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Abstract

Sensors are key tools for monitoring the dynamic changes of biomolecules and biofunctions that
encode valuable information that helps us understand underlying biological processes of
fundamental importance. Because of their distinctive size-dependent physicochemical properties,
materials with nanometer scales have recently emerged as promising candidates for biological
sensing applications by offering unique insights into real-time changes of key physiological
parameters. This review focuses on recent advances in imaging-based nanosensor developments
and applications categorized by their signal transduction mechanisms, namely, fluorescence,
plasmonics, MRI, and photoacoustics. We further discuss the synergy created by multimodal
nanosensors in which sensor components work based on two or more signal transduction
mechanisms.
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INTRODUCTION

The living system works as a complex supramolecular machine modulated by numerous
dynamic biological processes. The fluctuations of biomolecule concentrations and
bioactivities not only encode valuable information that helps unravel underlying mechanisms
at the molecular level but also have major implications for clinical applications (1). Sensors
that can detect and/or monitor analytes or functions in the biological system have played a
prominent role in recent years as an essential research tool to answer fundamental questions
about the self-regulation of living systems (2). They have also emerged in the commercial
domain as integral parts of wearable devices that track vital signs or electrolyte levels in real
time (3). Sensors, in broad terms, consist of two components: The first part is a receptor
moiety that recognizes the biological target or its biological activity and relays the
recognition event to the second part, the signal transduction element, to convert the
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recognition event into a measurable readout (4). Ideally, sensors suitable for in vivo and in
vitro applications should meet the following criteria: dynamic sensing range in line with the
physiological range of the analyte of interest; high selectivity against major interferents in
the biological environment; good stability during the measurement period; rapid sensor
response; and minimum perturbation to the normal biological functions and high
biocompatibility. Nanosensors, in particular, have recently emerged as candidates that show
great potential to meet many of the stringent requirements mentioned above (5, 6).

Nanosensors, defined in this review as nanoscale constructs or larger sensors that contain
nanoscale features, have made promising strides as analytical tools to understand biological
functions and provide advantageous sensing properties. Certain types of sensors based on
nanoscale platforms can offer a high number of binding sites suitable for different
functionalities, whereas in other formats, the active components of the sensors often take
advantage of their unique size-dependent physicochemical properties, such as the quantum
dot and noble metal nanoparticle (NP). As such, nanosensors have recently been used for in
vitro and in vivo applications traditionally dominated by molecular or genetically encoded
indicators.

In this review, we focus on the significant advances in nanosensor development applied
toward in vitro or in vivo measurements, mostly in the past five years. We follow the lead of
Yogi Berra’s immortal words “You can observe a lot by just watching,” which rings
especially true to the biosensing community only with a slight tweak: You can observe a lot
of biological processes by just watching sensor responses with high spatiotemporal
resolutions. Thus, we mostly focus on imaging-based nanosensors and organize the
following discussions of nanosensor developments based on four broad imaging-based
signal transduction mechanisms: fluorescence-, plasmonics-, magnetic resonance imaging
(MRI)-, and photoacoustics (PA)-based sensing. We deliberately exclude the burgeoning
fields of electrochemical-based wearable chemical sensors, as they are covered by the
excellent review from the Rogers group (7) in this volume. Finally, we briefly touch upon
recent developments of nanosensors that involve multiple mechanisms for biological sensing
applications.

FLUORESCENCE-BASED NANOSENSORS

Fluorescence-based sensing was one of the earliest adopted techniques to study
spatiotemporal dynamics of biomolecules of interest in the living system (8). Since the
invention of calcium-sensitive fluorescent dyes by Roger Tsien and coworkers in the late
twentieth century (9), molecular indicators (10, 11), together with later developed genetic
encoded proteins (12), form the backbone of quantitative sensing and are widely used in the
biological science community. However, both molecular fluorescent indicators and
fluorescent protein indicators face certain limitations. Molecular probes that enter the
intracellular space, facilitated by acetoxymethyl esters, can leach from certain types of cells,
sometimes in the matter of minutes (13), therefore significantly limiting the observation
time. Meanwhile, genetically encoded indicators could potentially alter the normal
biochemical dynamics of the targeted analytes or bioactivities (14). Exogenous fluorescent
nanosensors can complement the current palette of indicators, constituting a viable
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alternative for elucidating the dynamics of biomolecules and their associated biological
functions (15, 16).

