

detection of Hg(II) using the turn-on mechanism of BODIPY-
SAN. The authors report a 0.5 μM detection limit using this
technique. The fluorescence emission of the probe at 637 nm
significantly increased in the presence of Hg(II) due to the NIR
fluorescence turn-on response of BODIPY-SAN upon Hg(II)
binding to the receptor. The phenol moiety is deprotonated
and inhibits the PET quenching in the same time. The probe
has high selectivity as compared to other cations.
An interesting and potentially significant probe has recently

been reported by Liu225 for detection of dicyanamide (DCD),
using functionalized quantum dots’ fluorescence quenching.
DCD is known to be a significant health risk. Detection
chemistry utilizes cyclization of the guanidine moiety of DCD
with 2,3-butanedione and 3-aminophenylboronic acid, resulting
in diminished fluorescence of the QD. This chemistry has
proved to be selective for DCD in the presence of other amino
acids, many cations, and also nitrogen containing compounds.
The published detection method, which has 0.6 μm detection
limit, should have significant utility in light of recent milk
adulteration cases of melamine contamination in milk.
Ling226 has described a detailed study for development of a

novel near-infrared fluorescence imaging probe that preferen-
tially binds to cannabinoid receptors. Several other detection
schemes can also be noted for different sensor developments.
Pennacchio227 describes an interesting approach to detection of
patulin in food. Patulin is detected by utilizing NIR fluorescent
labeled anti-PAT antibodies which makes possible the detection
of PAT directly in apple juice without any sample pretreatment.
This approach employs an increase in fluorescence upon
antigen−antibody binding using commercially produced anti-
bodies. Excellent detection limits of 60 ng/L were achieved,
much lower than required by regulators in OECD countries.
The immunochemical reaction was simply detected using fluo-
rescence polarization measured directly in 1:10 diluted apple
juice sample.
Hou et al.228 have described a new application of polarity

sensitive cyanine dyes. Modified Cy5 fluorophores prepared
during these studies self-assemble to form fluorescence-
quenched J-type aggregate. In the presence of specific analytes,
as determined by the modification moieties on Cy5 significant
fluorescence, increased fluorescence is observed. This increased
fluorescence is due to a substitution moiety induced dissociation
of the probe aggregate. This study reports a generalized strategy
to design an analyte selective response resulting in increase NIR
fluorescence for selective detection of proteins.
In a study by Pan et al.229 a novel NIR fluorescent probe

has been reported for detection of ascorbic acid metabolites.

The probe that has Arg-Cy composition employs the reaction
of the guanidine group in Arg-Cy with the adjacent diketone
present in the ascorbic acid metabolites. In addition to the
above-mentioned NIR fluorescence probe developments, a
significant number of publications were devoted to NIR
fluorescence imaging, including some dual modality imag-
ing.97,230−236 Since imaging applications are somewhat similar,
we do not provide details on any individual publications.

■ FLUORESCENT NANOPARTICLES
Developments in luminescent nanoparticles have surged
unabatedly and have had an enormous impact in critical areas
ranging from food security and environmental monitoring to
cellular imaging and biomedical theranostics. Given the vast
literature from which to choose, accounting for literally tens of
thousands of peer-reviewed contributions within the previous
2 years alone, we have made the arbitrary choice to cover a few
of the more innovative advances in this budding area of
fluorescent nanoparticles prepared using environmentally
responsible chemistry: (i) fluorescent copper nanoclusters
and (ii) metal nanocluster nanothermometers. In aggregate,
these examples offer a representative snapshot of the current
sophistication accessible for preparation of fluorescent nano-
particles in water using sustainable methods coupled with their
clever application in analytical problem-solving.
GUMBOS based fluorescent nanomaterials have also been

recently synthesized. In this regard, iron(III)phthalocyanine-
based nanomaterials were prepared in order to acquire
fluorescent, magnetic, as well as pH responsive characteristics
in a single compound.237 A simple procedure for synthesis of this
compound has been demonstrated and used for biomedical
imaging. It was observed that this material showed no
cytotoxicity toward cancerous or normal breast cells. In addition,
paramagnetic characteristics of these biocompatible nanoparticles
suggest possible use of these materials for targeted drug delivery
using an external magnetic field and magnetic hyperthermia.
Using bovine serum albumin (BSA) as a template and

