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Abstract

Exploring and understanding biological and pathological changes are of great significance for
early diagnosis and therapy of diseases. Optical sensing and imaging approaches have experienced
major progress in this field. Particularly, an emergence of various functional optical nanoprobes
has provided enhanced sensitivity, specificity, targeting ability, as well as multiplexing and
multimodal capabilities due to improvements in their intrinsic physicochemical and optical
properties. However, one of the biggest challenges of conventional optical nanoprobes is their
absolute intensity-dependent signal readout, which causes inaccurate sensing and imaging results
due to the presence of various analyte-independent factors that can cause fluctuations in their
absolute signal intensity. Ratiometric measurements provide built-in self-calibration for signal
correction, enabling more sensitive and reliable detection. Optimizing nanoprobe designs with
ratiometric strategies can surmount many of the limitations encountered by traditional optical
nanoprobes. This review first elaborates upon existing optical nanoprobes that exploit ratiometric
measurements for improved sensing and imaging, including fluorescence, surface enhanced
Raman scattering (SERS), and photoacoustic nanoprobes. Next, a thorough discussion is provided
on design strategies for these nanoprobes, and their potential biomedical applications for targeting
specific biomolecule populations (e.g. cancer biomarkers and small molecules with physiological
relevance), for imaging the tumor microenvironment (e.g. pH, reactive oxygen species, hypoxia,
enzyme and metal ions), as well as for intraoperative image guidance of tumor-resection
procedures.
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1. Introduction

Exploring and understanding biological and pathological changes are of primary importance
for early diagnosis and therapy of diseases, as well as for basic biological and medical
research.l: 2 To this end, various non-invasive molecular sensing and imaging technologies
including optical,3 4 magnetic,>7 and electrochemical® © methods have been widely
proposed. Among these developed methods, optical molecular sensing and imaging (OMSI)
technologies have obtained increasing attention because of their unique advantages.1%: 11
OMSI technologies can enable the direct, real-time, and dynamic visualization of
biomolecules of interest or molecular events at different levels of organization in molecules,
cells, tissues, and even organs in living organisms.12: 13 In addition, OMSI techniques
exhibit high analytical sensitivity, excellent specificity, rapidity, technical simplicity,
multiplexing, and multimodal capabilities.14

Recently, the emergence of various optical molecular probes including fluorescence, surface
enhanced Raman scattering (SERS), and photoacoustic probes have led to significant
advances in the field of OMSI Jn vitroand in vivo. Especially with the rapid development of
materials science and nanotechnology, the design and fabrication of various optical
nanomaterial-based probes (nanoprobes) has played a key role in improving OMSI
techniques. Compared with conventional small molecule-based probes, hanoprobes can
effectively improve the sensitivity, specificity, targeting ability, as well as multiplexing and
multimodal abilities of OMSI because of their intrinsic optical and physicochemical
properties.15-18 First, nanoprobes with relatively small dimensions below 100 nm are
typically smaller than the pore and opening sizes of human vasculature and tissues,
permitting them to freely traverse the whole body v7a systemic circulation. Second,
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nanoprobes exhibit long blood circulation time,1%-21 ensuring that they can efficiently
accumulate in the neovasculature of tumors, which offers great potential for the delivery of
nanoprobes into disease sites. Third, the optical activities of nanoprobes can be easily and
controllably manipulated for diverse applications through engineering of their composition,
size, shape, and surface functionalization. Fourth, the large specific surface area of
nanoprobes can be used for conjugation of targeting molecules such as antibodies, peptides,
or nucleic acids, which can ensure the specificity of the nanoprobes. Fifth, nanoprobes can
serve as vehicles for various sensing and signal-generating molecules, which can
significantly improve their stability in biological environments, as well as enhance the
sensitivity of molecular sensing and imaging due to their high payload capacity which
results in high signal intensity. Sixth, nanoprobes offer the possibility of multiplexed sensing
and imaging of diverse target molecules through the use of different signaling and/or sensing
molecules. Finally, nanoprobes can be employed for multimodal molecular imaging based
on multiplexed signaling/imaging modalities engineered into each nanoparticle.

Although the use of nanoprobes as alternatives to small molecule-based probes can
significantly improve the performance of OMSI technologies, there remain several
significant challenges. Conventional nanoprobes for OMSI technologies mainly depend on
signal transduction modes that are “always on” or “always off” to sense and image analyte
concentrations and molecular events. Unfortunately, absolute intensity-dependent signal
acquisition from a single targeted nanoprobe may be influenced by target concentration-
independent experimental or physiological factors, including: (1) uneven delivery and poor
washout; (2) variations in tissue mechanical properties of permeability and retention
between benign and diseased tissues; (3) instrumentation variables such as detection
working distance and illumination angle; (4) off-target chemical binding or trapping of
nanoprobe in tissues.22-2% Such factors can cause nonspecific and misleading images, and
can further result in an increase in false positives, which has become a major impediment in
conventional molecular sensing and imaging when using only a single targeted probe. For
example, as shown in Fig. 1A, strong nonspecific background signals with high variability in
nanoprobe concentrations are seen across the tissues, which cause the three stained tumors
(U251, SkBr3 and A431) to be poorly defined when only single EGFR-targeted nanoprobes
(EGFR-NPs) are applied.28 Thus, imaging based on the absolute signal intensity of a single
targeted molecular probe can fail to accurately quantify the difference in the true
concentration of target analytes.

In response to these challenges, various strategies including kinetic modeling,2”- 28 dual-
tracer background subtraction,?® and paired-agent methods,30 have been designed and
proposed to mitigate the effects of nonspecific background. Among these methods, one
simple way to minimize nonspecific effects is to utilize a ratiometric strategy rather than
absolute intensity-dependent signal readout. Ratiometric measurement is based on the self-
calibration of signal intensity via recording two or more analyte-induced signal fluctuations,
where one signal can act as a reference factor for normalizing the other signals. Ratiometric
measurement is independent of local nanoprobe concentration and various analyte-
independent confounding factors, which can facilitate more accurate and reliable
quantitation.31-33 As shown in Fig. 1B, ratiometric signal processing with the ratio between
targeted EGFR-NPs vs. isotype control (isotype-NPs) provides a means to normalize away
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the background signal, which can enable improved image interpretation for accurately
identifying the tumor location compared to the image using a single targeted nanoprobe. As
such, this particular ratiometric optical approach allows one to quantify the specific binding
against the nonspecific binding of exogenously applied molecular probes to enable accurate
contrast (Fig. 1C).34 35 Thus, optimizing nanoprobe designs by exploiting ratiometric
measurements is a valuable approach for improving the ability to monitor physiological or
pathological processes, improving the effectiveness of diagnosis and treatments of diseases,
and accelerating clinical translation. In the past several decades, we have witnessed great
progress in designing various ratiometric optical probes, especially fluorescence-based
probes, and several pivotal reviews can be found elsewhere.31: 36-39 However, all of these
published reviews have mainly focused on the design and fabrication of small molecule-
based ratiometric fluorescence probes, and none of them have emphasized the design of
ratiometric fluorescence probes based on nanomaterials. Additionally, other types of
ratiometric optical nanoprobes including surface enhanced Raman scattering (SERS) and
photoacoustics have also been proposed to enhance the sensitivity and reliability of
traditional optical sensing and imaging probes, which have not been previously reviewed.
Thus, in this review, we comprehensively and systematically summarize recent advances for
designing and applying various optical nanoprobes including fluorescence, SERS, and
photoacoustic nanoprobes for ratiometric targeting of specific biomolecules (e.g. cancer
biomarkers and small molecules of physiological importance), for imaging the changes in
the tumor microenvironment (e.g. pH, reactive oxygen species (ROS), hypoxia, enzyme and
metal ions), and for intraoperative image guidance of tumor-resection procedures (Scheme
1). For each type of nanoprobe, we elaborate upon the design strategies that enhance
ratiometry, and also describe representative applications. Finally, we discuss the potential
challenges and the further directions of this field.

2. General Principles for Designing Ratiometric Optical Nanoprobes

To achieve ratiometric detection, there are basically two universal design strategies for the

fabrication of ratiometric optical nanoprobes: one strategy is to introduce the second signal
as a reference that is target-insensitive; the other strategy is to apply two target-responsive

reversible signal changes that enable the ratiometry.

2.1 Ratiometry with One Reference Signal

As shown in Fig. 2A, the first scenario of ratiometric detection depends on the action of two
entirely independent signals from each sensor entity. In this case, one signal is target-
sensitive and can specifically respond to targets or molecular events, whereas the other one
is target-insensitive and acts as a reference signal to allow the primary signal to be
normalized. In general, the simplest way to achieve this ratiometry is through physical
incorporation of two independent nanoprobes (Fig. 2A). However, the requirement of two
independent nanoprobes can make the ratiometric detection complicated. For example,
heterogeneous and unequal distributions of these two nanoprobes can accumulate in cells,
tissues, or organs if the reference probes are not ideal, which can result in false imaging
results. Single nanoprobes with dual detection signals for ratiometry exhibit advantages for
eliminating the errors associated with variations in nanoprobe concentration (Fig. 2A).
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Generating two independent signals from a single nanoprobe requires preconjugation or
preassembly by physical or chemical methods. By using this strategy, the designed
ratiometric sensing and imaging nanoprobes are often more refined and reliable, further
accelerating the corresponding applications.

2.2 Ratiometry with Two Reversible Signal Changes

The second scenario of ratiometric detection in Fig. 2B presents a dynamic mechanism of
two interrelated detection signals that exhibit reversible changes. For example, the presence
of analytes can specifically induce the increase of one signal, accompanied with the decrease
of the other, thereby producing a large change in the ratio between these two detection
signals. The commonly used strategy for this ratiometry is to prepare nanoprobe pairs with
two or more different signal precursors to trigger analyte-binding-driven optical phenomena,
such as energy transfer, charge transfer, proton transfer, or chemical reaction (Fig. 2B). With
the presence of molecular targets or events, the analyte binding can perturb the resultant
nanoprobe pairs to cause reversible variation of two or more different signals, thus allowing
for ratiometry. The signal changes can be achieved through physical absorption, chemical
coupling, nucleic acid hybridization, or antigen-antibody interaction, making this approach
versatile. Additionally, the stability and reproducibility of these designed nanoprobe pairs in
actual sensing and imaging applications should be considered. Another strategy for this type
of ratiometry is through designing stimuli-responsive activatable nanoprobes, where the
presence of molecular targets or events can induce the disappearance of one detection signal
along with the emergence of a new one, thereby establishing a ratiometric detection scheme
(Fig. 2B). Compared with the former, this strategy for ratiometry is simpler and possesses a
lower background noise and higher signal to background ratio (SBR),*%-42 which has been
widely proposed for the design of reversible ratiometric optical sensing and imaging
nanoprobes.

3. Ratiometric Fluorescence Nanoprobes

Fluorescent nanoprobes have become one of the most powerful tools for molecular sensing
and imaging.L 43. 44 Fluorescent nanoprobes provide the opportunity for direct visualization
and real-time monitoring of changes in the local microenvironment and targeting of analyte
concentrations.3: 45 46 However, in traditional fluorescence sensing and imaging, the
absolute-intensity-dependent signal acquisition from single fluorescence nanoprobe is
sometimes inaccurate because of the existence of various analyte-independent confounding
factors, including instrumental parameters (e.g. excitation and emission source fluctuation,
changes in detector working distance, changes in angle of detection, efc.), background light
scattering from the complex sample matrix, microenvironmental variations that affect the
nanoprobes, as well as local fluctuations in the concentration of the nanoprobes due to
uneven delivery or poor washout of the nanoparticles, rather than differences in chemical
binding or specific signal generation.3”- 47 These analyte-independent factors can cause
absolute signal intensities to fluctuate significantly, thereby causing false-positive and false-
negative imaging results. Ratiometric fluorescence nanoprobes can effectively overcome
these issues by introducing another fluorescence emission band to achieve ratiometric signal
readouts.31 36-39 Ratiometric fluorescence nanoprobes enable more accurate imaging
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contrast, which often leads to higher detection sensitivity. In this section, we will review the
latest developments in designing and applying ratiometric nanoprobes for fluorescence
sensing and imaging. Although there exists two models for realizing ratiometric
fluorescence detection of dual excitation and dual emission, this review mainly focuses on
dual-emission fluorescence-based ratiometric strategies, which can be classified into five
categories: (i) two-dye-embedded nanoparticles, (ii) nanoparticle-dye nanoconjugates with
dyes attached to the surface, (iii) hybrid nanoparticles, (iv) single nanoparticles with intrinsic
dual emission, and (v) DNA nanostructures (Fig. 3).

3.1 Two-Dye-Embedded Nanoparticles with Dual Emission

3.1.1 Nanoparticles with Randomly Distributed Dyes—In general, dual-emission
nanoprobes for ratiometric fluorescence sensing are achieved by incorporating two or more
fluorescent dyes with different emission bands into one nanoparticle, in which one
fluorophore serves as the reference and the other acts as a response molecule for ratiometric
signal output. After being entrapped into a single nanoparticle matrix, these dyes can interact
with each other through fluorescence resonance energy transfer (FRET) processes inside the
nanoparticle. Pioneering work was performed by Kopelman and colleagues in 1999,8 who
first prepared a so-called PEBBLE (probes encapsulated by biologically localized
embedding) nanosensor for ratiometric detection of intracellular pH by incorporating a pH-
sensitive fluorescent indicator and a pH-insensitive internal standard into an acrylamide
polymeric matrix. Inspired by this work, various dual-emission PEBBLE nanoparticles have
been designed and synthesized by simply switching the nanoparticle matrix to silica,49-53
liposome,>* polymer,5-67 nanogel,%8 and metal-organic frameworks (MOF).69-74 For
example, Huang and colleagues synthesized a dual-emission phosphorescent nanoprobe for
ratiometric temperature sensing by incorporating two iridium(l11) complexes, Irl and Ir2,
into an acrylamide-based thermosensitive polymer matrix (Fig. 4A).7> /n vitro emission
spectrum analysis demonstrated that the emission from Ir2 at 470 nm remarkably enhanced
with increasing temperature, whereas that from Irl at 590 nm as a reference was virtually
unchanged (Fig. 4B). By using the ratio of 1470nm/ls9onm as the signal output, an 18.2-fold
signal increase was obtained with the solution color changing from orange to white and then
cyan as the temperature increased from 10 °C to 40 °C (Fig. 4C and 4D). In addition, live
cell imaging for temperature measurement was demonstrated via confocal laser scanning
microscopy at an excitation wavelength of 405 nm, in which the signals from the green
channel (460-510 nm) and orange channel (570-620 nm) were recorded at the same time.
As shown in Fig. 4E, with the temperature increase from 15 °C to 30 °C, the signal intensity
from the green channel obviously rose, whereas the red channel was minimally changed,
thereby effecting a significant enhancement of the ratio from 0.82 to 1.79 (Fig. 4F). Further
in vivo ratiometric images were collected in live zebrafish larva, in which ratiometric
mappings at 22 °C and 28 °C are shown in Fig. 4G and 4H. These results revealed that this
polymer nanoprobe can be applied for ratiometric sensing of temperature in living cells and
in vivo. In this case, there was no interaction such as FRET between the two phosphorescent
iridium(111) complexes. Recently, Sung et al. designed a FRET-based dual-emission
nanoprobe for sensing and imaging intracellular pH. This nanoprobe, named Cy3-/Cy5-
labeled NPCS, was prepared through using associating polyelectrolyte, namely, A-palmitoyl
chitosan (NPCS), conjugated with a donor (Cy3) or an acceptor (Cy5) moiety (Fig. 5A).76
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The NPCS exhibits a pH-responsive conformational transition for modulating the FRET
efficiency. FRET spectrum measurements indicated that increases in pH were concomitant
with decreases at 670 nm from Cy5 emission and increases at 570 nm from Cy3 emission
due to the increased FRET efficiency between both (Fig. 5B), thus favoring an increase in
the Cy5/Cya3 ratio with pH. Ratiometric imaging in Fig. 5C showed an evident color change
from red to orange and then green over the pH range from 4.0 to 8.0, indicating that this
nanoprobe could effectively distinguish the pH changes in the local environment. The
potential for intracellular ratiometric pH imaging was further evaluated with HT1080 human
fibrosarcoma cells. As presented in Fig. 5D, the designed nanoprobe is well-suited for
ratiometric tracking and mapping of the environmental pH changes in living cells, especially
in acidic organelles, such as endosomes and lysosomes. A large number of similar PEBBLE
nanoprobes with dual-emission properties have been introduced for ratiometric sensing and
imaging of microenvironmental changes such as pH,””80 temperature,8182 hypoxia,83-88
ROS,89-91 and hiologically important molecules.92-95 Nevertheless, a broad dynamic
measurement range is very difficult to achieve by using traditional dual-emission PEBBLE
nanosensors. To address this limitation, a triple-labeled ratiometric PEBBLE nanosensor was
proposed recently.96-99 Andresen et a/. developed a triple-labeled PEBBLE nanosensor for
intracellular pH detection by embedding two pH-sensitive dyes, Oregon Green (OG) and
fluorescein (FS), and a pH-insensitive reference dye, rhodamine B (RhB), into an
acrylamide-crosslinked matrix (Fig. 6).190 By using a ratiometric readout, the triple-labeled
pH nanosensor exhibited a broad detection dynamic range of up to 4 pH units, which was
superior to the conventional dual-labeled nanosensor (Fig. 6B). Similarly, this proposed
triple-labeled ratiometric nanosensor was also employed for hypoxial® and temperaturel92
imaging in live cells.