Optode-Based Nanosensors

One class of fluorescent nanosensors that has recently drawn increasing attention is optode-
based nanosensors (OBNs). Analogous to its electrical counterpart, ion-selective electrodes,
the OBN consists of three components: a chelator (ionophore) for target recognition, a pH-
sensitive fluorophore (chromoionophore) for signal transduction, and an ionic additive for
balancing the charge, all of which are hosted in a polymer matrix. The working principle is
straightforward. The ionophore extracts the ion of interest, such as sodium, from the
surrounding environment into the sensor matrix, inducing the deprotonation of the
chromoionophore to maintain charge-neutrality within the sensor, thus evoking a detectable
change in the intensity of the fluorescence. This maturing technique has been applied to
detect ions in biofluids (17, 18) and extended to small-molecule targets such as dopamine
(19), acetylcholine (20), and histamine (21). The OBN platform offers superb selectivity
against major interferents. Moreover, given the decoupling of the recognition and signal
transduction moieties, the modular OBN platform enables fine-tuning of the response
dynamic range by modifying the components to accommodate different applications. For
instance, fluorescent dyes that emit in the near-infrared (NIR) range can be incorporated to
the OBN to facilitate in vivo analyte detection (22).

OBN:Ss are suitable for tracking ion level fluctuations, which play a pivotal role in
neuroscience. Recently, Clark and coworkers (23) applied OBNSs to track intracellular Ca?*
dynamics as a baseline study to evaluate the feasibility of OBNSs for intracellular ion flux
studies (Figure 1a). OBNs with two pH-sensitive fluorophores were fabricated to achieve a
ratiometric optical readout that minimizes imaging artifacts and increases the sensitivity
compared to single-wavelength OBNs (24). The Ca2* OBNs were introduced into the
cytosol of HelL a cells through microinjection to prevent endosomal compartmentalization of
the sensors. The OBN fluorescence-intensity ratios were empirically converted into Ca2*
concentrations during the pharmacological stimulation, and the response amplitude and
kinetics agreed with results obtained from conventional molecular indicators. This work
demonstrated that OBNSs are capable of tracking intracellular ion flux events. Rong et al.
(25) further built on this technology to track intracellular Na* dynamics in primary rat dorsal
root ganglion (DRG) cells, where Na* channels play a major role in modulating excitability
of DRG neurons and are crucial to understand the mechanism of neuropathic pain (26). In
order to induce Na transients on neurons microinjected with sensors, the authors utilized
planar transparent microelectrodes (27) for electrical stimulation instead of conventional
patch pipette to reduce mechanical stress on the microinjected cell. They demonstrated for
the first time that OBNs have the temporal resolving power to track neuronal Na* flux
during repetitive pulse train stimulations. Given the broad interest in understanding the
regulatory role that Na* plays in neuroscience and the lack of choices of Na* indicators
compared with those of Ca2*, the combination of Na* OBN, microinjection, and transparent
microelectrodes provides a feasible alternative to existing electrophysiological tools for
tracking intracellular Na*.
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Carbon Nanotube—-Based Fluorescent Nanosensors

Another promising class of fluorescent nanosensors is based on single-walled carbon
nanotubes (SWCNTs). SWCNTs offer unique photophysical properties, including polarized
fluorescence emission and stability against photobleaching (28). SWCNTSs also have an
intrinsic emission centered at the NIR region, which is ideal for in vivo applications. As
previously reported, SWCNT fluorescence is sensitive to the binding of nitric oxide (NO)
through SWCNT exciton quenching (29). lverson et al. (30) have demonstrated that DNA-
wrapped SWCNTSs can track local NO changes induced by inflammation in the liver of a
mouse for more than 400 days with minimal signal decay, reflecting a remarkable
achievement in fluorescence-based sensing. In one recent study, Kruss et al. (31)
demonstrated label-free monitoring of dopamine flux from PC12 neuro-progenitor cells
using a SWCNT sensor array. Their approach allows spatiotemporal mapping of dopamine
release during K* stimulation with high spatial resolution (20,000 sensor/cell), capable of
pinpointing the local hotspots of dopamine release sites on the subcellular-length scales.

Quantum Dot-Based Fluorescent Nanosensors

Quantum dots have been routinely used as signal reporters in nanosensors, offering superb
photostability compared to organic molecules (32, 33). One reason is that a single quantum
dot is comprised of tens of thousands of individual atoms with much more delocalized
chemical bonding, increasing its tolerance against photon-induced damaging in contrast to
individual fluorescent dye molecules (34). In recent years, quantum dot-based nanosensors
have been applied to a variety of in vitro sensing applications (35), such as pH (36),

Ca?* (37), and K* (38) sensing. For instance, Orte et al. (36) demonstrated for the first time
that the photoluminescence decay time of functionalized quantum dots can be used to detect
intracellular pH changes when paired with fluorescence lifetime imaging microscopy
(FLIM), resulting in improved sensitivity compared to pH fluorescent dyes. In another work,
Zamaleeva et al. (37) fabricated an intracellular Ca2* nanosensor by taking advantage of the
Forster resonance energy transfer (FRET) between the quantum dot donor and red-emitting
CaRuby Ca?* dye acceptor functionalized on the quantum dot surface. This nanoconstruct
was further functionalized with cell-penetrating peptides to facilitate cytosolic delivery. The
nanosensors were able to resolve cross-membrane Ca?* transients in BHK cells with the
temporal resolution of 250 ms during pharmacological stimulation, opening up a new track
for probing microdomain Ca2* signaling events.