hydrazine hydrate as reducing agent under alkaline conditions
at room temperature, Wang et al.238 have prepared stable, red-
emitting copper nanoclusters (CuNCs) with peak emission
near 620 nm and a quantum yield (QY) of 4.1%. The PL from
these CuNCs showed a pH dependence in the 6−10 range
which was ascribed to conformational changes of the host
protein. An MTT assay using CAL-27 human epithelial cells
revealed only slight cytotoxicity for concentrations up to 80 μg
mL−1. Because of their ultrafine sizes, CuNCs might be
anticipated to exhibit catalytic potential. In pilot studies, the
CuNCs were found to catalyze oxidation of styrene, with
benzaldehyde as the major product (∼70%).
In addition to BSA, other proteins have also been employed

as biomineralization scaffolds to direct the preparation of
CuNCs. For example, the Li group has prepared transferrin
(Trf)-stabilized CuNCs emitting at 670 nm (QY ≈ 6.2%) using
ascorbic acid at room temperature in 3.5 h.239 The fluorescence
intensity from the resulting CuNCs was found to be insensitive
to pH from 4−10. Most notably, Trf allowed for site-specific
targeting of overexpressed receptors on HeLa (human cervical
cancer) cell surfaces. A control experiment using a Trf receptor
negative mouse fibroblast cell line (3T3) validated that targeted
bioimaging was only accomplished for cell lines that were Trf
receptor positive.
The Wang group has developed a straightforward one-pot

method to prepare very bright CuNCs with a QY as high as
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14.1% in water using D-penicillamine.240 Intriguingly, the
CuNCs exhibited aggregation-induced emission (AIE), allow-
ing them to serve as pH stimuli-responsive reporters (i.e., at pH
6 and above, they are essentially nonluminescent). These
researchers showed that the PL (640 nm) from these CuNCs
was efficiently quenched by H2O2, allowing for the indirect
detection of analytes (e.g., glucose) using the corresponding
O2-dependent oxidase. Additionally, they demonstrated the
rapid (∼1 min) reduction of methylene blue to its colorless
“leuco” form by hydrazine using the CuNCs as catalysts (k0 ≈
104 M−2 s−1).
Chen and co-workers have reported a one-pot synthesis of

CuNCs capped with glutathione (GSH) using a chemical
reduction route (hydrazine under alkaline conditions in
water).241 Matrix-assisted laser desorption ionization-time-of-
flight mass spectroscopy (MALDI-TOF MS) and electrospray
ionization-mass spectrometry (ESI-MS) measurements per-
formed for compositional analysis suggested a Cu6(GS)3
composition for the original CuNCs. The authors further
proposed Cu3(GS)2 as a “staple” motif in analogy with gold
thiolate Aux(SR)y clusters. Highly reminiscent of previous
results from the Wang group,240 the as-synthesized clusters
were found to be weakly fluorescent in water but show a strong
AIE enhancement, displaying intense 617 nm emission in
80 vol % ethanol (a QY value was not reported). Also, similar
to the earlier work, these CuNCs catalyzed reduction of
methylene blue in the presence of hydrazine.
In another development, the Zhang group has established a

one-pot sonochemical route to GSH-stabilized CuNCs which
fluoresce at 608 nm with a QY of 5.6%.242 The multifunctional
character of the GSH ligand allowed for conjugation with the
cell targeting agent folic acid. In laser scanning confocal
fluorescence imaging studies, folic acid-modified GSH-CuNCs
were shown to be highly selective for HeLa cells known to
express a high level of folate receptors on their surfaces. In
contrast, in normal 293T (human embryonic kidney) cells
where folate receptors are expressed at very low levels, the cells
displayed almost no fluorescence signal. An MTT assay using
HeLa cells demonstrated an 80% viability after 24 h incubation
at a CuNC concentrations of 80 μg mL−1. Finally, the GSH-
CuNCs showed paramagnetic properties, showing potential as
transverse relaxation time (T1) contrast agents for magnetic
resonance imaging (MRI).
On the basis of the ability of single-stranded poly(thymine)