The aforementioned dual-labeled or triple-labeled nanosensors have overcome many of the
problems encountered by conventional single-labeled nanosensors and have significantly
improved the sensitivity and reliability of OMSI techniques. However, such approaches
usually require at least two fluorophores to be integrated into the sensing system, which
results in difficulties in terms of manufacturing and cost. To overcome these issues, dual-
emission nanoprobes with a single fluorophore are attractive. Fraser et al. first reported
single-component iodide-substituted difluoroboron dibenzoylmethane-poly(lactic acid)
(BF2dbm(I)PLA) as a dual-emissive probe for ratiometric tumor hypoxia imaging /n vivo
through modulating fluorescence and phosphorescence.193 Single-fluorophore dual-emission
nanoprobes have also been used for ratiometric sensing and imaging of ROS,104-107 enzyme
activity108 and hypoxia,09 as well as for monitoring intracellular drug release.119 For
instance, Pu et al. developed a cocktail design with organic semiconducting nanoparticles
(OSNSs) to construct target-responsive dual-emission polymer dots (Pdots) for ratiometric
hypochlorite (HCIO) imaging /n vitro (Fig. 7A).111 By using a nanoprecipitation method,
two HCIO sensing units of phenothiazine were integrated into two different semiconducting
oligomers to generate two organelle-targeted nanoprobes, named lysosome-targeted
nanoprobe (LNP) and mitochondria-targeted nanoprobe (MNP), respectively. /n vitro
fluorescence analyses (Fig. 7B) showed that with the addition of HCIO, the emission at 535
nm from LNP gradually reduced and shifted to 480 nm, while the emission at 690 nm from
MNP gradually reduced and shifted to 610 nm. The ratiometric HCIO response showed a
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linear relationship between the fluorescence ratio of 1475/1535 or lg10/lg9g and the HCIO
concentration, with a limit of detection (LOD) of 0.17 or 0.19 uM, (Fig. 7C and 7D).
Additionally, living cell multicolor ratiometric imaging of HCIO was demonstrated by
incubating the nanoprobe cocktail with RAW 264.7 cells. Two positive stimuli, including
lipopolysaccharide (LPS) and interferon-y (IFN-vy) were used to induce the generation of
ROS, and N-acetyl-L-cysteine (NAC), a ROS scavenger, was used as a negative control. All
images were acquired with the selective excitation of LNP at 405 nm and excitation of MNP
at 570 nm, respectively. The results in Fig. 7E reveal the increased fluorescence signals in
the blue and orange channels after the addition of LPS and IFN-y when compared with the
control group. With the subsequent addition of NAC, the fluorescence signals from the two
channels are remarkably reduced. The ratiometric fluorescence analysis shown in Fig. 7F
reveals that the ratios of 147,/1535 and lgyo/lggg Were 0.32 and 1.5 in the cells treated with
LPS/IFN-vy, and the average HCIO concentrations were calculated to be approximately 9.0
and 8.0 uM in lysosomes and mitochondria, respectively. These findings demonstrate the
potential of the multicolor LNP/MNP nanococktail for simultaneous probing of HCIO
concentration changes in lysosome and mitochondria.

3.1.2 Nanoparticles with Dyes Located within the Core and Shell—Although the
technique of physically incorporating multiple dye molecules into one nanoprobe for
ratiometric sensing and imaging has experienced great progress, such matrix networks
provide little protection against self-quenching or bleaching owing to the bulk accumulation
of dye molecules inside individual nanoprobes, which may deteriorate the sensing
performance to some extent. Core-shell nanostructures are introduced as an alternative
platform to construct dual-emission fluorescence nanoprobes because the unique
nanostructure can effectively separate target-sensitive and reference fluorophores, thereby
preventing severe self-quenching from the overcrowding of dye molecules. Additionally, the
core and shell also allow for independent modifications to address individual requirements.
Owing to their unique advantages, core-shell structured silica nanoparticles have been used
as nanocarriers for dual-emitting ratiometric nanoprobes, where target-inert dyes are first
doped into the silica core to act as a reference element, and target-active dyes are coated
onto the silica shell as sensing elements. Wiesner et al. prepared a silica-based core-shell
dual-emission nanoprobe for ratiometric pH sensing by layering a sensor-dye-rich silica
shell onto a reference-dye-rich silica core.112 Subsequently, a series of dual-emission
nanoprobes based on core-shell silica nanocomposites were designed and established for
ratiometric detection of diverse targets, including pH,113 cysteine,114 Zn2* 115 hypoxia,116
and ROS.117. 118 Recently, Huang’s group designed a core-shell structured phosphorescent
nanoparticle (SiO,-1@mSiO,-2) as a ratiometric nanoprobe for the detection of both
exogenous and endogenous HCIO in living cells (Fig. 8A).119 To achieve this aim, two
phosphorescent iridium(111) complexes, labeled as 1 and 2 were immobilized into the inner
solid silica core as an internal reference, and immobilized into the outer mesoporous silica
shell as a HCIO sensing element, respectively (Fig. 8B). When HCIO was present, complex
2 was oxidized to complex 2a with a phosphorescence enhancement at 598 nm (Fig. 8B).
Results from /n vitro data showed that upon the addition of HCIO, the red phosphorescence
at 598 nm significantly increased, while the blue phosphorescence at 500 nm remained
unchanged, thereby allowing ratiometric sensing of HCIO with a ratio between Isggnm/l500nm
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that linearly correlated with HCIO concentration (Fig. 8C and 8D). Additionally,
intracellular luminescence imaging analysis for this probe indicated a 10-fold enhancement
in the Isggnm/l500nm ratio with the treatment of HCIO, with a further increase in the ratio
obtained by LPS and phorbol myristate acetate (PMA) stimulation (Fig. 8E and 8F). To
extend the application of these silica-based dual-emission core-shell nanostructures for
ratiometric sensing and imaging, some other self-luminous fluorescent nanomaterials, such
as carbon dots (Cdots),120. 121 zeolite nanoparticles,122 and upconversion nanoparticles
(UCNPs)123. 124 haye recently been proposed to replace the solid core of dye-doped silica
cores as a reference for ratiometry. A typical example is described by Yang ef a/., who
designed a Cdot-based ratiometric nanosensor for monitoring the change of intracellular
GSH level and estimating the redox state in cancer cells using mesoporous SiO»
encapsulated RhB-loaded Cdot composite nanoparticles (RCDCNS) as a dual-emission core-
shell type nanoprobe.121 Recently, Li et a/. presented a core-shell type ratiometric nanoprobe
for measuring nitric oxide (NO) in biological fluids, live cells, and tissues (Fig. 9A).125 This
core-shell dual-emission nanoprobe was designed with UCNPs in the core as a donor and
reference for luminescence resonance energy transfer (LRET), and RhB-derived molecules
(RdMs)-encapsulated mesoporous silica in the shell as an acceptor, respectively. To avoid
dye leaching, a B-cyclodextrin (8CD) layer was further modified onto the exterior of the
particle to form the final product, labeled as UCNP@RAMMSN@ SCD. Results from in
vitro upconversion luminescence (UCL) spectrum analysis indicated that with the addition
of NO, the UCL emission from UCNPs at 540 nm gradually decreased, whereas the UCL
emission at 655 nm exhibited a negligible change (Fig. 9B). A possible reason for this is that
NO induced the ring-opening reaction of RdMs to produce RdB with strong absorption
between 500 and 600 nm, providing a good spectral overlap with the green UCL emission at
540 nm from the UCNPs for modulating LRET efficiency between UCNPs and RdMs.
Using the ratio of lgss/l540 as signal output, an excellent linear response between NO
concentrations of 7.4 to 110 puM was obtained with a LOD of 73 nM (Fig. 9B). As shown in
Fig. 9C, imaging with HeLa cells showed that the green UCL emission at 540 nm
significantly decreased with increasing NO concentration, while red UCL emission had no
obvious change. Thus, an increased lgss/l54 ratio was observed. Ratiometric UCL sensing
for monitoring NO levels in the serum and liver tissue samples was also performed.
Compared with the control group (PBS), a slight increase in the ratio of lgss/l54g Was
observed in the sham and ischemia group, while a larger increase in the octreotide (Oct)-
preconditioned IR (Oct-IR) group was found (Fig. 9D). A similar result was found from
ratiometric UCL imaging of liver tissue slices from sham, IR, and Oct-IR rats (Fig. 9D).
These results illustrated that this developed UCNP@RAMMSN@Bcd can detect the change
of NO levels in the serum and liver tissue with/without Oct treatment. Based on the similar
silica shell-UCNP core nanostructures, ratiometric fluorescence sensing and imaging has
also been employed for the detection of other analytes, such as pH,124 cysteine,126. 127
hydrogen sulfide (H,S),123 Hg?*,128 and hypoxia, 129 130 and monitoring intracellular drug
release, 131, 132

3.2 Nanoparticle-Dye Nanoconjugates with Dyes Attached to the Surface

The simplest way to obtain dual-emitting nanoparticle-dye nanoconjugates for ratiometry is
by conjugating two fluorescent dyes with different emission properties onto the surface of
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one non-luminous nanoparticle as a nanocarrier. In this case, one fluorescent dye is target-
insensitive and can act as a reference for ratiometric pairing, and the other one is target-
sensitive for specific response to target analytes or molecular events. Because of their
remarkable advantages such as ease of synthesis and functionalization,133 excellent
biocompatibility,134 and cell penetration ability,13° gold nanoparticles (AuNPs) have been
introduced as non-luminous nanoparticle scaffolds for achieving dual-emitting nanoparticle-
dye nanoconjugates.136: 137 'y and co-workers presented a dual-emission “gold nano-
submarine” as a fluorescence nanoprobe for ratiometric imaging of pH in cells and /n vivo
(Fig. 10A).137 The designed “gold nano-submarine” was composed of AuNPs as
nanocarriers and modified with pH-sensitive thiolated rhodamine and fluorescein derivatives
through Au-S bonds, respectively. While the fluorescence at 510 nm from fluorescein
significantly increased with increasing pH, the fluorescence at 580 nm declined gradually
(Fig. 10B). Through use of the two emissions for ratiometry, intercellular imaging
experiments displayed good linearity over the pH range from 6.0 to 8.0 (Fig. 10C and 10D).
Encouraged by the live-cell analysis, additional /n vivo imaging experiments were
performed with Balb/c-nu mice, in which the results in Fig. 10E show that the “nano-
submarine” could rapidly travel across the blood brain barrier (BBB) to realize accurate and
sensitive imaging of pH in the brain, with the potential for early diagnosis and therapy of
central nervous system diseases. Moreover, owing to their excellent fluorescence quenching
ability, AuNP-based fluorescent DNA nanoprobes have gained increasing interest for
intracellular sensing and imaging, especially as single-fluorophore-labeled nanobeacons and
nanoflares.138-143 However, the accuracy and reliability of sensing and imaging based on
these single-emission-based nanoprobes will likely be compromised by the local distribution
of nanoprobes, the fluctuations of light sources or detectors, nuclease degradation, and
protein absorption. Two-fluorophore-labeled AuNP-based nanoflares for ratiometric
fluorescence sensing based on FRET are an effective method to overcome these limitations
of existing AuNP-based nanoprobes. Recently, several AuNP-based ratiometric nanoflares
have been implemented for reliable intracellular fluorescence imaging of mRNA,144 pH,145
K*,146 and telomerase.147 For example, Xu’s group described a AuNP-based FRET
nanoflare for ratiometric fluorescence imaging to monitor tumor-related telomerase activities
in living cells (Fig. 11A).247 In this work, the designed nanoprobes consisted of telomerase-
primer-sequence-modified AuNPs and nanoflares labeled with fluorescent donors (FITC)
and acceptors (TAMRA) at two terminals for low FRET efficiency. With telomerase, the
presence of target could trigger the displacement of nanoflares from the primer sequences to
induce the formation of hairpin structures, thereby leading to the close proximity of donors
and acceptors to produce high FRET efficiency. /n vitro fluorescence analysis in Fig. 11B
indicated the fluorescence signal from donors and acceptors exhibited a decrease at 517 nm
and an increase at 576 nm with increasing telomerase concentration, and a good linear
detection range from 50 to 1000 HeL a cells (Fig. 11C). Additionally, intracellular imaging
analyses were carried out in three cancer lines of HeLa, MCF-7, and HepG2, as well as one
normal cell line of L-O2. Results in Fig. 11D and 11E indicate that a higher telomerase
activity was observed in all three types of cancer cells over normal L-O2 cells. Later, this
result was further confirmed by flow cytometry analysis (Fig. 11F). All of these results
demonstrate that AuNP-based FRET nanoflares can effectively distinguish cancer cells from
normal cells, and can also quantify the changes of telomerase activity in living cells. In
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addition to the use of AUNPs as non-luminous nanoscaffolds, other particle nanocarriers
including bacteriophage particles,148: 149 dendrimers, 250 poly(A~isopropylacrylamide)
(PNIPAM) nanospheres,151 and virus particles, 122 have also been used to construct similar
dual-emitting nanoparticle-dye nanocomplexes with or without the incorporation of FRET
technology, thereby allowing for ratiometric sensing and imaging of pH /n vitroand even in
tumor tissues /1 vivo.