DNA-Based Fluorescent Nanosensors

Fluorescent nanosensors can also be categorized by their recognition elements. For instance,
DNA has been consistently used as the backbone or recognition moiety in sensor designs, as
they are modular and highly programmable, enabling molecularly identical assemblies of
complex functional structures with minimal variations (39). Numerous nanosensors
developed in recent years have used DNA as the integral part of the sensor structure for
biological sensing applications, such as for intracellular CI~ (40), messenger-RNA (mRNA)
(41), enzyme catalytic activity (42), and cancer biomarkers (43). For instance, Krishnan and
coworkers (40) have fabricated a pH-independent fluorescent DNA nanodevice, termed
Clensor, to detect intracellular CI™ levels in Drosophila melanogaster With the targeting
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DNA sequence and associated Cl™-sensitive fluorophore and reference fluorophore, Clensor
can accurately target and track lumenal lysosomal CI~ levels with ratiometric signal output
(Figure 1b). Another intriguing DNA nanosensor to detect mRNA in single cells was
inspired by the anatomical features of the snail. Tay et al. (41) have presented a nano-snail-
inspired nucleic acid locator (nano-SNEL) with a molecular beacon for mRNA sensing
encapsulated within the protective DNA nanoshell. The novel protective nanoshell design
mitigated enzymatic degradation, allowing the sensors to visualize live cell RNA
transcription with extended period of time. Two recent studies by the Tan group further
demonstrated applications of 3D DNA architectures as nanomachines for targeting cancer
biomarkers (44) and mRNAs in live cells (45).

Peptide-Based Fluorescent Nanosensors

Peptides are another biomolecule employed as the recognition moiety in nanosensors.
Development of peptide-based nanosensors has been rapidly increasing for detection of
disease-related protease activity. In one sensing scheme, peptide-based sensors use
fluorophore-tagged peptides immobilized on NP substrates that will be cleaved off by the
target protease in the body and then subsequently analyzed after urinal clearance. With this
sensor design, common issues related to imaging through the body tissues are circumvented
via the transport of the signal reporters out of the body. Lin et al. (46) have successfully
demonstrated the feasibility of this sensing scheme by detecting thrombin in mice using iron
oxide NPs surface modified with thrombin-sensitive peptides containing conjugated
fluorescent reporters. A recent study by Dudani et al. (47) took this approach further by
assembling a library of fluorescent nanosensors to detect protease activity to classify
prostate cancer based on aggressiveness. The nanosensors were robust in categorizing
cancers and outperformed conventionally used serum cancer biomarkers, offering great
potential in clinical applications.

Other Emerging Materials for Luminescent Nanosensors

Apart from the common building blocks in fluorescence-based nanosensor design mentioned
above, other types of materials are also employed based on their unique photophysical
properties to enhance sensor performance. Lanthanide-doped upconversion nanoparticles
(UCNPs) exhibita large anti-Stokes shift, converting NIR excitation into emission in the
visible wavelength range. This feature enables deeper image penetration depth with minimal
photobleaching and fluorescence background from the specimen (48). Liu et al. (49) have
leveraged the optical properties of UNCPs to design a FRET sensor and pioneered the
monitoring of methylmercury levels in mice by tracking changes in the upconversion
luminescence. Gold nanoclusters (AuNCs) are another class of promising luminescent
materials, demonstrating high photostability, tunable emission spectra, and large Stokes
shift. Recently, Yu et al. (50) have used chitosan-functionalized AuNCs tagged with H,S-
sensitive merocyanine to successfully establish a FRET sensing platform for in vivo
detection of endogenous H,S (Figure 1c). Carbon dots (Cdots) have also become popular
sensing components in recent years due to their excellent optical properties and low
cytotoxicity (51) and have been applied recently by Cash and coworkers for ionophore-based
Na* sensing applications (52).
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Novel Imaging Approaches for Enhancing Nanosensor Performances

Advances in fluorescence-based imaging modalities have broadened applications for
nanosensors by taking advantage of the larger imaging depth, reduced background, and
higher spatiotemporal resolution these emerging techniques offer. For instance, recent
progresses on both two-photon excitation microscopy (53) and NIR-I1 imaging (54) enable
imaging deep in the tissue with higher spatial resolution than conventional microscopy. This
improvement on general imaging capabilities has helped advance nanosensor applications in
both in vitro and in vivo biosensing (55-57). Furthermore, FLIM (58) also improved its
spatiotemporal resolution in recent years with additional capacity for multichannel imaging
(59). This advancement in imaging led to applications of nanomaterials in biological
sensing, such as detection of mMRNA (60) and hypochlorite (61).