(poly T) of sufficient length (i.e., 15 or more bases) to template
the formation of fluorescent CuNCs (615 nm) using ascorbate,
Qing et al.243 have developed a simple, label-free, sensitive, and
rapid nuclease assay using a 30-mer of poly T as a reporter. In
the presence of S1 nuclease as a model system, T-30 was
digested to mono- or oligo-nucleotide fragments which failed to
template fluorescent CuNCs. The fluorescence assay required
no complex labeling nor sophisticated synthesis or instru-
mentation and showed an SI nuclease detection limit of only
5 × 10−7 U μL−1, significantly lower than many recently
developed analytical approaches.
Similarly, Chen et al. used the in situ formation of fluorescent

CuNCs as a diagnostic to distinguish deletion or duplication
genotypes of Duchenne muscular dystrophy (DMD).244

Following the polymerase chain reaction (PCR), appropriately
designed duplex DNA (DMD amplicons containing the target
exon) was reacted with copper ions using ascorbate reduction.
The resulting fluorescence (565 nm) provided a rapid, simple,
and cost-effective method to examine the exons of DMD

diagnosis. For example, the deletion genotype gave non-
fluorescent products, whereas the duplication genotype emits
stronger fluorescence than the normal type. In fact, the
genotyping assay gave results consistent with those from the
multiplex ligation-dependent probe amplification method for
real clinical DNA samples obtained from DMD patients. As a
final note on the subject, although the analytical utility is
beyond question, the origin of the photoluminescence from
CuNCs, thought to arise from surface states involving Cu+,
remains poorly understood and requires deeper elucidation.
Temperature represents one of the most fundamental

parame`ters measured in science and engineering. Indeed,
sensors for monitoring temperature dominate the global sensor
market, accounting for some 80% of sales. Optical sensors offer
attractive advantages for stand-off deployment in harsh,
dangerous, and remote environments. Nanoscale thermometry
based on PL is gaining particular momentum as this approach
provides an avenue for mapping temperature fluctuations with
high spatial resolution, making this approach appropriate for
cellular imaging, microfluidics, monitoring of laser-induced
hyperthermia, and many others. An exciting development in
this regard, which has occurred during the course of this review
period, is the emergence of high-performance nanothermom-
etry based on fluorescent metal nanoclusters. In the first
example, Nienhaus and colleagues have reported on lipoic acid-
protected red-emitting (710 nm) AuNCs as sensitive probes of
local temperature over the physiological temperature range.245

By using time-correlated single-photon counting (TCSPC)-
based fluorescence lifetime imaging microscopy (FLIM), these
authors have demonstrated the potential of AuNCs for spatially
resolving temperature measurements within living HeLa
cells, reporting a temperature resolution of 0.3−0.5 °C in the
14−43 °C range.
Baker and co-workers have explored the analytical perform-

ance of BSA-protected AuNCs as nanoscale fluorescent
thermometers.246 For conventionally prepared BSA-AuNCs, a
clear thermal hysteresis was evident in the emission intensity
(peaked at 645 nm, QY as high as 13%) during repeated
heating and cooling cycles. This detrimental behavior was
eliminated completely by a number of strategies, including
sol−gel coating of the protein, halide treatment, and thermal
denaturation of the protein prior to BSA-AuNC synthesis,
making rigorous temperature tracking possible. These
simple strategies gave a temperature resolution of 0.2 °C in
the 10−45 °C range. An activation energy for thermal
quenching (Ea) of 206 meV was calculated for these BSA-
AuNCs, making this nanothermometer inherently more
sensitive to temperature than most reported nanoscale
thermometers, including thiolate-capped AuNCs.
Finally, Ghosh et al.247 have reported CuNCs stabilized by

human serum albumin (HSA) that emit blue PL centered at
414 nm (QY ≈ 4%). By noncovalently hosting the fluorophore
coumarin 153 (C153) within HSA-CuNC, a temperature-
dependent luminescence was established based on variable
Förster resonance energy transfer (FRET) from the CuNC
donor to C153 as a suitable acceptor. Changes in FRET
efficiency were believed to be associated with the temperature-
induced conformational changes of the HSA host and were
reported to be fully reversible. Although no attempt was
made to estimate the temperature resolution possible with
the HSA-CuNC/C153 system, it appears to be useful in the
10−45 °C range and should have a resolution somewhere in the
0.5−2.0 °C range.
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Fluorescence-Based Plasmonics. Fluorescence-based
plasmonics, also called metal-enhanced fluorescence (MEF)
and surface enhanced fluorescence (SEF) has grown signifi-
cantly over the past few years. Today, the concept is
significantly better understood, and indeed one can readily
find several thousand papers on this subject. In addition, there
are several commercial suppliers of both plasmonic substrates
and particles. During the past couple of years, several review
articles248−250 and one journal special issue have been
dedicated to the topic.251