Another strategy for preparing nanoparticle-dye nanoconjugates with dual emission is
through simple attachment of target-sensitive fluorescence molecules onto the surface of
target-insensitive self-luminous fluorescent nanoparticles that act as a detection signal for
ratiometric measurement, where the fluorescent molecules can be attached onto the
nanoparticle surface through physical adsorption or chemical conjugation. After
conjugation, there are two possible interactions between the attached fluorophore and self-
luminous core nanomaterial:

In the first situation, no obvious interaction occurs between materials, where the self-
luminous nanomaterial is only used as a reference for ratiometric detection. Currently, these
frequently-used self-referenced luminous nanoparticles mainly consist of dye-embedded
silica,123: 154 gold nanoclusters (AuNCs),125-157 flyorescent bovine serum albumin
nanoparticles,158 Cdots,159: 160 sjlicon nanodots, 61 or quantum dots (QDs).162: 163 Through
a combination of the corresponding target-sensitive fluorescent dye units with unique
responses to target analytes or molecular events, these dual-emission nanoparticle-dye
nanoconjugates have been extensively applied for ratiometric sensing and imaging of diverse
physical and physiological changes. For example, Tian et a/. applied Cdots as a reference
unit and hydroethidine (HE) as a specific response unit to develop a dual emission
nanoparticle-dye nanocomplex for ratiometric sensing and imaging of superoxide anion
changes upon oxidative stress in cancer cells.1>® Yuan and co-workers prepared Th3*-
complex-encapsulated silica nanoparticles as self-luminous nanocarriers for a reference
signal, and then B-diketonate-Eu3* complex (1,2-bis[4"-(1”,1”7,17,2” 2" ,3",3"-
heptafluoro-4” 6" -hex-anedion-6”-yl)-benzyl]-4-benzene-Eu3*, BHHBB-Eu3*) conjugated
to the surface of silica nanoparticles to form dual-emissive nanoarchitectures for ratiometric
sensing and imaging of HCIO (Fig. 12A).154 /n vitro fluorescence measurements found that
in the presence of HCIO, the luminescence from Eu3* complex at 607 nm showed a
substantial decrease, whereas only a slight change was seen at 539 nm from the Th3*
complex, thus enabling reliable ratiometric sensing for HCIO (Fig. 12B). Further analysis of
the luminescence quenching mechanism confirmed that the decreased luminescence of
BHHBB-Eu3* was due to the HClO-induced oxidization of the carbonyl group of -
diketonate into carboxylic acid, which caused the decomposition and luminescence
quenching of BHHBB-Eu3* (Fig. 12A). Two linear dynamic ranges were obtained between
the ratio of I539/lgg7 and HCIO concentration (Fig. 12C). Intracellular ratiometric
fluorescence imaging results indicated that upon the addition of HCIO, the red emission
dramatically decreased, while the green emission was unchanged with a significant
enhancement of l539/lgg7 from 0.21 to 2.25 compared with the HCIO-free group (Fig. 12D).
Similar findings, with enhanced ratios, were seen with the treatment of LPS, IFN-vy, and
PMA, which were used to induce the production of endogenous HCIO (Fig. 12D).
Additionally, the ratio decreased in the presence of 4-aminobenzioc hydrazide (4-ABAH, a
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myeloperoxidase inhibitor) (Fig. 12D). Further /in vivo imaging experiments of HCIO-
treated zebrafish and Daphnia magna indicated enhanced I539/lg07 values of over 1.7 and
6.4-fold in the zebrafish and in the thoracic appendages of Daphnia magna, respectively
(Fig. 12E and 12F). All the results confirmed that the proposed dual-emitting nanoprobes
can be employed for imaging exogenous and endogenous HCIO in cells and small animals.
Based on a similar design principle, a large number of dual-emissive nanoparticle-dye
nanostructures have been reported for ratiometric sensing and imaging of anions,164. 165
metal ions,153. 166 pH 167, 168 temperature, 160 as well as tumor hypoxial®® at the cell, tissue,
and organ levels.

In the second situation, the self-luminous nanoparticles and the conjugated fluorescent
molecules can interact with each other through FRET processes, in which the self-luminous
core nanoparticles not only serve as energy donors, but also as nanocarriers for the
conjugation of target recognition fluorescent acceptors. The occurrence of energy transfer
between donor and acceptor triggers the production of two interconnected fluorescent
signals, which can be used for ratiometry. As such, FRET systems have been widely adopted
for exploring ratiometric measurement through target-induced modulation of FRET
efficiency in a two-fluorophore cassette composed of donor and acceptor.169 In 20086,
Nocera et al. reported on the ratiometric detection of pH based on the modulation of FRET
efficiency by engineering the spectrum overlap from the absorption spectrum of pH-sensitive
squaraine dye with the emission spectrum of pH-insensitive CdSe/ZnS QDs.170 Motivated
by this seminal work, more FRET-based nanostructures based on nanoparticle-dye
complexes have been developed for ratiometric sensing and imaging both /n vitroand in
vivo. Among reported dual-emitting nanoparticle-dye nanoconjugates, core hanomaterials
include FRET donors such as QDs,171-176 GQDs,177 Cdots,178-183 pdots,184-186
fluorescence MOF,187 and persistent luminescence nanoparticles (PLNPs),188 whereas the
dyes for FRET acceptors have been traditional organic dyes or fluorescent proteins.189
Recently, Wu et al. reported Cdot-based fluorescent nanoprobes for ratiometric sensing and
imaging of intracellular hydrogen peroxide (H,O5) based on FRET, where Cdots were used
as the FRET donor and the nanocarrier for covalent attachment of a triphenylphosphonium
(TPP) ligand for mitochondria targeting and a boronate-protected fluorescein (PFI) for H,0,
recognition (Fig. 13A).190 Without H,0,, the PFI moiety is in a lactone form that is
colorless and non-fluorescent, and no FRET occurs from the blue-emitting Cdots to PF1. On
the contrary, the presence of HoO5 induces the conversion in the structure and spectrum of
PF1 that favors FRET with decreased blue emission at 457 nm and increased green emission
at 525 nm (Fig. 13B). Thus, a ratio of green/blue emission for ratiometric HoO, detection is
achieved. Fluorescence spectra analysis revealed the ratio increased steadily as the H,O5
concentration increased with a LOD of 0.75 pM (Fig. 13C). Intracellular imaging results
indicated that the nanoprobe can determine exogenous HoO5 in L929 cells, and
endogenously produced mitochondrial H,O, by exposing Raw 264.7 cells to PMA (Fig.
13D and 13E). In addition, Singh and co-workers employed Cdot and naphthalimide-based
FRET pair to build a selective ratiometric nanosensor for cancer screening by sensing
thioredoxin reductase (TrxR) activity, which is overexpressed in numerous cancer cells.182

Unlike self-luminescent core materials, UCNPs exhibit many merits such as tunable
multicolor emission, large anti-Stokes shift, no autofluorescence derived from biosamples,
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higher photostability, higher light penetration depth, and less damage to biosamples, which
has spurred their development as a powerful platform for fabricating UCL imaging
nanoprobes.191-195 Especially, the multiple shorter-wavelength (e.g. UV, visible, and/or NIR
light) UCL emissions from different lanthanide components are observed under the single
longer wavelength excitation (typically 980 nm laser excitation). Thus, the effective FRET
process (also called luminescence resonance energy transfer, LRET) between the UCNP
donors and energy acceptors can be realized through the modification of the absorption
spectrum from the surface acceptor fluorophore to match one or more UCL emissions of
UCNPs, thereby modulating LRET efficiency. The ratiometric UCL nanoprobes based on
UCNPs can be used for target-induced absorption spectrum change of the acceptors on the
UCNP surface, which can trigger the LRET conversion between “LRET on” and “LRET
off” because of the absence or presence of the spectral overlap between the UCNP donor and
the surface coated acceptor. By recording the change in LRET efficiency caused by the
target, the ratiometric UCL nanosensors provide built-in self-reference correction for
environmental effects and signal variations. To date, many UCNP-based ratiometric LRET
nanoprobes have been developed based on surface modification with various energy
acceptors for monitoring specific intracellular analytes. For example, Zhang’s group
presented a ratiometric UCL nanoprobe for imaging H,S (Fig. 14A).196 Here, this
ratiometric nanoprobe, denoted as CHC1-UCNPs, was designed and constructed by using a.-
cyclodextrin (CD)-modified UCNPs as a nanocarrier for chemical coupling of coumarin-
hemicyanine dye, which can be applied to detect H,S based on H,S-induced LRET from the
UCL emission of UCNPs to the absorbance changes of CHC1 caused by H,S. Before adding
H,S, the green UCL emission of UCNPs at 541 nm was largely quenched by the organic dye
due to the strong LRET. After adding H,S, the maximum absorbance peak of CHC1 blue
shifted from 588 nm to 410 nm and caused less spectral overlap with the green emission of
UCNPs at 541 nm (Fig. 14A), thereby allowing for the recovery of the green UCL emission
because of reduced LRET. However, no significant change was observed in the NIR UCL
emission at 800 nm that could act as an internal reference for ratiometric detection of H,S
(Fig. 14B). /n vitro fluorescence characterization displayed an excellent linear relationship
with the concentration of H,S ranging from 0 to 50 uM with a LOD of 0.13 uM (Fig. 14B).
Live cell imaging experiments were completed by incubating this nanoprobe with N-
ethylmaleimide (NEM)-pretreated Hela cells in the presence of a H,S donor, A-
(benzoylthio)benzamide (NBB). The ratiometric UCL images were recorded with excitation
at 980 nm, and results in Fig. 14C showed that a significant enhancement in the green UCL
emission was observed in the cysteine-treated cells relative to the control cells, and thus a
high ratio of green to red emission was obtained after the addition of cysteine for inducing
the generation of H,S, illustrating that the designed CHC1-UCNPs can be applied for
ratiometric monitoring of intracellular pseudo-enzymatic H,S production. Further in vivo
UCL imaging for ratiometric detection of H,S level was performed by detecting H,S in a
LPS-induced inflammation mouse model. Subsequently, through similar strategies, several
research groups have used UCNP-based ratiometric UCL nanoprobes for determining
various analytes, including important biological species,197: 198 metal jons,199-202 pH,
203-205 RS, 206-210 and toxins?! in living cells. An interesting work was recently presented
by Li’s group, who used UCNPs as FRET donors and nanocarriers for the conjugation of
hydrophobic heptamethine cyanine dye (hCy7) to form dual-emission hCy7-UCNP
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nanoprobes by hydrophobic interactions (Fig. 15A).212 In this study, MeHg* could induce
an obvious red shift from 670 to 845 nm in the maximum absorption peaks of the conjugated
Cy7. The two absorption peaks from Cy7 at 845 and 670 nm could better match the two
UCL emissions at 800 and 660 nm from UCNPs, respectively, thus realizing the FRET-
modulated ratiometric determination of MeHg*. /n vitro study suggested that in the presence
of MeHg*, the UCL emission intensity at 660 nm was significantly increased with a
decrease of UCL emission at 800 nm (Fig. 15B). Using the ratio of UCLggonm/UCLggonm as
a detection signal, a good linear relationship was achieved against the MeHg* concentration
with a LOD of 0.18 ppb (Fig. 15C), which is lower than those based on the use of
UCLggonm/UCLsa0nm (0.58 ppb) or UCLggonm/UCLsagnm (0.25 ppb) as signal output (The
unchanged UCL emission at 540 nm was used as a reference for ratiometry). Encouraged by
these results, intracellular ratiometric UCL imaging through the simple incubation of hCy7-
UCNPs and HeLa cells with or without MeHg* was recorded under the excitation of 980
nm. As shown in Fig. 15D, the addition of MeHg" could induce a higher UCLgg0nm/
UCLggonm ratio than that without MeHg™*. Further /7 vivo imaging experiments for
ratiometric detection were conducted with the intravenous injection of hCy7-UCNPs into
mice, followed by treatment with PBS or MeHg™. Results in Fig. 15E suggested that the
UCL emission at 800 nm in the liver of MeHg*-pretreated mice was obviously decreased,
thus leading to a higher ratio of UCLggonm/UCLgoonm- All these findings indicated that the
hCy7-UCNPs could measure MeHg™" by ratiometric strategy both Jn vitro and in vivo.

3.3 Hybrid Nanoparticles with Dual Emission

Hybrid nanoparticles are generally composed of at least two or more different kinds of
nanomaterials, which have been developed as promising platforms for sensing, imaging, and
even therapeutic applications.213 Hybrid nanoparticles not only retain the beneficial
properties of each nanomaterial component, but also provide the opportunity for
systematically tuning the features of the hybrid nanomaterials through integrating various
functional components.24 Hybrid nanoparticles have become one of the most effective
means for establishing dual-emission fluorescent nanoparticles, which have attracted
substantial research interest. Compared with conventional organic fluorophores, dual-
emission hybrid nanoparticles are obtained by the simple combination of two or more
fluorescent nanomaterials with different fluorescence emission properties, which does not
require elaborate molecular design and sophisticated synthesis. Moreover, dual-emission
hybrid nanoparticles effectively avoid the drawback of photobleaching from traditional
organic fluorescent dyes. In general, these precursor fluorescent nanomaterials mainly
include dye-doped silica or polymer nanoparticles, QDs, graphene QDs (GQDs), Cdots,
AUNCs, silver nanoclusters (AgNCs), and other luminescent nanomaterials. These
nanomaterials can be easily conjugated or assembled together to form various hybrid
nanostructures such as core-satellite nanohybrids through physical adsorption or chemical
coupling. A typical example was from Lu and co-workers, who reported a dual-emission
fluorescent nanohybrid (DEFN) nanoprobe for accurate sensing and imaging of high ROS
(hROS) in living cells (Fig. 16A).215 In this case, the designed DEFN nanoprobe was
prepared through the crown nanoparticle assembly of satellite AUNCs onto a dye-
encapsulated core silica nanoparticle based on the biotin-streptavidin system and
succinimide coupling chemistries. /n vitro studies suggested the fluorescence at 565 nm
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from the AUNCs reduced remarkably with increasing hROS concentrations, whereas the
fluorescence at 435 nm from the encapsulated dye remained unchanged acting as an internal
reference, thus achieving reliable ratiometric sensing for hROS quantification (Fig. 16B and
16C). Moreover, with the decrease of fluorescence at 565 nm, an obvious change in the
fluorescence color of DEFN was seen from reddish violet to blue (Fig. 16B). Live cell
imaging experiments were done through simple incubation of DEFN with three different cell
lines, including HeLa cells, HL-60 cells, and RAW 264.7 cells. Imaging results in Fig. 16D
showed that the red fluorescence of AuNCs significantly diminished in the presence of
H,0,. After the addition of a myeloperoxidase inhibitor, ABAH, to suppress the generation
of hROS, the red emission was recovered, while the blue emission remained unchanged.
Similar results were obtained in the presence of other hROS species, demonstrating that the
DEFN nanoprobes can be used for rapid and sensitive sensing and imaging of hROS in
living cells. Similar dual-emission core-satellite nanohybrids have also been applied for
ratiometric sensing and imaging of metal ions,216-223 pH 224, 225 ROS 226 small molecules
with biological activity,22”: 228 temperature,22% and tumor hypoxia.230 Besides, a binary
heterogeneous assembled nanohybrid with dual-emission was recently reported by Qu and
colleagues for ratiometric sensing of hROS, where the nanohybrid, called Cdots-AuNC, was
designed and constructed on the basis of the assembly of Cdots and AuNCs by a
carbodiimide-activated coupling reaction (Fig. 17A).23! The developed Cdots-AuNC
showed dual emission fluorescence at 455 and 565 nm for ratiometric sensing, one signal
from the AuNCs that could specifically respond to hROS with the other signal from the
Cdots serving as an internal reference. /nn vitro fluorescence analysis revealed that with the
increase of hROS concentration, a substantially decreased fluorescence was observed at 565
nm, whereas no obvious change was observed at 455 nm (Fig. 17B). An excellent linear
correlation was obtained between ratiometric fluorescence and the concentration of hROS,
with a LOD of 0.5 pM (Fig. 17C). In addition, the dual-emission Cdots-AuNC allowed for
rapid imaging and monitoring of hROS concentration changes caused by LPS and PMA
treatment in RAW 264.7 cells, with high sensitivity and contrast, and the produced ROS
could also be scavenged by dimethyl sulfoxide (DMSO) and uric acid (UA) to induce the
fluorescence recovery (Fig. 17D). Further experiments /n vivo showed the ability of Cdots-
AUNC nanoprobes for reliable and sensitive detection of hROS in mice with local ear
inflammation induced by successive exposure to PMA (Fig. 17E). Nonetheless, conventional
synthetic approaches for dual-emission nanohybrids generally rely on a “three-step”
approach, incorporating two separate preparation steps for two component nanomaterials
with different emission bands, and a conjugation or assembly step of the two nanomaterials
through various physical and chemical reactions. This strategy requires tedious multistep
synthesis and sophisticated modification procedures and is not ideal for clinical
implementation.