PLASMONICS-BASED NANOSENSORS

Despite advances in fluorescence-based sensing, the technology commonly suffers from
limited observation time due to the susceptibility of the sensor to photodamage. Nanosensors
based on plasmonic nanomaterials, represented by noble metal NPs, can partially mitigate
this concern (62). The optical properties of plasmonic materials referred to in this review are
limited to localized surface plasmon resonance (LSPR) or plasmon from the noble metal
NPs, which is defined as collective oscillations of free electrons within the NP upon
illumination. Compared with fluorescent materials, plasmonic NPs offer larger optical cross
sections at the respective resonance wavelengths, whereas individual dye molecules have a
finite photon emission rate of approximately 5 kHz, which intrinsically limits signal
intensities (63). Moreover, plasmonic NPs have extremely stable optical outputs because the
signal is based on light scattering. Thus, the NPs never bleach or blink, enabling long-term,
intermittent-free sensing with no limits on observation time, in contrastto organic
fluorophores, which can only survive a definite number of excitation/emission cycles (~1 x
105) before eventually bleaching (64). The optical response of plasmonic nanomaterials also
depends on the size, geometry, and surrounding environment (65), all of which form the
foundation of various plasmonic-based sensing schemes for biological applications (66).

Plasmon Coupling—Based Nanosensors

When two or more noble metal NPs of similar sizes approach each other, their plasmons
couple in a distance-dependent manner. The plasmon resonance wavelength red-shifts with
decreasing interparticle distances (67). The spectral shift associated with the plasmon
coupling becomes most pronounced when interparticle distances are comparable to or
smaller than one particle diameter (68). Therefore, plasmon coupling can be used to break
the diffraction limit to track distance changes of NP-labeled biomolecules by converting the
molecular interactions occurring at the near field to an optical observable at the far field.
Plasmon coupling—based nanosensors have been applied to map plasma membrane
heterogeneity (69), lateral dynamics of epidermal growth factor receptors on the cancer cell
membrane (70), and viral membrane fluidity (71), to name a few applications. Recently,
Chen et al. (72) have used preassembled plasmonic NP dimers, termed plasmon rulers, to
probe DNA stiffness (Figure 2a). By analyzing the distance-dependent spectral fluctuations
of DNA-tethered plasmon rulers, valuable information about the length and conformational
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stiffness of both single- and double-stranded DNAs can be obtained. In addition to the
spatial information obtained from the spectral shift of plasmon rulers, the polarization of
coupled plasmon resonance also encodes additional information about the orientation and
chirality of the underlying active structures. Sun et al. (73) have taken advantage of this
optical property to sense intracellular telomerase using a DNA-linked gold chiral
heterodimer. Quantifying the circular dichroism intensity, this sensing strategy can achieve a
linear range for detecting telomeres in single cells down to 1.7 x 10715 |U and is translatable
to other chirality-based schemes.

Plasmonic Enhancing—/Quenching-Based Nanosensors

Plasmons can also concentrate the incident electromagnetic field to modulate the emission
from the fluorophores at the vicinity of plasmonic NPs. The subsequent intensity changes
via plasmonic enhancement/quenching can be used for analyte detection (74). A plasmonic-
modulated optical sensing scheme has recently been employed for detecting intracellular
thiols (75), mRNA (76), uranyl (77) and other ions (78). For instance, Xu et al. (75) have
fabricated a BODIPY-gold nanoparticle (AuNP) sensor where the BODIPY dyes are
quenched due to the FRET and inner filter effect of the AUNP plasmon. The nanosensor
exhibits a turn-on fluorescence response as BODIPY molecules are displaced from the
AUNP in the presence of thiols that have a stronger binding affinity to the gold surface. The
sensor has been successfully applied to intracellular thiol monitoring in Hela cells. W u et
al. (77) further demonstrated for the first time the use of a DNAzyme-AuNP nanosensor for
cellular ion monitoring. The DNAzyme was functionalized with thiol at the 3° end and Cy3
atthe 5" end. In the presence of the ion of interest, the strand containing Cy3 is cleaved off
from the AuNP surface, resulting in a turn-on sensor response as the Cy3 fluorescence is no
longer quenched by the particle plasmon.

Single Nanoparticle Surface-Enhanced Raman Scattering

Another area of plasmonic-based sensing is surface-enhanced Raman scattering (SERS),
where the enhanced electromagnetic field at the NP surface excites normally undetectable
vibration modes of targeted molecules. Field enhancement at the NP surface or “hotspots” in
carefully designed active plasmonic nanostructures have been applied to label-free chemical
sensing (79). Fluorophore molecules can also be added to the particle surface to further
enhance the SERS signal of the analyte by introducing additional chemical enhancement. In
one notable example, Kircher and coworkers (80) designed chalcogenopyrylium dyes for
functionalizing AUNP SERS probes and successfully applied the probes to in vivo cancer
biomarker detection with attomolar sensitivity (Figure 2b).