Development of surfaces for enhanced fluorescence con-
tinues to be a major area of research both academically and
commercially. Historically, a great many types of surfaces
featuring different sized and shaped nanoparticles as well as
different and combined metals have been constructed. Recently,
a resurgence in the use of aluminum for enhanced fluorescence
has been observed.252−254 This is primarily due to aluminum
having plasmon bands in the UV and therefore its ability to
enhance fluorescence in the UV spectral region as well as to
pump high-energy photophysics. A recent review by Gray et al.
outlines aluminum as a UV plasmonic metal,254 while Watson
et al. similarly describes the use of rhodium-based nano-
particles.255 Other notable surfaces include hybrid nano-
tubes,256 2D silver gratings,257 high aspect ratio silver nano-
wires,258 silver wires deposited on gold mirrors259 and the
development of nanoraspberry substrates,260 and a high electric
field enhancing substrate composed of gold nanoparticles and
aniline oligomers.260

Virtually all reports of metal-enhanced fluorescence to date
involve reports of enhanced emission spectra, whether
fluorescence, phosphorescence, or indeed α-fluorescence,
which appear almost identical to control samples, i.e., similar
to visualizing the emission in the far-field condition. However,
Geddes and colleagues have shown261 that depending on the
metal−fluorophore combination and the respective overlap of
the metals scattering spectrum (a component of its extinction
spectrum which is dominant for larger particle sizes), enhanced
emission spectra can also be spectrally distorted. These spectral
shifts were first reported for copper nanoparticulate thin films
in 2014, where a 2 nm red shift was reported for Rhodamine
800 accompanied by a 1 nm reduction in the spectra full-width
at half-maximum (fwhm). Similarly, Hamo et al.262 have shown
dramatic distortions at the red edge of the spectra of Basic
Fuchsin on zinc nanoparticulate films, accompanied by an
increase in the fwhm.
It has also been recently shown that the synchronous

scattering spectrum of Nobel metal surfaces is a good predictor
of wavelength-dependence of metal-enhanced fluorescence.263

The significance of this technique is that shape and magnitude
of fluorescence enhancement can be determined rapidly for a
particular plasmonic substrate.263

There has been continued use of plasmonic substrates for
enhancing the photophysical properties of luminescent
particles.264,265 To this list, quantum dots have been extensively
studied, not only to enhance their luminescence but to
additionally improve quantum dot photostability.265 In
addition, a recent report has appeared on the use of plasmonic
substrates to enhance the intrinsic emission of carbon
nanodots,266 small amorphous carbon nanoparticles formed
from burning hydrocarbons. Interestingly, the apparent
quantum yield of these particles can be dramatically enhanced
near to silver, but remains low distal from the substrate, making
these particles ideal as a luminescent label for immunoassays.266

It is well recognized that formation of fluorophore aggregates
typically leads to quenching. Sorokin and co-workers have
subsequently shown in several manuscripts that the fluores-
cence of pseudoisocyanine dye J-aggregates in a polyelectrolyte
film can be enhanced as much as 8-fold, when gold nano-
particles were added and spaced at approximately 16 nm,267,268

suggesting a plasmon-unquenching effect, not unlike what has
previously been observed for both over labeled DNA and
proteins.
The use of localized surface plasmons to enhance triplet

yields and then subsequently in turn enhance triplet-based
photophysical phenomena has also been an active area of
research. These can be categorized into three primary areas (i)
enhanced phosphorescence (and α-fluorescence),269 (ii)
enhanced singlet oxygen generation,270,271 and (iii) enhanced
upconversion via enhanced triplet−triplet annihilation.272 Most
notably, Mishra et al.269 have shown for the first time using the
acriflavin fluorophore that the distance dependence of
enhancement has the same profile for S1, T1, and α-S1
emission, all within the same fluorophore.
Finally, as plasmon-based fluorescence matures into a