3.4 Single Nanoparticle with Intrinsic Dual Emission

Although the above-mentioned strategies have been successfully employed to fabricate
ratiometric nanoprobes for fluorescent molecular sensing and imaging, all these ratiometric
designs require at least two or more kinds of fluorophores such as organic dyes, fluorescent
proteins, and fluorescent nanomaterials (e.g. QDs, Cdots, Pdots, and AuNCSs). To achieve
ratiometric sensing, two or more fluorophores are required to be pre-conjugated or pre-
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assembled together through sophisticated modification of fluorophores, and cumbersome
synthetic procedures. As a consequence, these design strategies for ratiometric sensing
systems depend on elaborate design and ingenious fabrication, which is often time-
consuming, arduous and expensive. To address these shortcomings, single fluorophores with
intrinsic dual-emission properties provide enormous advantages as alternatives for
developing ratiometric sensing and imaging. This is because the transition from two or more
fluorophores to a sole fluorophore not only signifies a fundamental breakthrough, but also
significantly simplifies ratiometric sensing design, and meanwhile accelerates the
development of their corresponding applications. Toward this end, increasing attempts have
been devoted to exploring various nanomaterials with intrinsic dual-emissions. These
reported intrinsic dual-emission nanomaterials mainly involve QDs,232-234 Cdots,235: 236
and AgNCs.237 For example, Yang and co-workers first prepared D-penicillamine-passivated
Mn?Z*-doped (CdSSe)ZnS (core)shell nanocrystals (MnQDs) for ratiometric temperature
sensing, where the intrinsic dual emission peaks that allow for ratiometry rely on thermally
coupled emissive states including the excitonic state and the Mn2*-dopant state in MnQDs,
respectively.238 Later, several similar Mn*-doped dual-emitting QDs were also reported for
ratiometric sensing of pH,232 H,05,233 metabolites,234 and temperature.239: 240
Nevertheless, QDs exhibit relatively high toxicity, severely limiting their further
applications.?41: 242 As an alternative, researchers have focused on exploring nontoxic dual-
emission Cdots for building ratiometric sensing. Wang et a/. synthesized Cdots with intrinsic
dual emissions at 475 nm and 545 nm for intracellular ratiometric fluorescence pH imaging
through a one-pot hydrothermal reduction of citric acid and basic fuchsin (Fig. 18A).236
Fluorescence analysis /n vitro revealed that the two emissions of the as-prepared Cdots were
both pH-sensitive, with the fluorescence intensity at 475 nm increasing continuously, and the
fluorescence intensity at 545 nm exhibiting a slight increase from acidic to neutral
conditions, and then decreasing in alkaline solutions (Fig. 18B). Through creating a ratio of
the two emissions (l47snm/l545nm) for ratiometry, a good linear correlation was observed over
the pH range of 5.2 to 8.8 (Fig. 18C). Fluorescence imaging experiments conducted by
incubating this nanoprobe with HelLa cells indicated that the proposed nanoprobes can be
applied for the detection of intracellular pH from 5.0 to 8.0 with the ratio of l475,m/l545n0m @S
a signal readout (Fig. 18D and 18E). Further live cell imaging analysis in Fig. 18F illustrated
the potential of this ratiometric nanoprobe for monitoring the pH changes under the
stimulation of chloroquine (CQ) for pH increase and dexamethasone (DEX) for pH
decrease, respectively. Besides dual-emission QDs and Cdots, dual-emitting AgNCs were
also synthesized to develop ratiometric fluorescence sensing for ROS detection in living
cells. Shao et al. reported the synthesis of denatured lysozyme (dLys) coated AgNCs (dLys-
AgNCs), which exhibit two emission peaks at 640 nm and 450 nm from AgNCs and
aromatic amino acids in the ligand of lysozyme, respectively.23” With hydroxyl free radicals,
the emission at 640 nm was quenched gradually, whereas the emission at 450 nm
significantly increased, thus enabling ratiometric sensing and imaging of hydroxyl radicals.

3.5 DNA Nanostructures

Owing to their outstanding specificity and versatility for molecular recognition, nucleic
acids such as DNA, RNA, and aptamer, are well-suited as nanoscale building block materials
to design and fabricate various functional nanoarchitectures.243: 244 DNA-based
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nanostructures are artificially designed for specific response to biomolecular targets or
molecular events to trigger their corresponding state changes for a measurable output, where
DNA-based stimuli responses are achieved through using different mechanisms such as
differential hybridization, strand displacement, enzymatic reaction, and conformation
changes.245-247 DNA-based nanostructures provide several unique merits including
excellent programmability and biocompatibility, high selectivity and affinity, low
cytotoxicity, remarkable cell permeability, and strong resistance against enzymatic
degradation, and nanoscale controllability.248-250 These excellent properties render DNA-
based nanomaterials the most attractive tools for biosensing and bioimaging applications.
Currently, numerous well-defined DNA-based nanostructures including 1D, 2D, and 3D
nanostructures have proven that they can provide a specific biological response /n vitro and
in vivo.251. 252 For example, several DNA tetrahedron-based nanoprobes have been reported
for sensing tumor-related MRNA and microRNA in living cells. 253-255 Nonetheless, these
reported DNA-based nanoprobes are single intensity-dependent sensing probes that can
result in false detection signals arising from nuclease digestion, nonspecific binding of
protein, as well as thermodynamic fluctuations. In addition, such single intensity-dependent
sensing nanoprobes are also compromised by the local distribution of nanoprobes and
fluctuations from light sources and detectors. To resolve these issues, DNA-based
ratiometric nanostructures have been widely proposed to eliminate the false positive signals,
and meanwhile minimize the influences of system fluctuations on molecular sensing and
imaging. Krishnan and coworkers described a pH-insensitive DNA nanomachine, hamed
Clensor, for accurate sensing and imaging of chloride in organelles of living cells (Fig.
19A).2%8 To this end, Clensor was designed and constructed by using three modules: sensing
(P), normalizing (D2), and targeting (D1). The sensing module, P, is a 12-mer peptide
nucleic acid sequence labeled with a chloride-sensitive fluorescent dye, 10,10"-bis[3-
carboxypropyl]-9,9-biacridinium dinitrate (BAC). The normalizing module, D2, is a 38-mer
DNA sequence labeled with a chloride-insensitive fluorescent dye, Alexa 647 fluorophore
(AB47). Finally, the targeting module, D1, is a 26-mer DNA sequence (Fig. 19A). To better
deliver Clensor along the transferrin pathway, the targeting module (D1) of Clensor was
further modified with a well-characterized RNA aptamer (Tf,p¢) to form a DNA-RNA
chimeric oligonucleotide (D1Tf,p) (Fig. 19B). Fluorescence spectrum analysis shown in
Fig. 19C indicated a decreased fluorescence at 505 nm from chloride-induced fluorescence
quenching of BCA molecules with an unchanged fluorescence from A647 at 670 nm,
thereby realizing ratiometric sensing of chloride ions from 5 to 200 mM (Fig. 19D).
Additionally, the designed Clensor could also be used to sense chloride concentration in the
endosomes of living cells (Fig. 19E). Recently, several well-designed DNA-based
nanostructures employing FRET technology have also been reported for ratiometric sensing
and imaging of MRNA,257 pH,258. 259 and temperature250 in cells and tumor tissues.
However, these reported DNA-based hanomachines are mostly 1D or 2D DNA
nanostructures with limited cell permeability and relatively low stability, largely limiting
their applications in biosensing and bioimaging. 3D DNA nanostructures exhibit more
advantages over 1D or 2D DNA nanostructures, including higher structural rigidity, stronger
cellular penetration ability, higher resistance to enzymatic degradation, as well as potential
control over spatial orientation of functional ligands and multiple binding sites.248. 261-266
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In recent years, various 3D DNA nanostructures including nanotweezers, tetrahedrons,
triangular prisms, and cages have been designed to construct ratiometric fluorescent
nanoprobes to accurately detect and image mRNA, 267 DNA,268 temperature,269 and
adenosine triphosphate (ATP),270: 271 and to monitor the release of siRNA272 in living cells
based on FRET. For instance, Tan and colleagues designed a 3D DNA tetrahedron
nanotweezer (DTNT) as an intracellular DNA nanoprobe to detect and image tumor-related
mRNA through FRET technology (Fig. 20A).273 In this case, the DTNT nanoprobes were
synthesized by a simple self-assembly of four single-stranded DNAs, and two of them were
modified with Cy3 and Cy5 to form a FRET pair for ratiometric detection. Without target
MRNA, the donor fluorophore (Cy3) and receptor fluorophore (Cy5) were spatially
separated, and no FRET occurred between them. Contrastingly, with target mMRNA,
structural changes of the DTNT nanoprobes brought the two fluorophores into close
proximity, yielding high FRET signal, thereby triggering a reversible fluorescence change
with a decreased emission of Cy3 at 565 nm and an increased emission of Cy5 at 662 nm
(Fig. 20B). /n vitro fluorescence experiments displayed a good linear correlation between
the changes in FRET signal and target concentrations ranging from 0 to 20 nM with a LOD
of 0.33 nM (Fig. 20C). Moreover, intracellular imaging experiments were performed using
HepG2 cells that overexpressed tumor-related biomarker TK1, with HL7702 cells serving as
negative control. Results in Fig. 20D and 20E showed that a higher FRET signal was
observed in the HepG2 cells relative to the control cells of HL7702. To further monitor
intracellular TK1 mRNA expression changes, tamoxifen and B-estradiol were applied to
induce the downregulation and upregulation of mRNA expression, respectively. As expected,
compared with the control groups, higher and lower FRET signals were found in the -
estradiol and tamoxifen groups, respectively (Fig. 20F). These above results demonstrated
that the proposed DTNT nanoprobes could not only differentiate cancer cells from normal
cells, but also monitor the mMRNA expression level changes in living cells. Later, Jiang et al.
used RNA aptamer to replace DNA as building block for fabricating light-up RNA
nanostructures to ratiometrically determine and image the changes of tumor-related
microRNA-21 expression level in living cells.2”* To achieve the dual-emission RNA sensor
for ratiometric imaging, the co-expression of green fluorescent protein (GFP) with RNA
sensor can provide target-independent green emission as an internal reference, whereas the
RNA sensor can offer an orange emission that can specifically respond to target microRNA,
thus enabling ratiometric imaging of microRNA. Nevertheless, compared with DNA
nanostructures, RNA-based nanostructures show lower stability and weaker tolerance
against enzymatic degradation.

3.6 Challenges for Designing Ratiometric Fluorescence Nanoprobes

Although great progress has been made over the past few decades in designing ratiometric
fluorescence nanoprobes, there are still quite a few challenges that impede their further
development, both for basic research and clinical applications. Firstly, most of these reported
dual-emission nanoprobes depend on versatile traditional organic fluorophores with
fluorescence emissions less than 650 nm. Thus, /n vivo imaging applications are further
hampered by the high autofluorescence background from biosamples, high light scatting
from tissues, and limited tissue penetration depth.2’> Although this dilemma has been
largely solved by introducing near-infrared (NIR) fluorescent dyes with emissions between
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650 and 900 nm as alternative fluorophores, the improvement is often limited because only
one NIR dye is typically used as a sensor dye or reference dye in these so-called NIR
ratiometric nanoprobes, while the other still exhibits an emission below 650 nm. Improved
/n vivo imaging could potentially be achieved through the usage of two NIR dyes with
separated emission bands in individual nanoprobes. In addition, novel NIR dyes with
emissions in the NIR 11 window (900 to 1,700 nm) have recently received widespread
attention for /n vivo biomedical imaging because of their diminished light scattering and
deeper tissue penetration compared with shorter wavelength visible or NIR | contrast agents.
Moreover, the usage of fluorophores with an ultralong fluorescence lifetime or large Stokes
shift can also provide a means of filtering out autofluorescence background. Secondly,
photobleaching is another factor that constrains the widespread application of ratiometric
fluorescence nanoprobes, a problem that can be overcome by using fluorophores with high
photostability such as QDs,276-278 introducing luminogens with aggregation induced
emission (AIE) properties,2’® increasing scan speed to minimize light dose, 280 and exploring
controlled light-exposure microscopy.281 Thirdly, relative to ratiometric fluorescent
detection of single target analyte, multiplexed ratiometric nanosensors for simultaneous
detection of several targets is very appealing owing to their convenience, shorter analysis
time, and lower cost. However, only a few ratiometric fluorescent nanoprobes have been
reported for multiplexing and simultaneous intracellular biosensing and bioimaging.282-287
As such, more efforts should be devoted to designing ratiometric nanoprobes for multiplexed
sensing and imaging /n vitro, and even /n vivo, in which minimizing the cross-talk between
different types of fluorophores should be considered. Fourthly, although various designs
have been reported for developing ratiometric fluorescent nanoprobes, most of them suffer
from drawbacks regarding stability and synthesis. For example, with dye-doped ratiometric
nanoprobes, dye leakage hinders their practical application because leached dyes harm cells,
and the uneven leaching rates of sensing and reference dyes lead to inaccurate results.288
Although an extra protective layer such as a polymer can be added onto the nanoparticle
surface to minimize dye leakage, the nanoprobe’s responsiveness towards its target may also
be weakened, leading to decreased sensitivity. In addition, for nanoparticle-dye
nanoconjugates, dye molecules attached on the surface of nanoparticles are directly in
contact with the surrounding environment without any protection. As a result, changes in the
environment, such as pH and ion strength, will likely degrade the nanoprobe performance.
Additionally, dual-emission nanohybirds involve tedious multistep synthesis and
sophisticated modification, and single nanoparticles with intrinsic dual emission also require
elaborate molecular design and complicated synthesis. Finally, DNA-nanostructure-based
dual-emission nanoprobes may encounter nuclease digestion and nonspecific protein binding
that can cause false positive signals. Thus, careful molecular design and complex synthetic
methods are also needed. Among the five design strategies reported so far, the use of single
nanoparticles with intrinsic dual-emission properties appears to be an attractive fluorescence
ratiometry method owing to its superior simplicity and reliability over other methods.