MAGNETIC RESONANCE IMAGING-BASED NANOSENSORS

Both fluorescence- and plasmonic-based nanosensors rely on photons to relay information of
the dynamic changes of the underlying analyte or activity. MRI-based nanosensors, on the
other hand, rely on the magnetism of superparamagnetic particles, which are magnetic only
under an external field, to alter the relaxivity time of nearby water molecules (81). As new
research enables the construction of compact permanent magnets with increasingly high
field homogeneity, the use of nuclear magnetic resonance (NMR) is no longer constrained
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by the need for bulky cryogenically cooled magnets in NMR/MRI instruments (82).
Instrumentation will become smaller, more portable, and less expensive to operate,
increasing the potential demand for MRI-responsive sensors. MRI-based sensing has several
advantages: MRI is not impacted by tissue depth (83), is honinvasive provided suitable
delivery mechanisms are found (84), and is not subject to signal decay over time, which is a
limitation with fluorescence-based sensors. However, unaided MRI has low sensitivity,
requiring the use of contrast agents and other sensitivity-enhancing probes. Nanoscale
probes offer many advantages for magnetic-based sensing, such as enhanced permeability
and retention (EPR) which leads to greater delivery of the nanomaterials to tumors than
normal tissue (85). The core and surface of the nanomaterials are also tunable, facilitating
changes to the physicochemical properties (i.e., the magnetic anisotropy energy barrier and
hydrophilicity/hydrophobicity) of the sensors to favor certain biochemical interactions (86).

Recent advances in MRI-based nanosensor development for biological use has enabled
better understanding of brain functions (87, 88) and metabolic processes (83) and allowed
for safer, more accurate medical imaging (89). MRI is a noninvasive and reliable technique,
often used in brain imaging but limited by certain challenges. For example, imaging
neurotransmitters using MRI is difficult due to rapid changes in concentration and low
baseline concentrations of neurotransmitters in the brain. Recently, Luo et al. (87) developed
a highly specific nanosensor to image acetylcholine in the brain via MRI. The sensor was
comprised of the enzyme butyrylcholinesterase (BuChEg) and pH-responsive gadolinium-
based contrast agents (GBCASs) coimmobilized on a nanoparticle. BUuChE hydrolyzes
acetylcholine into choline and acetic acid, generating a localized pH drop that the modified
GBCA s detect. In vivo experiments successfully applied the nanoprobe to detect drug-
induced acetylcholine release in rat medial prefrontal cortex (Figure 3a).

Although the mechanisms and behaviors of Ca2* as a signaling molecule are not fully
understood, abnormal Ca2* patterns have been linked to numerous brain disorders, including
Alzheimer’s disease (90). Okada et al. (88) developed magnetic Ca2* -responsive NPs for
analyzing real-time Ca2* dynamics in the brain to further understand extracellular Ca2*
signaling behavior and elucidate normal and abnormal Ca?* responses. The sensors were
designed using both the magnetic NPs and the proteins that are part of natural Ca2* -
responsive machinery and sensitive to 0.1-1.0-mM changes in [CaZ*]. Fused synaptotagmin
monomers, each with two CaZ* -binding sites, were mixed with iron oxide NPs coated with
phosphatidylcholine and phos-phatidylserine lipids. Ca?* binding to the proteins induces
protein-lipid complex formation with phosphatidylserine, creating NP clusters. As a
reduction in [CaZ*] leads to a release of ions from the binding sites and subsequent
breakdown of the protein-lipid complex, the NPs will disaggregate at lower concentrations.
The sensors successfully detected [Ca2*] dynamics in rat brains (Figure 3b). Reversible
magnetic NP clustering is known to magnify small ion concentration fluctuations into
readable changes in MRI signals, making the magnetic NP sensors ideal for real-time
monitoring using functional MRI.

In addition to advances in small-molecule and ion sensing, novel nanosensors for
macromolecule detection have also been developed (91, 92). Zabow et al. (83) have
proposed a system for subsurface studies of biological processes using nanosensor
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assemblies that operate in NMR radio frequencies. The sensors, composed of stimuli-
responsive hydrogel fixed between a pair of magnetic disks, were applied to measure pH as
an indicator of the metabolic rate of Madin-Darby canine kidney cells. The design has the
potential to be tunable to a variety of biomolecules, as many reactive components can be
embedded within the gel matrix, whereas methacrylic acid side groups were used in pH
measurements. The pH-sensitive hydrogel was placed between a pair of magnetic disks as a
spacer. When exposed to the external MRI fields, water molecules within hydrogel
experience a shift in NMR frequencies relative to the distance between the magnetic disks
modulated by the pH-sensitive hydrogel spacer (Figure 3c). Arrayed sensors also have the
potential for spatial and temporal localization to measure ion gradients using MRI.

Apart from tracking endogenous analytes or activities, real-time monitoring of drug release
kinetics has also drawn considerable attention since chemotherapies were first developed
(93). The inability to accurately quantify drugs in tissues of interest can lead to under- and
overdosing. MRI is an ideal imaging technique for drug monitoring, as the NPs can be
spatially located regardless of tissue depth. Liu et al. (94) have prepared a versatile NIR-
triggered NP drug delivery and monitoring system using hollow-structure nanocomposites
loaded with anticancer drugs. Release of the drugs from the system lowers the longitudinal
relaxation time (T1) signal, meaning that drug release and localization can be monitored in
vivo via MRI, as demonstrated using zebrafish.