fluorescence discipline in its own right, it is being used in
clinical testing. For example, Wang et al. have recently
summarized the applications of MEF in the biomedical
field.273 Chang et al.274 have recently used a MEF-based
high-throughput biosensor to diagnose human metapneumovi-
rus (common respiratory tract infection), using 91 clinical
samples. They report a 77.4% sensitivity and a specificity of
91.7% as compared to a standard immunofluorescent-antibody
test.274 Similarly, the Geddes group has continued to develop
several clinical platforms based on the microwave-accelerated
metal-enhanced fluorescence (MAMEF) technique.275,276 The
MAMEF technique combines the benefits of MEF for
enhancing assay sensitivity (enhanced signal) but additionally
utilizes low power microwaves to rapidly accelerate assay
kinetics to completion within 1 min. This technology has been
shown to have sensitivity levels similar to PCR but only much
more rapid.275,276 In a recent blinded clinical study, an MAMEF
assay for detection of Chlamydia trachomatis from 257 vaginal
swabs showed 89.5% sensitivity and 91.0% specificity agree-
ment with a gold-standard nucleic acid amplification test. This
new technology provided a result in less than 9 min (which
included sample preparation) and cost about $1, significantly
cheaper than other commercially available nucleic acid
amplification tests.
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Peon, J. J. Phys. Chem. B 2013, 117, 7352−7362.
(80) Keene, J. D.; McBride, J. R.; Orfield, N. J.; Rosenthal, S. ACS
Nano 2014, 8, 10665−10673.
(81) Guan, Z.; Gao, N.; Jiang, X.-F.; Yuan, P.; Han, F.; Xu, Q.-H. J.
Am. Chem. Soc. 2013, 135, 7272−7277.
(82) Jiang, X.-F.; Pan, Y.; Jiang, C.; Zhao, T.; Yuan, P.; Venkatesan,
T.; Xu, Q.-H. J. Phys. Chem. Lett. 2013, 4, 1634−1638.
(83) Zieschang, F.; Schmiedel, A.; Holzapfel, M.; Ansorg, K.; Engels,
B.; Lambert, C. J. Phys. Chem. C 2013, 117, 19816−19831.
(84) Pavitra, E.; Raju, G. S. R.; Park, W.; Yu, J. S. New J. Chem. 2014,
38, 163−169.
(85) Lu, D.; Lei, J.; Wang, L.; Zhang, J. J. Am. Chem. Soc. 2012, 134,
8746−8749.
(86) Dramicánin, T.; Lenhardt, L.; Zekovic,́ I.; Dramicánin, M. D. J.
Fluoresc. 2012, 22, 1281−1289.
(87) Zekovic,́ I.; Dramicánin, T.; Lenhardt, L.; Bandic,́ J.;
Dramicánin, M. D. Appl. Spectrosc. 2014, 68, 823−830.
(88) Rajasekaran, R.; Aruna, P.; Koteeswaran, D.; Baludavid, M.;
Ganesan, S. J. Fluoresc. 2014, 24, 1199−1205.
(89) Abdel-Aziz, O.; El Kosasy, A.; Okeil, S. E.-S. J. Fluoresc. 2014, 24,
549−556.
(90) Chang, H.-Y.; Chang, H.-T.; Hung, Y.-L.; Hsiung, T.-M.; Lin,
Y.-W.; Huang, C.-C. RSC Adv. 2013, 3, 4588−4597.
(91) Wang, D.; Li, L.; Yang, W.; Zuo, Y.; Feng, S.; Liu, H. RSC Adv.
2014, 4, 59877−59884.
(92) Zeng, Y.-p.; Hu, J.; Long, Y.; Zhang, C.-y. Anal. Chem. 2013, 85,
6143−6150.
(93) Zong, C.; Wu, J.; Liu, M.; Yang, L.; Yan, F.; Ju, H. Anal. Chem.
2014, 86, 9939−9944.
(94) Gao, Y.; Li, B. Anal. Chem. 2013, 85, 11494−11500.
(95) Al-Ogaidi, I.; Gou, H.; Aguilar, Z. P.; Guo, S.; Melconian, A. K.;
Al-kazaz, A. K. A.; Meng, F.; Wu, N. Chem. Commun. 2014, 50, 1344−
1346.
(96) Bi, S.; Zhang, Z.; Dong, Y.; Wang, Z. Biosens. Bioelectron. 2015,
65, 139−144.
(97) Li, Z.; He, X.; Wang, Z.; Yang, R.; Shi, W.; Ma, H. Biosens.
Bioelectron. 2015, 63, 112−116.
(98) Chyan, W.; Zhang, D. Y.; Lippard, S. J.; Radford, R. J. P. Proc.
Natl. Acad. Sci. U. S. A. 2014, 111, 143−148.
(99) Peng, J.; Xu, W.; Teoh, C. L.; Han, S.; Kim, B.; Samanta, A.; Er,
J. C.; Wang, L.; Yuan, L.; Liu, X. J. Am. Chem. Soc. 2015, 137, 2336−
2342.