4. Ratiometric SERS Nanoprobes

SERS has been considered as an ideal alternative to fluorescence for molecular sensing and
imaging because of its outstanding ability to resist photobleaching and autofluorescence.
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289-292 pdditionally, SERS exhibits advantages including high sensitivity, high spectral
resolution for multiplexed analysis, fast response, low background signal, resistance to
matrix interferences in diverse systems, as well as noninvasiveness for biological samples.
293-298 These excellent properties render SERS an ideal molecular sensing and imaging
platform for targeting biological molecule concentrations, or real-time monitoring of the
pathological and physiological changes in cells, tissues, and even organs. For example,
SERS-based sensing and imaging has been widely used for sensitive detection of biological
markers overexpressed in cancer cells.2%% However, the nonspecific accumulation of SERS-
active nanoprobes results in a high background distribution of SERS nanoprobes regardless
of the targeting moiety. Both targeted and untargeted nanoprobes can accumulate more or
less in both benign and diseased tissues due to non-biomarker-related reasons such as
nonspecific pooling, diffusion, uneven distribution and washout, efc., resulting in ambiguous
or erroneous detection readouts. Although a wash step has been introduced to remove
nonspecifically bound nanoprobes to maximize the contrast between disease and normal
tissue regions, it decreases but does not eliminate the random pooling of these
nonspecifically adsorbed nanoprobes. In addition, the working distance between a detector
or lensing element and the interrogated surface affects the strength of the detected signal.
Like all optical imaging modalities, the Raman signal intensity strictly depends on the
working distance, where the absolute intensity diminishes with increasing working distance.
To address these problems, ratiometric SERS nanoprobes have been proposed to describe the
biomarker distribution on the basis of the specific binding of targeted SERS nanoprobes,
while also minimizing the ambiguities due to nonspecific nanoprobe binding and other
nonspecific contrast mechanisms (e.g. variations in working distance and detection angle,
uneven delivery and washout, uneven laser illumination, efc.).3%0 Not only that, SERS are
superior to fluorescence for ratiometric sensing and imaging since different kinds of SERS
nanoprobes are identical with respect to morphology and surface properties, ensuring the
similar nonspecific effects for all SERS nanoprobes. Finally, these SERS nanoprobes can be
excited with a single wavelength, and emit Raman spectra with a similar wavelength range,
ensuring that all nanoprobes are irradiated identically and are influenced by the same tissue
optical properties, thus avoiding wavelength-dependent effects often encountered in
ratiometric fluorescence detection. As such, ratiometric SERS nanoprobes have been
extensively applied for quantitative detection of biomolecules of interest and monitoring
environmental variables at cellular and organ levels. Currently, SERS-based ratiometric
strategies can be classified into three types: (i) multiple nanoparticles with multiple Raman
probes, (ii) single nanoparticles with dual Raman probes, and (iii) single nanoparticles with
target-response activatable Raman probes (Fig. 21).

4.1 Multiple Nanoparticles with Multiple Raman Probes

Generally, ratiometric SERS sensing and imaging can be achieved by physically mixing two
different SERS nanoprobes with distinct Raman signatures, including one targeted
nanoprobe acting as a sensing element and the other nontargeted nanoprobe functioning as a
negative control, thereby yielding a ratio for reliable quantitative measurement. The
ratiometric approach can effectively mitigate the ambiguity from nonspecific nanoparticle
accumulation and uneven nanoparticle delivery, a universal problem in the molecular
imaging field that often leads to erroneous image interpretation. A ratiometric SERS-based
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nanosensor for quantitative discrimination of normal and cancerous prostate cells was
reported by Moskovits and colleagues,301 who investigated two sets of SERS nanoprobes,
one for targeting the neuropilin-1 (NRP-1) receptors of cancer cells through the RPARPAR
peptide and the other for a positive control (PC) to bind both normal and cancer cells
through the HIV-derived TAT peptide (Fig. 22A and 22B). Here, the two types of SERS
biotags were synthesized by using silver nanoparticles as SERS substrates to provide two
enhanced SERS signals from two different Raman reporters of methylene blue and thionin,
and two cell-targeting peptides as targeting ligands for specific recognition of normal and
cancer cells, respectively. A cocktail of NRP-1-coated SERS nanoprobe and PC-coated
SERS nanoprobe at a volume ratio of 2:1 were incubated with NRP-1 overexpressing cancer
PPC-1 cells and noncancerous RWPE-1 cells, respectively. Results from SERS and bright
field imaging in Fig. 22C indicated that the PPC-1 cells were stained as a mosaic with a
mean ratio of approximately 1.0, whereas the SERS mapping of honcancerous RWPE-1
cells displayed very little red that caused a low mean ratio of approximately 0.3, with only a
few red points outside the cells from the nonspecific binding of SERS nanoprobe. This result
was in accordance with that from average-cell signals (Fig. 22D). Inspired by this work, two
similar ratiometric SERS nanoprobes were fabricated for the detection of microscopic
residual cancerous tissue through ex vivotissue imaging and /n vivo SERS mapping based
on anti-epidermal growth factor receptor (EGFR) antibody and folate as targeting ligands,
respectively.302. 303 Nevertheless, the sensing and imaging of a single biomarker only
provides limited detection information, which is insufficient for accurate clinical diagnosis
of cancer owing to its high heterogeneity. Instead, multiplexed imaging analysis of multiple
biomarkers with higher signal resolution exhibits higher accuracy and reliability. In 2008,
Gambhir et a/.3% reported a multiplexed SERS imaging strategy for in vivo tumor targeting
in mouse models, but this study was only based on a single Raman signal intensity, not for
ratiometric detection. Encouraged by this study, numerous multiplexed SERS imaging
nanoprobes with ratiometric readout have been recently introduced for simultaneous
detection of multiple cancer biomarkers ex vivoand in vivo. Broadly speaking, ratiometric
multiplexed SERS sensing and imaging is accomplished through the combination of two or
more different kinds of targeted SERS nanoprobes acting as sensing elements of multiple
biomolecules and one nontargeted nanoprobe serving as a reference control, thus favoring
different ratios of SERS intensity based on targeted and nontargeted nanoprobes for
multiplexed ratiometric determination. An excellent work was done in this field by Garai et
al. in 2013,395 Gambhir and Contag labs developed an endoscopic Raman imaging system
utilizing SERS nanoparticles, while further improvement of this approach was carried out by
Liu’s group, who presented a battery of double,26: 306-308 triple 309 and quadruple24: 310
SERS nanoprobes for ratiometric SERS imaging of cell surface biomarkers both /n vitro and
in vivo. This team recently also performed a clinical study using this strategy for
intraoperative guidance of lumpectomy (Fig. 23A).23 24 In this case, a quadruple ratiometric
Raman-encoded molecular imaging (REMI) technique, based on four different targeted
SERS nanoprobes and one untargeted control, was applied for simultaneous quantification
of the expression levels of four protein biomarkers: HER2, ER, EGFR, and CD44. REMI
was carried out with 57 fresh tissue specimens from lumpectomy and mastectomy patients.
Each specimen was stained with a cocktail of these five SERS nanoprobes through a
convection-enhanced staining method, followed by raster-scanned imaging and spectral

Chem Soc Rev. Author manuscript; available in PMC 2019 April 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Huang et al.

Page 22

demultiplexing. Results indicated a high sensitivity of 89.3% and a high specificity of 92.1%
for the detection of breast carcinoma. In addition, REMI analysis of these four biomarkers
was in good agreement with histopathology (IHC and H&E staining). Earlier, a similar
REMI-based intraoperative imaging technique was also developed to rapidly quantify the
expression level of four breast cancer biomarkers: EGFR, HER2, CD44 and CD24 at the
margins of freshly resected breast tissues within 15 min (Fig. 23B-E). In brief, the above
results showed that the developed REMI method could be employed as an alternative to
frozen-section analysis as an intraoperative guidance tool for detection of residual tumor at
lumpectomy margins in order to obviate the need for re-excision.

4.2 Single Nanoparticle with Dual Raman Probes

Although the addition of one nontargeted SERS nanoprobe is an effective method for
ratiometric SERS sensing, their wide applications are largely compromised by the obvious
disadvantage of the requirement for at least two or more types of SERS-active nanoprobes,
which rests on complicated multistep synthetic methods for each nanoprobe. An elegant
design for ratiometric SERS sensing can be achieved by incorporating two different Raman
reporters onto a single nanoparticle to generate ratiometric Raman signals. Recently, several
related studies reported on ATP and microRNA imaging. For instance, Tang et a/. reported
dual-signal switchable (DSS) nanoprobes for intracellular imaging of two cancer-related
microRNAs based on a fluorescence and Raman signal switching (Fig. 24A).311 To this end,
two Raman dyes of Cy3 and Rox-modified DNA probes were applied to facilitate the SERS
enhancement of the AuNP surface through target-induced nucleic acid hybridization. /n vitro
SERS analysis showed that the typical Raman peaks of Cy3 (1193, 1391, 1465, and 1586 cm
~1) and Rox (1344, 1499, and 1644 cm™1) increased with increasing target microRNA
concentrations, whereas the peak at 783 cm™1 from the ring breathing and asymmetric O-P-
O stretching of DNA molecules remained constant, thus serving as an internal reference
peak for ratiometry (Fig. 24B). A good linear relationship between SERS intensity ratio and
target concentration was gained (Fig. 24C and 24D). In addition, intracellular SERS imaging
in MCF-7 cells revealed a time-dependent increase in SERS signal (Fig. 24E and 24F), and
further SERS intensity analysis from various cells showed relatively homogeneous
distributions based on ratiometric readout (Fig. 24G). A few other studies using a single

nanoparticle with dual Raman dyes for ratiometric SERS detection were also reported.
312-314

4.3 Single Nanoparticle with Target-Response Activatable Raman Probes

By using the above two strategies, many ratiometric SERS sensors have been demonstrated
for reliable measurement of specific targets in cells, tissues, and even animals. However, in
these ratiometric SERS systems, multiple nanoparticles or multiple Raman reporters are
needed, making these methods complex and expensive. In contrast, ratiometric SERS
nanosensors based on single nanoparticles with target activatable Raman reporter can
effectively simplify the synthesis process, and largely reduce costs. Accordingly, through the
integration of SERS-active nanostructures with Raman reporters that can specifically
respond to targets and cause changes in SERS spectra, ratiometric SERS nanoprobes can be
obtained. In this case, the SERS signals of the Raman reporters vary with changes in target
concentration, while a relatively stable Raman peak that remains unchanged at different

Chem Soc Rev. Author manuscript; available in PMC 2019 April 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Huang et al.

Page 23

target concentrations is selected as an internal reference for ratiometric strategy. This
ratiometric method has become an ideal criterion for direct sensing and imaging in living
cells due to their small Raman scattering cross-sections. Till now, these targets have mainly
included intracellular pH,315-318 metal ions,319 H,0,,320-322 CQ,323 NO,324-326 and H,S,
327 etc. For example, Long et al. described a ratiometric SERS nanosensor for sensing H,S
in living cells via 4-acetamidobenzenesulfonyl azide (4-AA)-modified AuUNPs (AuNPs/4-
AA\) as activatable SERS nanoprobes (Fig. 25A).327 In this work, the 4-AA was chosen as a
target-responsive Raman reporter molecule because H,S molecules can reduce the azide
groups of 4-AA molecules into amino groups, leading to a SERS spectrum change of
AUNPs/4-AA. Results from SERS spectrum analysis demonstrated that the presence of H,S
can induce a significant SERS spectrum change of AuNPs/4-AA with an increased peak at
709 cm~1 from amino groups and a decreased peak at 1626 cm~1 from azide groups (Fig.
25B). Besides, a target concentration-independent peak was observed at 1161 cm™1 that
could be used as a reference. By creating a ratio of l7gg/l1161 OF l1626/11161, @ good linear
correlation with the concentration of H,S was observed (Fig. 25C). Later, SERS spectrum
detection of H,S in living cells was performed with S-adenosyl methionine (SAM)
stimulation, and results found that I;g9/l111g1 increased with extended stimulation time,
whereas l1626/11161 correspondingly reduced (Fig. 25D). These findings illustrated the
feasibility of the designed AuNPs/4-AA-based SERS nanosensors for ratiometric
determination of intracellular H,S. An interesting ratiometric SERS nanosensor was recently
presented for simultaneous sensing and imaging of two inorganic molecules including HCIO
and glutathione (GSH) in living cells through applying 4-mercaptophenol (4-MP)-
functionalized gold nanoflowers as target-response Raman probes, where 4-MP exhibits a
reversible response to HCIO and glutathione GSH.328

4.4 Challenges for Designing Ratiometric SERS Nanoprobes

Compared with fluorescence methods, SERS possesses the outstanding ability of resistance
to photobleaching and autofluorescence, which makes the SERS-based method an ideal tool
for molecular sensing and imaging, especially for /n7 vivo imaging applications such as
intraoperative guidance. Preclinical studies that take advantage of SERS-based imaging
methods for /n vivo diagnosis of cancer will promote /7 vivo detection without the
requirement of resection and biopsy preparation, which can largely shorten the overall
detection time. Although great progress has been made in building SERS nanoprobes for /n
vivo application, the irregular distribution of SERS nanoprobes hinders the further
development of conventional single-intensity SERS nanosensors. In recent years, these
problems have been effectively overcome through the introduction of ratiometric strategies.
Many previous /n7 vivo studies have demonstrated that the ratiometric SERS nanosensors can
provide higher sensitivity, specificity, and reliability. However, most of these studies are
performed in rodent models, and very few have advanced in humans, such as topical
applications of ratiometric nanoprobes limited to accessible tissues through endoscopic
probes. Nevertheless, the success of these applications in humans could help translate
ratiometric SERS detection into clinical practice.

Despite the clinical translational potential of ratiometric SERS nanoprobes, there are a
number of issues that need to be addressed. First, the design of ratiometric SERS
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nanoprobes should be further optimized. The existing ratiometric SERS nanosensors for in
vivo cancer detection require at least two different types of nanoprobes for sensing and
reference elements. Here, multiple-step synthesis is necessary for obtaining these
nanoprobes, which is relatively complicated, time-consuming, and costly. Thus, further
research should focus on simplifying the design of ratiometry to expand applications.
Second, some developed ratiometric nanoprobes have been demonstrated to work well for /n
vivo SERS applications, but the biggest hurdle is the lack of a FDA-approved SERS
nanoprobe for use in humans. Thus, it is very important to accelerate the approval process of
these promising SERS nanoprobes, and with more effort dedicated to designing
biocompatible and more stable nanoparticles that are well-suited for human use. Third,
traditional instruments for SERS analysis mainly involve point-and-shoot devices, plate
readers, as well as advanced mapping instruments. However, none of these is appropriate for
in vivo SERS detection. Therefore, more advanced and portable Raman imaging
instruments, such as fiberoptic-based Raman devices that can penetrate deep tissue are
required to facilitate /7 vivo SERS applications, like Raman-guided cancer resection. For
example, the first clinical endoscopic optoelectromechanical Raman device was recently
designed and developed for SERS imaging of tissues during gastrointestinal endoscopy
through ratiometric readout.3%° Fourth, the biotoxicity of nanoprobes can obstruct the
clinical application of SERS, and extensive research should be devoted to evaluating and
improving the biocompatibility of nanoprobes.

5. Ratiometric Photoacoustic Imaging Nanoprobes

Owing to their increased tissue penetration depth, photoacoustic imaging has become one of
the best methods for clinically relevant sensing and imaging /7 vivo.329-332 Nonetheless, the
photoacoustic signal intensity mainly depends on the photothermal conversion efficiency of
contrast agents, which generally leads to a lower sensitivity relative to other optical
measurements.331 333-335 Another problem is the limited degree of multiplexing that is
achievable with PA probes due to the physics of how the signal is generated (absorption
contrast), which does not allow for as many degrees of freedom for multiplexing. Recently,
increasing interest has been devoted to designing and exploiting various enhanced contrast
agents with higher photothermal effect and photoacoustic signals.33¢ Among these
developed contrast agents, nanoparticle-based contrast agents have been explored for
improving photoacoustic sensing and imaging to detect target analyte concentrations and
monitor the physiological and pathological changes.337 However, the low SBR for these
photoacoustic nanoprobes are generally determined v7a two targeting mechanisms: passive
targeting that is based on EPR effect in tumor sites, and active targeting that is based on the
recognition of target molecules by a receptor.42: 329. 338 For traditional photoacoustic sensing
and imaging, the most frequently used signal readout methods rely on the changes from
analyte-induced absolute photoacoustic signal intensity, such as conventional “always on”
probes.33%-341 Unfortunately, this signal acquisition of absolute signal intensity is
susceptible to common artifacts that are analyte-insensitive, but hard to correct for, including
the variations in nanoprobe concentration, photobleaching, local light deposition, the
dimension of target analytes, as well as laser irradiation.342: 343 These target-independent
factors lead to inaccurate analysis results. Besides, they also suffer from low analytical

Chem Soc Rev. Author manuscript; available in PMC 2019 April 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Huang et al.