Although M RI-based nanosensors benefit from superb imaging depth and their
effectiveness in boosting the sensitivity of the technique, the ability to noninvasively deliver
the sensors to the location of interest is limited. For example, neurotransmitter-targeted
sensors require direct delivery to the cerebral spinal fluid as the blood-brain barrier inhibits
the delivery of probes administered through traditional injections (95). More invasive means
must be used to directly administer the nanosensors to the brain, often requiring surgery. For
tumor-targeting systems, the EPR effect offers a twofold increase in selective delivery, a
promising yet limited advantage that still requires further enhancement (85).

PHOTOACOUSTICS-BASED NANOSENSORS

PA imaging is another burgeoning imaging technique (96) with deep imaging depth that uses
nanosecond laser pulses to cause photon absorption and expansion of the target of interest,
emitting ultrasound signals in the process. PA imaging has the combined benefits of both the
deep imaging depth of ultrasound and the high image contrast offered by optical imaging
(97). Furthermore, the technique is noninvasive and does not cause tissue damage. Contrast
agents can further improve the image contrast by clustering in the area of interest. Certain
types of NPs are particularly good contrast agents because they have a strong stable PA
signal as compared to the weak signals of the surrounding tissue (97). As such, NPs capable
of acting as PA-based sensors for biologically important molecules are opening new avenues
for in vivo biological sensing.

Currently, PA sensing has been used to detect both Li* (98) and K* (22). Li*, which is
commonly used in treating bipolar disorder, is a clinically important ion to track, as it has a
small therapeutic window (0.6-1.2 mM) and a low toxic dose (~2 mM) (98). Cash et al. (98)
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developed a rapid and accurate sensing scheme to monitor therapeutic Li* concentrations
using PA-based nanosensors that were sensitive to lithium in the dosage range and capable
of detecting in vivo lithium changes within 15 s in mouse models (Figure 4a). Lee et al. (22)
created PA nanosensors capable of monitoring the concentrations of potassium, which is
known to surround tumors at higher concentrations and has been shown to have immune-
suppressor qualities (99).

AUNPs are also used for PA-based sensing applications (100). This is because the PA signal
can be induced by the LSPR effect of the AuUNPs where the optical absorption is orders of
magnitude higher than organic fluorophores. Moreover, the resonance wavelength of the NP
is tunable by the size and morphology of the AuNPs. This control enables researchers to
align NP resonance frequency within the “biological window” (650-1,100 nm), the range in
which the least blood and tissue attenuation occurs, thus allowing deeper tissue imaging
(100). Applications using this technique include sensing of glutathione (101, 102),
epidermal growth factor receptor (103), and miRNA 155 (104). Luke et al. (103) used
AUNPs to detect the overexpression of epidermal growth factor receptor, which is typically
associated with several types of cancers, for identifying lymph node metastases. With
AUNPs, micrometastases as small as 50 um in size were detectable. Cao et al. (104)
developed nanosensors for the accurate PA detection of miRNA-155, which is over-
expressed in breast cancer at low concentrations (25 nM). The AuNPs are surface modified
with polyethylene glycol (PEG) and two DNA hairpin structures that are partially
complementary to each other. In the presence of miRNA-155, the AuNPs formed aggregates
due to the hybridization of the opened DNA hairpins by the miRNA and generated a
discernable PA signal at the tumor site. Tumor detection in mice was successful two days
after sensor inoculation, and the progress of chemotherapy was successfully monitored over
the course of 20 days (Figure 4b).

Semiconducting polymer nanoprobes (SPNs), which can generate strong PA signals and are
resistant to photodegradation and oxidation (105), are another class of NPs currently used in
PA-based sensing. SPNs have already been used to sense oxidative species (105, 106) and
pH (107). Lyu et al. (106) fabricated a reaction-based SPN to sense protein sulfenic acids in
the tumors of living mice, which are created by the cells in response to oxidative stress.
Miao et al. (107) used SPNs as PA reporters for in vivo detection of pH in mice (Figure 4c)
to measure aberrant pH levels associated with a multitude of health issues, including tumors,
which are surrounded by an acidic environment.