(100) Vali, R.; Loidl, W.; Pirich, C.; Langesteger, W.; Beheshti, M.
Am. J. Nucl. Med. Mol. Imaging 2015, 5, 96.
(101) Pires, A. O.; Borges, U. S.; Lopes-Costa, P. V.; Gebrim, L. H.;
da Silva, B. B. Eur. J. Obstet. Gynecol. Reprod. Biol. 2014, 180, 138−141.
(102) Tummers, Q.; Verbeek, F.; Schaafsma, B.; Boonstra, M.; van
der Vorst, J.; Liefers, G.-J.; van de Velde, C.; Frangioni, J.; Vahrmeijer,
A. Eur. J. Surg. Oncol. 2014, 40, 850−858.
(103) Yuen, K.; Miura, T.; Sakai, I.; Kiyosue, A.; Yamashita, M. J.
Urol. 2015, 194, 371−377.
(104) Metildi, C. A.; Kaushal, S.; Felsen, C. N.; Nguyen, Q. T.;
Hoffman, R. M.; Tsien, R. Y.; Bouvet, M. Cancer Res. 2014, 74, 4311−
4311.
(105) Yano, S.; Hiroshima, Y.; Maawy, A.; Katz, M. H.; Fleming, J.
B.; Kishimoto, H.; Suetsugu, A.; Uehara, F.; Miwa, S.; Tazawa, H.
Cancer Res. 2014, 74, 1218−1218.
(106) Gordo, V. O.; Arslanli, Y. T.; Canimoglu, A.; Ayvacikli, M.;
Gobato, Y. G.; Henini, M.; Can, N. Appl. Radiat. Isot. 2015, 99, 69−76.
(107) Baran, A.; Mahlik, S.; Grinberg, M.; Cai, P.; Kim, S. I.; Seo, H.
J. Phys.: Condens. Matter 2014, 26, 385401.
(108) Lu, C.; Das, S.; Siraj, N.; Magut, P. K. S.; Li, M.; Warner, I. M.
J. Phys. Chem. A 2015, 119, 4780−4786.
(109) Li, L.; Peng, M.; Viana, B.; Wang, J.; Lei, B.; Liu, Y.; Zhang, Q.;
Qiu, J. Inorg. Chem. 2015, 54, 6028−6034.
(110) Wang, T.; Li, P.; Li, H. ACS Appl. Mater. Interfaces 2014, 6,
12915−12921.
(111) Cano, N. F.; dos Santos, L. H.; Chubaci, J. F.; Watanabe, S.
Spectrochim. Acta, Part A 2015, 137, 471−476.
(112) Karaliunas, M.; Kuokstis, E.; Ting, S.-Y.; Huang, J.-J.; Yang, C.
J. Appl. Phys. 2014, 116, 123501.
(113) Liu, L.; Wang, Q.; Gao, C.; Chen, H.; Liu, W.; Tang, Y. J. Phys.
Chem. C 2014, 118, 14511−14520.
(114) Jiang, H.; Rooh, G.; Kim, H.; Lee, J.; Lee, Y.; Zhang, W.; Kim,
S. J. Cryst. Growth 2015, 418, 163−166.
(115) Spassky, D. A.; Nagirnyi, V.; Savon, A. E.; Kamenskikh, I. A.;
Barinova, O. P.; Kirsanova, S. V.; Grigorieva, V. D.; Ivannikova, N. V.;
Shlegel, V. N.; Aleksanyan, E.; Yelisseyev, A. P.; Belsky, A. J. Lumin.
2015, 166, 195−202.
(116) Sokolov, V.; Pustovarov, V.; Gruzdev, N.; Sokolov, P.; Baranov,
A. Opt. Spectrosc. 2014, 116, 790−792.