Page 25

sensitivity and specificity. Recently, researchers have demonstrated the usage of ratiometric
photoacoustic measurements to replace the absolute photoacoustic signal intensity
measurements, which can elegantly tackle the above-mentioned issues. Thus, designing and
developing novel ratiometric photoacoustic nanoprobes with improved performances are
highly desired and critical for further exploring photoacoustic techniques for sensitive and
reliable molecular sensing and imaging. Up to now, there have been two types of
photoacoustic ratiometric strategies reported: (i) nanoparticle-dye nanocomplexes with dual
photoacoustic absorption, and (ii) target-response activatable photoacoustic absorption
switches (Fig. 26).

5.1 Nanoparticle-Dye Nanocomplex with Dual Photoacoustic Absorption

Analogous to dye-embedded dual-emission fluorescence nanoprobes, dye-doped
photoacoustic nanoprobes with dual absorption can achieve ratiometric photoacoustic
detection. Two dyes with two clearly segregated absorption peaks are spontaneously
encapsulated into one nanoparticle, in which one dye responds to the target molecule to
yield the absorption change that can act as a sensing unit, and the other target-inert dye can
serve as the reference absorption for ratiometric detection. Based on this strategy, Pu et al.
designed a ratiometric photoacoustic nanoprobe (SON) for imaging pH /n vivo (Fig. 27A).
344 To this goal, the ratiometric nanoprobe was prepared with a target-insensitive
semiconducting oligomer (SO) as an indicator and a pH-sensitive boron-dipyrromethene
(BODIPY) dye for pH sensing. Under acidic environments, the hydroxyl group of BODIPY
can undergo protonation, causing the absorption changes of SON. As shown in Fig. 27B, the
absorption peak at 750 nm reduced obviously with decreasing pH, while no obvious
absorption peak change at 680 nm was observed. Consequently, the decreased photoacoustic
intensity at 750 nm was obtained with a decrease in pH (Fig. 27C and 27D). Fig. 27E
indicated the correlation of ratiometric photoacoustic signal (PAggg/PA750) with pH,
showing a good linear relationship with pH ranging from 7.4 to 5.5. It suggested that this
nanoprobe could be applied to measure normal physiological pH (7.4), and the pathological
pH shift caused by diseases like cancer (6.4 or 5.5). /n vivo photoacoustic imaging of pH
was performed by local injection of nanoprobes into normal muscle and tumor tissue in a
HeLa xenograft model, and then the corresponding photoacoustic images were acquired at
680 and 750 nm, respectively. Results in Fig. 27F demonstrated the relatively high
photoacoustic intensities at both 680 and 750 nm in muscle tissue; on the contrary, lower
photoacoustic intensity at 750 nm was observed compared with that at 680 nm in the tumor.
Additionally, to eliminate the background interference from tissue itself, the increments of
the photoacoustic intensities at 680 and 750 nm (APAggg and APA750) were employed to
build a ratio of APAggg/APA 75 for the detection of pH /n vivo, where the photoacoustic
intensity increments (APA) are based on the subtraction of photoacoustic intensity after and
before the sample treatment. Fig. 27G showed a higher APAggo/APA 750 in the tumor tissue
than that in the normal muscle tissue, illustrating a decreased pH at the tumor site. In a
similar way, other research groups have also demonstrated that the design concept is well-
suited for the fabrication of ratiometric photoacoustic sensing and imaging probes to
monitor the changes in pH value,3> ROS level, 346348 a5 well as cancer-related enzyme
activity349: 350 hoth ex vivoand /n vivo. These reported ratiometric photoacoustic
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nanoprobes were designed and constructed by altering the target-responsive sensing
absorption dye and the reference absorption dye.

5.2 Target-Response Activatable Photoacoustic Absorption Switch

Compared with dye-doped ratiometric photoacoustic nanoprobes, target-responsive
activatable photoacoustic nanoprobes for ratiometric strategy have attracted increasing
attention because of their convenience and simplicity, in which only one target-responsive
absorption dye is needed to produce an absorption shift induced by targets, and then the
shifted absorption results in a reversible change of the two absorption peaks with a
corresponding increase and decrease. As a consequence, the ratio from these two
absorptions can be utilized to allow for ratiometric measurement. Ashkenazi’s groups used a
well-known pH-sensitive SNARF-5F, seminaphthorhodafluors-5F, as a sensing unit for
ratiometric pH detection with a reversible absorption change at 532 and 564 nm.35! Several
improved ratiometric nanosensors for pH detection were reported recently by Wang and co-
workers with the same pH indicator of SNARF-5F.352: 353 \fery recently, we reported a
ratiometric photoacoustic nanoprobe (LP-hCy7) for detecting methylmercury (MeHg*), a
major neurotoxin (Fig. 28A).354 The nanoprobe was synthesized based on MeHg*-
responsive near-infrared (NIR) cyanine dye (hCy7), which can be easily encapsulated in the
lipid bilayer of nanoliposomes via hydrophobic interactions. In the presence of MeHg™,
hCy7 in the nanoliposome can be converted to hCy7’ based on mercury-triggered
cyclization reaction, thus leading to an absorption shift from 690 to 860 nm (Fig. 28A). As a
result, the absorbance at 690 nm reduced significantly with increasing MeHg* concentration,
whereas the absorbance at 860 nm increased remarkably. Thus, the photoacoustic intensities
at 690 and 860 nm exhibited obvious decrease and increase, respectively, which caused an
increase in the ratio of the two photoacoustic signals (PAgga/PAggg) With increased
concentration of MeHg* (Fig. 28B and 28C). A linear correlation was obtained between
PAgs0/PAgao and MeHg* concentrations, with a LOD of 2.0 ppb (Fig. 28C). /n vivo PA
imaging for real-time monitoring of MeHg* level was conducted in zebrafish with a
treatment of LP-hCy7 and MeHg™", and meanwhile two control groups received either no
treatment or only LP-hCy7. Results in Fig. 28D and 28E displayed no obvious photoacoustic
signals at 690 and 860 nm in the control group without any treatment, and a relatively high
PA signal at 690 nm was observed with a relatively low PA signal at 860 nm in the control
group with the treatment of only LP-hCy?7. In contrast, with the incubation of LP-hCy7 and
MeHg™*, the PA signal at 690 nm significantly decreased along with PA signal increase at
860 nm. Consequently, the ratio of PAggo/PAggp reached up to 2.82 when the zebrafish was
treated with LP-hCy7 and MeHg*, which is approximately 10-fold higher than that (0.27)
obtained without MeHg* (Fig. 28F). In addition, similar results were observed from PA
imaging in mice. In recent years, more examples have demonstrated the feasibility of this

design strategy for ratiometric PA sensing and imaging of pH values,3%%: 356 and metal ions.
342, 343, 357

Stimuli-responsive nanoswitches are another design strategy for constructing ratiometric PA
nanosensors, where the presence of target can induce a reversible nanoswitch from
monomeric to aggregated states, which can induce a conformation-dependent absorption
spectral change. As a result, the stimuli-responsive PA nanoswitch can be achieved from the
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absorption spectral shifts and changes. Thus, ratiometric detection was performed on the
basis of the absorption ratio before/after the shift. Using this strategy, Zheng’s group
described a stimuli-responsive PA nanoswitch from ordered J-aggregates to dispersed
monomers (Fig. 29).358 Here, this nanoswitch was achieved through the conjugation of
light-absorbing bacteriopheophorbide a (Bchl) and 1-palmitoyl-2-hydroxy-sn-glycero-3-
phosphocholine to prepare bacteriopheophorbide a-lipid (Bchl-lipid) with an ordered J-
aggregated structure (Fig. 29A and 29B). Later, the J-aggregating nanoparticles (JNPs) were
formed by the simple mixing of Bchl-lipid, dipalmitoylphosphatidylcholine (DPPC), and
1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine- A-[methoxy(polyethylene glycol)-2000]
(mPEG2000-DPPE) based on the freeze-thaw extrusion method (Fig. 29B). The formed JNP
nanoprobes exhibited a strong NIR absorption at 824 nm with a red-shift of 74 nm relative to
the porphyrin monomer absorption at 750 nm (Fig. 29C). As shown in Fig. 29D, upon
increasing temperature, the J-aggregate absorption from the JNP at 824 nm reduced
obviously, whereas the monomeric absorption of porphyrin at 750 nm increased. The
reversible absorption spectral change provided a potential method for fabricating ratiometric
PA nanosensors for real-time detection of temperature. Similarly, the design concept of
stimuli-responsive PA nanoswitches has also been employed for ratiometric imaging and
monitoring of intracellular pH3%9 and caspase-1 activity.360

5.3 Challenges for Designing Ratiometric Photoacoustic Nanoprobes

In recent years, PA imaging technology, a newly-developed imaging modality, has been
developed as one of the most popular imaging approaches, especially for /n vivo imaging.
Numerous unmet needs for biological and medical applications have greatly incentivized the
technical progress for improved imaging performances in this field. For example, various
excellent PA contrast agents, like nanoparticle-based contrast agents, have been designed
and explored to enhance the sensitivity. Nonetheless, these developed PA contrast agents are
mostly at the proof-of-concept level for preclinical studies without approval for clinical use.
Besides, conventional PA contrast agents are built on single-intensity-based signal
acquisition that is easily influenced by various artificial factors and background
interferences, largely limiting further development of traditional PA imaging. PA imaging
with ratiometric readout has been proven as a feasible strategy to overcome this problem,
and enhances the sensitivity and reliability of conventional PA imaging. However, unlike
other ratiometric imaging modalities, ratiometric PA imaging for /n vivo applications has
been far less developed. The feasibility of ratiometric PA imaging /n vivo should be further
evaluated in preclinical and clinical applications, such as imaging tumor microenvironments
and for /n vivo disease imaging. Besides, other challenges also need to be addressed to
promote their clinical applications. First, from a technical point of view, the PA signal
mainly relies on absorption-induced heat production, indicating that PA imaging exhibits a
lower sensitivity than fluorescence. Again, this absorption-based signal-generation
mechanism also may limit the degree of multiplexing that can be achieved. But, an improved
sensitivity for PA imaging can be obtained by designing contrast agents with higher
photothermal conversion efficiency, which can contribute to reducing the dosage of contrast
agents necessary for minimization of toxicity. Second, the PA imaging depth is determined
by the light attenuation rate in the optically opaque tissues. Although PA imaging can
provide relatively high tissue penetration, the depth is limited to several centimeters. A
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simple method for gaining higher penetration depth is through increasing the laser energy,
but exorbitant laser exposure does harm to the living subjects. Third, compared with
traditional short-wavelength absorbing materials, the design and fabrication of NIR-
absorbing nanoprobes as ratiometric PA contrast agents can further improve the imaging
performances including higher sensitivity and tissue depth. This is because the use of NIR
light for NIR-absorbing nanoprobes can effectively reduce light scattering and avoid the
background absorption from tissue samples such as blood and other biological compounds,
thus leading to a higher SBR. For instance, NIR dyes with optical absorption at the second
NIR window have been introduced as exogenous contrast agents for deeper PA imaging with
high sensitivity.361. 362 Fourth, many preclinical PA detection systems have been
commercialized, however, these systems for clinical use still require authentication and
approval. Additionally, more advanced imaging devices with improved sensitivity,
portability, durability, low cost, and easy operation for non-specialists can help accelerate
development as a well-accepted clinical bioimaging modality.

6. Ratiometric BRET Nanoprobes

Over the past decades, fluorescence-based molecular sensing and imaging technologies have
aroused extensive interest, and great breakthroughs have been made. However, they are
limited by the necessity of external excitation light, which can lead to the strong
autofluorescence from background, light scattering, and photobleaching.363
Chemiluminescence or bioluminescence-based bioimaging does not require external light
excitation and thereby dramatically reduces the background autofluorescence signal from
biosamples to enable higher SBR than fluorescence-based imaging, allowing more sensitive
signal detection for /n vivo deep tissue imaging.364-366 |n addition, the lack of external
excitation light can effectively avoid the phototoxicity-induced tissue damage and the
possible photoactivation of azide functional groups.36” Such properties make the
chemiluminescence or bioluminescence potentially superior to fluorescence as a bioimaging
tool. Nonetheless, the major challenge of chemiluminescence or bioluminescence-based
imaging is the inherent weak luminescence signal from the frequently-used luminescent
agents such as luciferase and luminol. Recently, some improved luminescent agents,
including genetically encoded luciferase enzyme or QDs have been introduced to obtain
optimized chemiluminescence or bioluminescence imaging through utilizing
chemiluminescence or bioluminescence resonance energy transfer (CRET or BRET).368
Similar to FRET, the CRET and BRET provide a great opportunity for the development of
ratiometric chemiluminescence or bioluminescence sensing and imaging, which is favorable
for removing the influences from various possible interferences, such as the changes in
optical path length, the fluctuations of detectors, the expression level of indicators, as well as
tissue movement and growth artifacts.369 Owing to such advantages, CRET or BRET-based
ratiometric nanoprobes have been widely developed in recent years for investigating some
important biological species and functions. The related progress in this field has been
reviewed by Kim et al and Mezzanotte er /368 370 Thus, in this section, we will select
several representative examples to provide a brief illustration for the proof of concept.
Imamura and colleagues reported a BRET-based nanosensor (BTeam) for imaging ATP level
in living cells.3"1 As shown in Fig. 30A, BTeam consists of three parts, including a variant
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of yellow fluorescent protein (YFP), an ATP binding domain of the e subunit from the
bacterial ATP synthase, and an ATP-nonconsuming NanoLuciferase (NLuc). Upon the
addition of NLuc substrate (furimazine), two separated emission peaks at 455 and 527 nm
were observed from NLuc and YFP, respectively. With increasing ATP concentration, the
emission peak at 527 nm obviously increased along with a decrease in the emission peak at
455 nm (Fig. 30B). Accordingly, the emission ratio of YFP/NLuc, termed BRET ratio, was
recorded for ratiometric detection of ATP (Fig. 30C). For intracellular basal ATP level
detection, live cell imaging experiments with BTeam were conducted in several cell lines,
including HelLa, Cos7, HepG2, HEK293A, PC12, and B16F10. Fig. 30D indicated a
standard curve for ATP quantitation based on the BRET ratios versus ATP concentrations.
According to this standard curve, the corresponding ATP concentrations for these six kinds
of cell lines were calculated to be 3.8 £ 0.1, 3.7+ 0.1,4.1 + 0.2, 3.7 £ 0.04, 3.9 £ 0.3, and
3.7 £ 0.2 mM, respectively, and meanwhile these results were confirmed by conventional
firefly luciferase assay (Fig. 30E). Further luminescent imaging of individual cells with
BTeam was recorded for ratiometric ATP detection, and the results indicated that the cytosol
showed a higher BRET ratio than that of the mitochondria (Fig. 30F and 30G). All these
findings demonstrated that the developed BRET-based ratiometric nanosensor is very
suitable for reliable quantitative analysis and real-time tracing of intracellular ATP level,
even at the single-cell level. With a similar design principle, BRET-based nanosensors have
also been developed for ratiometric sensing and imaging of other intracellular events,
including pH,372 calcium ions,367 369, 373 c AMP,374 caspase activity,3’° drug screening,376
and protein-protein interactions,3’7 with applications that span from high-throughput assays
to live-cell and live-animal imaging.