Although AuNPs and SPNs are the most prevalent in PA sensing, other NPs are also being
explored. This includes research into human serum albumin- and bovine serum albumin-
based NPs for pH sensing (108,109), porphyrin-based NPs for temperature monitoring
(110), and NPs from the self-assembly of molecular probes for furin detection (111). Chen
et al. (108, 109) used two dyes, benzo[a]phenoxazine (BPOXx) and IR-825, that induced the
creation of an albumin-based nanoprobe capable of detecting low pH. Dragulescu-Andrasi et
al. (111) created an enzymatic-sensitive probe to detect furin and furin-like activity, which is
believed to play a major role in tumor progression.
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PA sensing is a new field with many applications, but there remain challenges that must be
addressed. A major challenge is the trade-off in choosing the optimal size of the AuNP to be
used. NPs that are too small (<10 nm) will not accumulate sufficiently for imaging because
they will be quickly cleared from the bloodstream by the kidney (97), whereas NPs larger
than 10 nm are not easily cleared from the bloodstream, which may lead to long-term
toxicity (97,103). Some researchers have used the lymphatic system by injecting the known
cancer with the NPs and allowing them to move with the interstitial fluid into the lymphatic
system (103) to address clearance issues. The challenge of NP clearance must be addressed
before the widespread application of NPs in the clinical setting can be achieved. Even with
these challenges, PA sensing offers new and exciting avenues of chemical sensing, including
combinations with other imaging techniques such as MRI.

MULTIMODAL NANOSENSORS

Nanosensors, based on each individual signal-transduction mechanism discussed above,
have their own sets of advantages and challenges for applications in biological systems.
Therefore, it is natural to develop synergistic nanosensors with multiple modalities by
combining several signal transduction mechanisms to overcome the individual challenges.
Indeed, several nanosensors described in the previous sections are themselves multimodal
probes (46, 94, 98, 106). For instance, fluorescence and PA naturally work in parallel in
multimodal sensing schemes, as acoustic signals are often evoked by the thermal energy
generated during the photon absorptions of the surrounding fluorophores. Lyu et al. (106)
have demonstrated that their protein sulfenic acid PA nanoprobes can also provide
fluorescence emission with high spatial resolution, therefore complementing the PA sensing
schemes (Figure 5). The peptide-based nanosensors developed by Lin et al. (46) for
thrombin detection also have dual modalities: fluorescence mode for in vivo monitoring and
mass spectroscopy mode through ex vivo urinal analysis of the cleaved peptide segments.
Some plasmonic nanoconstructs are also capable of simultaneous SERS and PA sensing, as
recently demonstrated by Koker et al. (112). They demonstrated self-assembly of plasmonic
NPs by fluorescent protein fragments to create local hotspots for both Raman and PA
imaging. MRI-based nanosensors can be further combined with upconverted luminescence
(UCL) sensing modality, as Liu et al. (94) have demonstrated in the drug release monitoring
platform. MRI and UCL can both track drug release processes and cross-check with each
other to minimize potential interferences. Modification of MRI-based nanoprobes to include
fluorescence components can be useful for dual-mode detection, as shown by the high-
fluorine nanoprobes Zhang et al. (113) fabricated for breast tumor detection through 19F
MRI and fluorescence imaging. Finally, all metal NP-based nanosensors used for in vivo
applications are potential dual-modal probes, as electron microscopies can be applied in
postmortem studies to correlate the location and organization of the sensors with functional
dynamics illuminated by the other sensing mode.

CONCLUSIONS AND OUTLOOK

Nanosensors have received much attention in recent years in the biological sciences as part
of the tool kit to better understand the dynamics of biological processes of fundamental
importance. In this review, we aim to capture some of the significant developments of
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imaging-based nanosensors over the past five years, narrated on the basis of different signal
transduction mechanisms. There is ample evidence that compared to molecular or bulk
counterparts, nanoscale materials provide more degrees of freedom in rational sensor
designing by leveraging their advantageous physiochemical properties and unique biological
interactions (114). However, the design and functional complexity nanobiosensors offer can
be both a blessing and an impediment to general sensor development, due to the myriad
interactions at the nano-bio interface (115). Therefore, there is strong impetus in the
nanoscience community to formulate an array of standardized characterization protocols,
similar to the well-established tests for molecular sensors (116). This effort would enable
researchers to establish performance benchmarks and facilitate comparisons of different
sensor prototypes, therefore paving the way for nanosensor commercialization with better
quality controls (117). We believe that one of the ultimate goals for nanosensor development
is to completely illuminate the chemistry of the body, therefore correlating different
biological processes on a much larger length scale. Given the extremely rapid advancement
of nanosensors, that day may not be far in the future.
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Figure 1.
Fluorescence-based nanosensors. (&) Optode-based sensing scheme. The selective extraction

of Ca2* by the ionophore (1) induces deprotonations of two pH-sensitive fluorophores,
chromoionophore (CH) and rhodamine (Ref), to maintain charge neutrality within the sensor
matrix. Polyethylene glycol (PEG)-coated nanosensors were introduced to the intracellular
space through microinjection.(5) Ratiometric sensor response to calcium flux in the HeLa
cell stimulated by carbachol (CCh). Adapted from Reference 23.(c) Structure and working
mechanism of Clensor. CI™ sensitive fluorophore (green) on the sensing module (pink)
undergoes collisional quenching in the presence of ClI~, while Alexa 647 (red) fluorescence
on the normalizing module (brown) is independent from CI™. The targeting module (orange)
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links to an RNA aptamer (cyan) targeting transferrin receptor in the cellular recycling
pathway.(d) Pseudocolor R/G maps of Clensor-labeled haemocytes from Drosophila at
different time points along the endolysosomal pathway. Adapted with permission from
Reference 40. Copyright 2015, Springer Nature. (&) Dual-color and ratiometric confocal
images of zebrafish after injection of gold nanoclusters (AuNCs) functionalized with
merocyanine derivative (Cy1) for endogenous H,S sensing. (e, fop) Control group. (e,
bottom) Sensor ratiometric response to the zebrafish treated by propargylglycine (PPG) for
endogenous H5S inhibition. Adapted with permission from Reference 50. Copyright 2017,
Springer Nature.
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Figure 2.
Plasmonics-based nanosensors. (&, /eff) DNA stiffness can be quantified by the spectral shift