(117) Kostka, P.; Zavadil, J.; Iovu, M. S.; Ivanova, Z. G.; Furniss, D.;
Seddon, A. B. J. Alloys Compd. 2015, 648, 237−243.
(118) Green, T. D.; Yi, C.; Zeng, C.; Jin, R.; McGill, S.;
Knappenberger, K. L., Jr J. Phys. Chem. A 2014, 118, 10611−10621.
(119) Vialla, F.; Chassagneux, Y.; Ferreira, R.; Roquelet, C.;
Diederichs, C.; Cassabois, G.; Roussignol, P.; Lauret, J.-S.; Voisin, C.
Phys. Rev. Lett. 2014, 113, 057402.
(120) Reshchikov, M.; Usikov, A.; Helava, H.; Makarov, Y. J. Electron.
Mater. 2015, 44, 1281−1286.
(121) Zhang, F.; Zhong, H.; Chen, C.; Wu, X.-g.; Hu, X.; Huang, H.;
Han, J.; Zou, B.; Dong, Y. ACS Nano 2015, 9, 4533−4542.
(122) Manohara, B.; Nagabhushana, H.; Thyagarajan, K.; Prasad, B.
D.; Prashantha, S.; Sharma, S.; Nagabhushana, B. J. Lumin. 2015, 161,
247−256.
(123) Singh, A. K.; Thool, G. S.; Bangal, P. R.; Madhavendra, S. S.;
Singh, S. P. Ind. Eng. Chem. Res. 2014, 53, 9383−9390.
(124) Shi, T.; Jackson, H. E.; Smith, L. M.; Jiang, N.; Gao, Q.; Tan,
H. H.; Jagadish, C.; Zheng, C.; Etheridge, J. Nano Lett. 2015, 15,
1876−1882.
(125) Wang, W.; Xu, J. ACS Appl. Mater. Interfaces 2015, 7, 415−421.
(126) Tregnago, G.; Wykes, M.; Paterno,̀ G. M.; Beljonne, D.;
Cacialli, F. J. Phys. Chem. C 2015, 119, 11846.
(127) Prokhorov, A. M.; Hofbeck, T.; Czerwieniec, R.; Suleymanova,
A. F.; Kozhevnikov, D. N.; Yersin, H. J. Am. Chem. Soc. 2014, 136,
9637−9642.
(128) Abdukayum, A.; Chen, J.-T.; Zhao, Q.; Yan, X.-P. J. Am. Chem.
Soc. 2013, 135, 14125−14133.
(129) Wang, Y.-F.; Liu, G.-Y.; Sun, L.-D.; Xiao, J.-W.; Zhou, J.-C.;
Yan, C.-H. ACS Nano 2013, 7, 7200−7206.

Analytical Chemistry Review

DOI: 10.1021/acs.analchem.5b04109
Anal. Chem. 2016, 88, 170−202

199

http://dx.doi.org/10.1021/acs.analchem.5b04109


(130) Xie, X.; Gao, N.; Deng, R.; Sun, Q.; Xu, Q.-H.; Liu, X. J. Am.
Chem. Soc. 2013, 135, 12608−12611.
(131) Chen, B.-C.; Legant, W. R.; Wang, K.; Shao, L.; Milkie, D. E.;
Davidson, M. W.; Janetopoulos, C.; Wu, X. S.; Hammer, J. A.; Liu, Z.;
English, B. P.; Mimori-Kiyosue, Y.; Romero, D. P.; Ritter, A. T.;
Lippincott-Schwartz, J.; Fritz-Laylin, L.; Mullins, R. D.; Mitchell, D.
M.; Bembenek, J. N.; Reymann, A.-C.; Böhme, R.; Grill, S. W.; Wang,
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