7. Summary and Outlook

Ratiometric optical nanoprobes effectively eliminate many of the fluctuations and
ambiguities in image contrast due to nonspecific sources of signal and background,
providing an increased SBR and more reliable detection. Research for designing and
fabricating ratiometric optical nanoprobes has attracted great interest, and major advances
have been made in recent years. In this review, we provide a comprehensive and systematic
overview on the design of ratiometric optical nanoprobes and their applications in molecular
sensing and imaging. These developed ratiometric optical nanoprobes mainly involve three
different signal generation mechanisms including fluorescence, SERS, and PA. Table 1
summarizes the design strategies for fabricating these three classes of nanoprobes, and
provides a brief comparison. Such optical nanoprobes share the same concept of ratiometry,
but each of them has its own unique characteristics. Ratiometric fluorescence nanoprobes
can provide an intuitive visualization of physical or pathological changes, making them
more suitable for real-time detection and tracking of dynamic processes involving target
analytes or molecular events /n vitro. Advanced ratiometric fluorescence imaging
approaches for intracellular and even /n vivo application are performed by introducing
longer-wavelength NIR dyes (over 900 nm) or nanocrystals with an increased fluorescence
lifetime for time-resolved detection. In particular for intraoperative guidance with
ratiometric fluorescence imaging, real-time visual visualization of residual tumors at the
surgical margins is essential for reliable judgment of complete surgical excision. Ratiometric
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SERS nanoparticles can offer rich spectral fingerprints generated by exogenous Raman
reporter molecules that do not exist in organisms, thus resulting in lower background levels
for imaging with a higher SBR. Moreover, different Raman reporters show distinct and
unique Raman fingerprint spectra, and thus through the combination of SERS-active
substrates, multiple Raman spectra can be obtained for multiplexed detection. Compared
with fluorescence-based nanoprobes, ratiometric SERS nanoprobes are well-suited for
denser multiplexed /n vivo imaging with advanced, portable, or handheld Raman devices.
For intraoperative guidance, ratiometric SERS imaging has some advantages for real-time
and dynamic monitoring of the surgical margins to ensure complete surgical resection.
However, spectral detection is often slow, and makes real-time microscopic imaging
challenging with SERS, which could be a barrier for clinic adoption. Compared with
fluorescence and Raman imaging, ratiometric PA imaging provides deeper tissue
penetration, rendering it more appropriate for /n vivo deep tissue imaging. Moreover,
ratiometric PA imaging is appropriate for many applications of image-mediated
intraoperative guidance due to the generation of three-dimensional depth-resolved images.
However, the relatively low imaging sensitivity and limited capacity for multiplexing
necessitates the further development of improved PA contrast agents, such as by utilizing
long-wavelength absorbing materials that can minimize the inherent background absorption
from biosamples.

Although the sensing and imaging applications using these three classes of ratiometric
optical nanoprobes have been demonstrated at the cellular scale and in small animal models,
there are still several limitations. First, ratiometric strategies efficiently mitigate the
problems of nonspecific and misleading sources of signal and background fluctuations, but
face many of the same limitations of any single imaging modality, which can make it hard to
provide an accurate disease diagnosis. Thus, the integration of whole-body imaging methods
for multi-scale information, including computed tomography (CT), magnetic resonance
imaging (MRI), and positron emission tomography (PET), are potentially valuable in certain
clinical applications as a complementary tool for accurate early disease diagnosis. Second,
multimodal ratiometric nanoprobes that include both optical and non-optical signaling
molecules are an appealing strategy for obtaining multi-scale information at several spatial
and temporal scales, potentially allowing for a reliable disease diagnosis. However, the
design and construction of multimodality ratiometric nanoprobes for sensing and imaging is
compromised by the huge differences in the fundamental contrast mechanisms of different
imaging modalities. Thus, integrating multimodality ratiometric imaging into a single
nanoprobe is a very interesting and challenging task. Third, while the usage of ratiometry
enables higher accuracy and reliability compared with traditional detection strategies, to date
only a few studies have investigated this. This is because nanoprobes for multiplexed
ratiometric analysis depend on the optimal combination of at least one reference unit and
two or more target-responsive sensing units, which require elaborate molecular design and
complex synthesis. Fourth, “all-in-one” nanotheranostic platforms for disease diagnosis and
therapy have received increasing attention in recent years. Further studies should focus on
the utilization of ratiometric nanoprobes as a theranostic nanocarrier to allow real-time and
dynamic imaging of disease and drug delivery, as well as image-guided targeted therapy.
Fifth, the EPR effect and micropinocytosis of nanoprobes are highly relevant to the
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processes of nanoparticle accumulation and clearance /n vivo, but there exist substantial
differences between mouse models used in early preclinical investigations and humans.
Therefore, more preclinical and clinical trials, including magnifying the imaging to the
cellular level and increasing the field of view should be encouraged to ascertain how well
these ratiometric nanoprobes may be translated to the clinic. Sixth, nanoparticles with high
purity and excellent monodispersity are crucial since these variables are closely related to
their functions. Thus, post-production purification and characterization can contribute to
obtaining high-quality nanoparticles for application. However, in practical industrial
production processes, key core technologies for large-scale purification are still lacking.
Thus, there is a need to develop more advanced technologies for nanoprobe purification and
characterization to promote their further commercialization and clinical application. For
instance, the presence of nanoparticle tracking analysis (NTA) and inductively coupled
plasma mass spectrometry (ICP-MS) provides possibilities for accurately quantifying
nanoprobes. Seventh, the colloid stability of nanoprobes is very important for their wide
application. Currently, the most widely-used post-production modification approach to
improve the nanoparticle stability over a wide range of buffer conditions is through simply
attaching PEG moieties (“pegylation”) onto the nanoparticle surface. However, to enable
higher long-term stability, some key considerations including geometry shape, loading
density, molecular weight, charge as well as purification method, need to be optimized
before application. Moreover, in addition to pegylation, new methods to ensure high stability
in a wide range of buffer solutions are needed, such as incorporating ligand molecules like
DNAs, proteins, and cytomembranes. Eighth, for in vivo imaging applications, the
biocompatibility of nanoprobes should be improved by careful selection of the substrate and
application of protective coatings. Extensive research will be necessary to determine the
most biocompatible and stable nanoprobes for use in humans, in order to promote the
clinical translation and regulatory approval of these nanoprobes. Ninth, the imaging
performance is determined not only by the nanoprobe itself, but also by the physics of the
instrumentation. As such, the development of advanced imaging equipment with increased
portability, low cost, and ease of use, as well as higher tissue penetration depth would be
helpful, especially for /in vivo applications. Finally, while this review mainly focuses on
ratiometry, more-advanced compartmental models, such as advanced kinetic modeling and
paired-agent methods, 30 should receive widespread interest for quantifying molecular
images and removing the effects of nonspecific sources of image contrast with the ultimate
goal of achieving more accurate and reliable quantification of biological and pathological
changes. In brief, we anticipate that these improvements will bring about the broadened
clinical application of ratiometric optical nanoprobes for diverse purposes ranging from
routine detection of physiological changes such as pH, to monitoring of pathological
changes like the expression of disease biomarkers, to improving image-based intraoperative
guidance, as well as noninvasive imaging of deeper tissues.
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A Concentration of EGFR-NPs (pM) B Ratio of EGFR-NPs vs. isotype-NPs

Ratiometric nanoprobes , Conventional nanoprobes
Based on a ratio of two detection Based on single detection
signals for self-calibration signal for readout
High signal to background ratio Low signal to background ratio
for improved accuracy with poor accuracy
I |

Low sensitivity to external factors, | High sensitivity to external factors,
leading to high accuracy causing low accuracy

Fig. 1.
Ex vivoimaging of the modified rat esophagus. (A) An image showing the measured

concentration of EGFR nanoprobes (EGFR-NPs in pM), which is ambiguous due to uneven
delivery and nonspecific retention. (B) A ratiometric image for mitigating these confounding
effects by imaging the concentration ratio of EGFR-NPs versus isotype nanoprobes (isotype-
NPs). Reproduced with permission from ref. 26. Copyright 2015 Optical Society of
America. (C) Comparison of convention optical nanoprobes and ratiometric optical
nanoprobes.

Chem Soc Rev. Author manuscript; available in PMC 2019 April 23.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Huang et al.

Page 46

A Tar et
Dual response
nanoprobes _ ; Sensing
Re Sensing R C signals
units
Target
Single response
nanoprobes
Sensing
units
Scenario I : Ratiometry with one reference signal
B Interaction, like energy transfer, charge transfer, No interaction
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ScenarioIl : Ratlometry with two reversible signal changes
Fig. 2.

General principles for designing ratiometric optical nanoprobes. (A) Ratiometry with one

reference signal. (B) Ratiometry with two reversible signal changes.
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Fig. 3.

3D nanostructures

Design strategies for ratiometric fluorescence nanoprobes. (A) Two-dye-embedded
nanoparticles: nanoparticles with dyes randomly distributed in the interior without or with
interaction (a and b), and nanoparticles with dyes located within the core and shell (c). (B)
Nanoparticle-dye nanoconjugates with dyes attached to the surface: non-luminous
nanocarriers with two dyes (a), and self-luminous nanocarriers with one dye (b). (C) Hybrid
nanoparticles. (D) Single nanoparticles with intrinsic dual emission. (E) Dual-emission DNA

nanostructures.
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Fig. 4.
(A) Schematic diagram and chemical structures of polymers

and iridium(I11) complexes. (B)

Emission spectra of P3 in phosphate buffered saline (PBS) at various temperatures. (C)
Temperature-dependent ratio of phosphorescence intensity at 470 and 590 nm (black, left
axis) and temperature resolution (red, right axis). (D) Photographs of P3 in aqueous solution
at different temperatures. (E) Confocal laser scanning microscopy images of HelLa cells
labeled with P3 at 15 °C (top), 25 °C (middle), and 35 °C (bottom). (F) Luminescence
intensity of HelLa cells recorded from the green channel (green) and the red channel (red)

and the intensity ratio green/red (purple). (G) Bright images
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microscopy images of living zebrafish larva after injection of P3 at 22 °C (top) and 28 °C
(bottom). Ratiometric luminescence images were from the green channel to red channel. (H)
Luminescence intensity of zebrafish recorded from the green channel (green) and the red
channel (red) and the intensity ratio (green/red) (purple) at 22 or 28 °C. Reproduced with
permission from ref. 75. Copyright 2016, WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.
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Fig. 5.
(A) Schematic illustration showing a dual-emission nanoprobe that can sense changes in the

environmental pH, based on the concept of pH-responsive FRET of a biocompatible
polyelectrolyte, NPCS, conjugated with a donor (Cy3) or an acceptor (Cy5) moiety. (B)
FRET spectra, and (C) Dual-emission pH images of Cy3-/Cy5-NPCS-15% nanoparticle
suspensions. (D) Mapping spatial pH changes in living cells. Dual-emission fluorescence
images (scale bar, 20 um) of cells treated with Cy3-/Cy5-NPCS NPs for distinct durations
taken by a confocal laser scanning microscope at 543 nm. The corresponding pseudocolored
ratio images were obtained by analyzing the ratio of the signal intensities of Cy5 to Cy3
imaging channels. Reproduced with permission from ref. 76. Copyright 2010, American
Chemical Society.
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(A?) Schematic illustration of the cross-linked triple-labeled polyacrylamide nanoparticle. (B)
In vitro calibration of the triple-labeled sensor with both OG and FS, and two dual-labeled
sensors with either OG or FS. (C) Uptake of the triple-labeled sensor by a HepG2 cell after
24 h incubation and washing and imaged with confocal microscopy. Reproduced with
permission from ref. 100. Copyright 2011, American Chemical Society.
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(A) Schematic illustration of organelle-differentiated multilocal and multicolor fluorescence
imaging of endogenous HCIO in macrophage cells using the organic nanoprobe cocktails
composed of lysosome-targeted nanoprobe (LNP) and mitochondria-targeted nanoprobe
(MNP). (B) Normalized fluorescence spectra of the cocktail nanoprobe solution with
different HCIO concentrations under the excitation of 405 nm (left) and 570 nm (right) light,
respectively. (C and D) The logarithmic value of ratiometric fluorescence signals (In(l472/
Is35)) and (In(lg10/l690)) as a function of HCIO concentration. (E) Multilocal and multicolor
imaging of HCIO in murine macrophage cells (RAW 264.7): (a) without any treatment, (b)
with LPS/IFN-y, (c) with LPS/IFN-y and NAC. (F) Quantification of the ratiometric
fluorescence signals of the blue (orange) channel to that of the green (red) channel (Igj,e/
IGreen) OF (lorange/Ired) @nd their logarithmic values from macrophage cells with different
treatments of E. Reproduced with permission from ref. 111. Copyright 2017, WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim.
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(A?) Design concept of core-shell typed ratiometric nanoprobes. (B) Schematic diagram of
the preparation of iridium(ll1) silane analogue from complex 1, and recognition mechanism
of complex 2 toward HCIO. (C) Phosphorescence spectral traces of SiO2-1@mSiO2-2 in
PBS at different HCIO concentrations. (D) Plots of Isggnm/ls0onm @s a function of HCIO
concentration. (E) Luminescence images of RAW264.7 cells treated with SiO2-1@mSiO2-2
(top), followed by incubation with NaCIO (middle), and RAW 264.7 cells stimulated with
LPS and PMA, and incubated with SiO2-1@mSiO2-2 (bottom). (F) Luminescence intensity
of RAW264.7 cells recorded from the blue window (blue) and the red window (red) and the
intensity ratio of lgq/lpue (green). Reproduced with permission from ref. 119. Copyright
2015, The Royal Society of Chemistry.
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(A) Schematic illustration of the sensing principle of upconversion nanoprobes for
ratiometric luminescent measurement of nitric oxide. (B) /n vitro response of this nanoprobe
to different concentrations of nitric oxide. (C) Confocal microscopy luminescence images of
HeLa cells after treatment with UCNP@RAMMSN@BCD and different concentrations of

nitric oxide: (a) 0, (b) 0.2 mM, and (c) 0.4 mM, respectively. (D) UCL spectra and

luminescence intensity ratios (inset) of the nanoprobes in serum (a), and luminescence

ratiometric images at a depth of 300 um of rat liver tissue slices incubated with the
nanoprobes, and the corresponding intensity profile of a linear region across the liver tissue
slices. Reproduced with permission from ref. 125. Copyright 2017, American Chemical