of DNA-tethered gold nanoparticles (plasmon rulers). (a, right) Cumulative distribution plot
of calculated DNA spring constants of three different plasmon rulers (PR1-3). Adapted with
permission from Reference 72. Copyright 2015, American Chemical Society. (b, /ef?)
Schematic drawing of the SERS Au nanoprobe. A 60-nm AuNP is coated by a 15-nm silica
shell containing chalcogenopyrylium dye. (6, right) Raman images of tumor-targeted SERS
nanoprobes in mice. The chalcogenopyrylium dye 3 (red) and the IR792-based SERS
nanoprobes were conjugated with anti-EGFR and then injected to the mice with xenograft
tumors via tail vein. The chalcogenopyrylium-based probe offered three-times-higher signal.
Adapted with permission from Reference 80. Copyright 2015, Springer Nature.
Abbreviations: AuNP, gold nanoparticle; EGFR, epidermal growth factor receptor; SERS,
surface-enhanced Raman scattering.
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Figure 3.

MRI-based nanosensors. (&, /ef)) ACh nanosensor scheme. The enzymatic hydrolysis of the
ACh generates a local pH change that leads to the increased 77 relaxation rate of the pH-
sensitive contrast agent on the sensor. (&, right) MRI images showing ACh detections by the
nanosensors at different time points. Nanosensors were delivered through cannula with (fop
row) and without (bottom row) clozapine administration. Adapted with permission from
Reference 87. Copyright 2018, American Chemical Society. (4, /eft) Design of magnetic
calcium-responsive NPs based on iron oxide lipid-coated NP and fused C2AB. (b, right)
MRI image and SC time course show MRI sensor responses during 100-mM K* infusion
compared with control groups. Adapted with permission from Reference 88. Copyright
2018, Springer Nature. (¢, /eft) Nickel-based sensor has the pH-dependent NMR shifts due
to the expansion (shrinkage) of the pH-sensitive hydrogel spacer at high (low) pH within
physiological range. (¢, righf) NMR frequency of the sensor array shifts due to the
acidification of MDCK cell surroundings (/inset) via cell CO, production and necrosis under
two temperatures. Different response profiles are indicative different cell metabolic rates.
Adapted with permission from Reference 83. Copyright 2015, Springer Nature.
Abbreviations: ACh, acetylcholine; C2AB, C2 calcium-binding domains of synaptotagmin
1; MDCK, Madin-Darby canine kidney; MRI, magnetic resonance imaging; NMR, nuclear
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magnetic resonance; NP, nanoparticle; PC/PS, phosphatidylcholine/phosphatidylserine; SC,
signal change.
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Photoacoustics-based nanosensors. (&, fop) Mechanism of dual-wavelength photoacoustic
(PA) imaging for lithium detection. PA signals from each wavelength change as a function of
lithium concentration. (&, botform) Depth profile and dynamic changes of PA signals of
lithium sensors at the injection site of the mouse. Sensor response to lithium administration
with a peak time of 14 min. Adapted with permission from Reference 98. Copyright 2015,
American Chemical Society. () Self-assembled PA nanoprobes for miRNA-155 expression
level monitoring for drug efficacy evaluation. Mice in groups I, Il, and 111 were treated with
anticancer drug starting at day (d) 0, 4, or 12 after tumor inoculation. Untreated group 1V
served as a control. Adapted with permission from Reference 104. Copyright 2018,
American Chemical Society. (¢) Dual channel PA images of locally administrated
semiconducting oligomer nanoprobes at the muscle and tumor (/ef?) and their ratiometric
readout (right) of the PA intensity increments at respective wavelengths (APAggo/APA750).
Adapted with permission from Reference 107. Copyright 2016, John Wiley and Sons.
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Figureb5.
Multimodal nanosensors. (8) Mechanism of the recognition reaction between

semiconducting polymer nanoprobes (SPNs) and protein-bound sulfenic acids. Images from
fluorescence (4) and photoacoustic (¢) mode of reaction-based semiconductor polymer
nanoprobes (rSPN2) and SPN2 (control group) for sulfenic acid detection at different time
points at the tumor sites of the living mice. Nanoprobes were administrated through tail vein
injection. Adapted with permission from Reference 106. Copyright 2017, American
Chemical Society.
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