Society.
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Fig. 10.
(A) Structures of Rh-EDA-TA and Flu-Hy-TA at different pH. (B) Fluorescence emission

spectral changes of “gold nano-submarines” at different pH values. (C) Confocal
microscopy images of HeL a cells clamped at pH 4.5, 5.0, 5.5, 6.0, 6.5, 7.0, 7.5, and 8.0,
respectively. (D) Intracellular pH calibration curve of “gold nano-submarines” in HeL a cells.
(E) Examination of the intact BBB penetration of “gold nano-submarines” in mice.
Reproduced with permission from ref. 137. Copyright 2016, American Chemical Society.
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Fig. 11.
(A) Schematic illustration of the FRET nanoprobe for ratiometric imaging of intracellular

telomerase. (B) Fluorescence emission spectra of the designed probe in response to
telomerase from different numbers of MCF-7 cells. (C) The relationship between the
fluorescence ratio of acceptor to donor (Fa/Fp) and the number of cells. (D) Confocal
images of HeLa, MCF-7, HepG2, and L-O2 cells after incubation with the FRET nanoprobe.
(E) Fluorescence ratio values of different cell lines. (F) Flow cytometric analysis of various
cell lines after incubation with or without the FRET nanoprobe. Reproduced with permission
from ref. 147. Copyright 2017, American Chemical Society.
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(A) Design concept of a ratiometric luminescence probe based on crown-like dual-emissive
silica nanoparticles modified by Th3* and Eu3* complexes, and the luminescence quenching
mechanism. (B) Time-gated emission spectra of the RTLNP in the presence of different
concentrations of HCIO. (C) The Ig3o/lgg7 ratio response of the RTLNP to different
concentrations of HCIO. (D) Time-gated luminescence images of the RAW 264.7 cells with
different treatments: (a) RTLNP without HCIO, (b) RTLNP with HCIO, (c) with LPS/IFN-
v/PMA and RTLNP, (d) with LPS/IFN-y/PMA/4-ABAH and RTLNP, and (e) with
Escherichia coliand RTLNP, respectively. (E and F) Time-gated luminescence images of
RTLNP-loaded 5-day-old zebrafish (E) and Daphnia magna (F) with or without the
treatment of HCIO, respectively. Reproduced with permission from ref. 154. Copyright
2017, The Royal Society of Chemistry.
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(A) Schematic illustration for FRET-based ratiometric sensing of mitochondrial H,O, in
living cells by the nanoprobe. (B) Fluorescence spectra of the Mito-CD-PF1 nanoprobe in
the presence of different amounts of H,O, (C) Fluorescence intensity ratio of Mito-CD-PF1
as a function of H,O, concentration in HEPES buffer. (D) Confocal fluorescence images of
Mito-CD-PF1-stained L929 cells upon addition of 0 (control), 50 uM, and 200 uM H50O5 in
the culture media. (D) Ratiometric fluorescence images of Mito-CD-PF1-stained Raw 264.7
cells with the PMA treatment at concentrations of 0, 1, and 2 pg mL™1. Reproduced with
permission from ref. 190. Copyright 2013, Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim.
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(A) Schematic illustration for experimental design and proposed mechanism for the UCL
detection of H,S. (B) UCL spectra of CHC1-UCNPs in HEPES buffer upon gradual addition
of H,S at different concentrations, and plots of the UCL emission ratio intensity of
UCLsg41/UCLgqg as a function of H,S concentration (the inset). (C) Ratiometric UCL images
of Hela cells with or without the treatment of cysteine. (D) Ratiometric UCL images of
endogenous H5S levels in live mouse tissues, and the average ratiometric UCL intensities of
tissues. Reproduced with permission from ref. 196. Copyright 2014, Wiley-VCH Verlag

GmbH & Co. KGaA, Weinheim.
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(A) Schematic illustration of the synthesis of UCNPs-hCy7 and its sensing of MeHg* with a
change in UCL emission. (B) UCL spectra of hCy7-UCNPs in the aqueous solution with
different concentrations of MeHg*. (C) The ratio of UCLgggnm/soonm as a function of MeHg
* concentration. (D) Ratiometric UCL images in living HeLa cells (top, a—d) and MeHg*-
pretreated Hela Cells (bottom, e-h) incubated with hCy7-UCNPs, with ratiometric UCL
images from the ratio of red to green channels. (E) /n vivo UCL images of hCy7-UCNPs-
pretreated living mice injected intravenously with normal saline (left mouse) or MeHg*
solution (right mouse) (top, a), and the corresponding UCL images of the livers (bottom, b).
Reproduced with permission from ref. 212. Copyright 2013, American Chemical Society.
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(A) Schematic illustration of the DEFN synthesis, and its sensing ability for hROS detection.
(B) Fluorescence spectral responses of the DEFN to hROS of varying concentrations. (C)
Working curves of the DEFN-based ratiometric sensor in response to hROS, including «OH
(triangle), ONOO™ (circle), and CIO™ (dot). (D) Confocal fluorescence microscopy images
of HL-60 cells with different treatments of (a) no stimulation, (b) H>O5, and (c) H»,O5 and
ABAMH, after incubating with DEFN, respectively. Reproduced with permission from ref.
215. Copyright 2013, American Chemical Society.
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(A) Schematic illustration of the construction of Cdots-AuNC and the working principle of
the detection of hROS, and the corresponding SEM and TEM images of Cdots-AuNC (a—d).
(B) Fluorescence spectra of Cdots-AuNC in the presence of hROS at various concentrations.
(C) Ratiometric fluorescence as a function of the hROS concentration. (D) Bright field and
fluorescence images of live murine macrophages (RAW 264.7) under different treatments of
only Cdots-AuNC (top), LPS/PMA/Cdots-AuNC (middle), and LPS/PMA/UA/DMSO/
Cdots-AuNC, respectively. (E) /n vivoimaging of hROS using Cdots-AuNC in an acute
local inflammation in the ear by topical application of PMA. The left ears of the mice were
treated with PMA, while the right ears were set as control. Reproduced with permission
from ref. 231. Copyright 2013, American Chemical Society.
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Fig. 18.
(A) Schematic diagram for the preparation of label-free Cdots and their application for

intracellular pH sensing. (B) Fluorescence spectrum of Cdots in PBS with different pH
values ranging from 4.0 to 11.0. (C) Linear relationship of the ratiometric fluorescence
intensity (1475 nm/ls45 nm) versus pH values. (D) Ratiometric calibration of pH in living cells.
(E) Calibration curve from D. Reproduced with permission from ref. 236. Copyright 2016,
American Chemical Society.
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Fig. 19.
(A) Structure and working principle of Clensor. P, sensing module (pink line) containing a

Cl™-sensitive fluorophore, BAC (green filled circle); D2, normalizing module (brown line)
containing a Cl™-insensitive fluorophore, Alexa 647 (red filled circle); D1, targeting module
(orange line). In the presence of CI~, BAC undergoes collisional quenching, whereas the
fluorescence of Alexa 647 is Cl™-independent. (B) Modified sensor design for targeting to
the recycling pathway (Clensor ). D1Tfypt, targeting module modified with an RNA
aptamer (Tfapy) against the human transferrin receptor (cyan line). (C) Fluorescence
emission spectra of Clensor at different concentrations of CI~. (D) /n vitro CI~ calibration
profile of Clensor showing normalized Alexa 647 and BAC fluorescence intensity ratio
(R/G) versus chloride concentrations. (E) Quantitative performance of Clensor within
subcellular organelles. Reproduced with permission from ref. 256. Copyright 2015,
Macmillan Publishers Limited. All rights reserved.
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Fig. 20.
(A) Schematic illustration of synthesis and mechanism of the DTNT nanoprobe for tumor-

related mRNA detection in living cells. (B) Fluorescence response in the presence of
different concentrations of synthetic DNA targets, ranging from 0 to 100 nM. (C) The
relationship between the fluorescence emission ratio of acceptor to donor (Fa/Fp) and target
concentration. (D) Fluorescence image of TK1 mRNA in HepG2 and HL7702 cells by
DTNT nanoprobe. (E) Histogram of the relative fluorescence intensity (A/D) of the above
two cell lines from D. (F) Histogram of the relative fluorescence intensity (A/D) of the
following three groups, including tamoxifen-treated group, the B-estradiol-treated group, and
control group. Reproduced with permission from ref. 273. Copyright 2017 American
Chemical Society.
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Fig. 21.
Design strategies for ratiometric SERS nanoprobes. (A) Multiple nanoparticles with multiple

Raman probes. (B) Single nanoparticles with dual Raman probes. (C) Single nanoparticles
with target-response activatable Raman probes.
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(A) Structural description of SBT system and spectra. (B) Schematic of the SERS cell
mapping experiment. NRP- and PC-SBTSs are synthesized, combined, and added to either
noncancerous or cancer cells suspended in DMEM supplemented with 10% FBS. (C) Two-
dimensional mappings for cancer (PPC-1) and normal cells (RWPE-1). (D) Box plots of the
NRP/PC ratio for both PPC-1 and RWPE-1 populations after application of the logarithmic
transformation to render both distributions normal. Reproduced with permission from ref.
301. Copyright 2011, National Academy of Sciences.
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Fig. 23.
(A) Schematic of a REMI-based intraoperative imaging guidance of lumpectomy to rapidly

identify residual tumors at the margins of freshly resected tissues for guiding breast-
conserving surgeries. A ratiometric strategy (right inset) quantifies biomarker expression by
comparing the signal from targeted NPs and nontargeted NPs. Reproduced with permission
from ref. 308. Copyright 2016, Nature Publishing Group. (B) Photograph of a human breast
tumor and a normal tissue specimen from one patient. (C) Ratiometric images of EGFR-NPs
versus isotype-NPs, HER2-NPs versus isotype-NPs, CD44-NPs versus isotype-NPs and
CD24-NPs versusisotype-NPs. (D) Validation data: H&E and IHC for EGFR, HER2, CD44,
and CD24. Unlabeled scale bars represent 200 um. (E) Cumulative results from multiple
regions of interest from a total of 5 patient specimens: measured NP ratios on IHC-validated
biomarker-negative and biomarker-positive tissue regions. Each data point in the plots is the
average ratio from one region of interest. Reproduced with permission from ref. 24.
Copyright 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Fig. 24.
(A) Schematic illustration of detection of microRNA-21 (miR-21) and microRNA-203

(miR-203) in living cells using the developed nanoprobes, and mechanism for sensing the
asymmetric signal amplification of the nanoprobes for miR-21 and miR-203. (B) SERS
spectra for increasing concentrations of miR-21 and miR-203. (C and D) Variances of the
l1586/1783 and 11490/17g3 With the concentration of miR-21 and miR-203, respectively. (E)
SERS images for miR-21 and miR-203. (F) Average SERS intensity ratios for one peak in a
single MCF-7 cell incubated with the proposed probes for 1, 2, 4, and 6 h. (G) Comparison
of the SERS intensity ratios in each living cell versus the average intensity ratio from 100
cells, miR-21 (left) and miR-203 (right), respectively. Reproduced with permission from ref.
311. Copyright 2017 American Chemical Society.

Chem Soc Rev. Author manuscript; available in PMC 2019 April 23.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Huang et al.

Sensing mechanism of Au NPs/4-AA nanosensor for H:S

SERS spectra

%
______ Without H:S
3T M

X% ‘ o With HS,
h S "-—‘. ﬁw@guuz MW

o~ y CH
*'Q $‘1~-. 500 1600 1500 a
& Raman Shift (') £ T T T T
1100 1200 , 1600 1700
SERS monitoring of the endogenous H:S in living cells Raman Shift (cm™)
785 nm Laser SERS monitoring C1_2_ O lws/lser R?=0.9781
O leasflvser R*=0.9809
_ 084
=
SAM-stimulated H:S production ) ‘ L K
@ PN i 04d
o e o
) &
ND{“‘* e | 500 1000 1500 &
s —» % Raman Shift (cm’) 0.04

Fig. 25.

70 65 -80 55 50 45 40
Log [NaHS Concentration] (M)

3.6 d 12
, 709 11}61 1626 g = |700/111615=1 | 1626/11161

N

N
1S
E% n§‘
1161
o
®

00. [ I [
500 1000 1500 0 10 30 60 90 120
Raman Shift (cm') Time of SAM stimulation (min)

Page 70

(A) SERS nanosensors for monitoring endogenous H,S in living cells. (B) SERS spectra of

AuNPs/4-AA in PBS in the presence of NaHS at various concentrations. (C) Plots of

ratiometric peak intensities versuslogarithmic NaHS concentration based on l7gg/l1161 and
l1g26/11161- (D) SERS monitoring of endogenous H,S in living cells (rat C6 glioma cells)
under SAM stimulation: bright-field images (a), DFM images (b), SERS monitoring of rat-
mediated H,S with AuNPs/4-AA nanosensors under SAM stimulation with different times
of 0, 10, 30, 60, 90, and 120 min (c), and the corresponding ratiometric peak intensities from
¢ of l7p9/11161 and l1g26/l1161 Versustime of SAM stimulation (d). Reproduced with
permission from ref. 327. Copyright 2015, Wiley-VCH Verlag GmbH & Co. KGaA,

Weinheim.
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Design strategies for ratiometric photoacoustic nanoprobes. (A) Nanoparticle-dye
nanocomplex with dual photoacoustic absorption. (B) Target-response activatable

photoacoustic absorption switch.
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Fig. 27.
(A) Schematic illustration for nanoprobe design of PET-amplified PA imaging of pH,

doping-induced PA amplification, and pH-sensing mechanism. (B) UV-vis absorption
spectra of SON5g at different pH. (C) PA images of the SON5 solution at pH = 7.4, 6.4, or
5.5. A pulsed laser was tuned to 680 or 750 nm for ratiometric imaging. (D) PA spectra of
SONg5g at different pH. (E) Quantification of the ratiometric PA signals (PAggo/PA750) of
SONG at different pH. The blue line represents linear fitting from pH = 7.4 to 5.5 (R? =
0.991). (F and G) PA images and ratiometric signals (APAggo/APA750) of muscle and tumor
with local administration of SONsgq. Reproduced with permission from ref. 344. Copyright
2016, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Fig. 28.
(A) Schematic illustration of the proposed strategy for ratiometric photoacoustic imaging of

MeHg™*. (B) Absorbance response of LP-hCy7 as a function of MeHg* concentration in an
aqueous solution. (C) Plot of PAggg/PAggg 0f LP-hCy7 against the concentration of MeHg*
ions. (D) 3D ultrasonic (US) image of zebrafish for illustration of photoacoustic imaging in
transection of abdomen (a). (b) merged US and PA images of untreated zebrafish (b1-b3),
LP-hCy?7 incubated zebrafish (b4-b6), and MeHg*/LP-hCy7 treated zebrafish (b7-b9) at 690
(left) and 860 nm (right), respectively. (E) Corresponding quantified PA intensity at 690 nm
(blue) and 860 nm (red) for D-b. (F) Ratios of PAggg/PAggg Obtained from D-b. Reproduced
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with permission from ref. 354. Copyright 2017, Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim.
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(Ag Structure of bacteriopheophorbide-lipid with axes showing the Qy and Qx transition
dipoles for the chromophore. (B) Schematic of the J-aggregating nanoparticle (JNP)
prepared with 15% Bchl-lipid, 80% host phospholipid, and 5% mPEG2000-DPPE. Insets:
(left) Representative transmission electron micrograph of JNP prepared with
dipalmitoylphosphatidylcholine (DPPC) (JNP16) and (right) color photographs of JNP16
sample below and above phase transition temperature. (C) Absorption spectra of JNP16 in
the intact (blue) and detergent disrupted (red) state. (D) Representative near-infrared
absorption spectrum of JNP prepared with dipalmitoylphosphotidylcholine (JNP16) upon
heating from 25 to 50 °C. Reproduced with permission from ref. 358. Copyright 2014
American Chemical Society.
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Fig. 30.
(A) Schematic illustration of the proposed BTeam biosensor. (B) ATP-dependent

luminescence spectral changes of purified BTeam. (C) ATP-dependent BRET ratio changes
of purified BTeam. (D) Standard curve for calculation of ATP concentration based on the
BRET ratio values (mean + SD) of purified BTeam. (E) Comparison of intracellular ATP
concentrations determined by BTeam (closed bar) and firefly luciferase (open bar). (F)
Luminescence images of NLuc (left) and YFP (middle), and BRET ratio (right,
pseudocolored) of HeLa cells stably expressing cyt-BTeam (upper) or transiently expressing
mit-BTeam (bottom). (G) Comparison of BRET ratio values between cytosol and
mitochondria at the single HeL a cell level. Reproduced with permission from ref. 371.
Copyright 2016, Nature Publishing Group.
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