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Abstract

Nanoparticle sensors have been developed for real-time imaging and dy-
namic monitoring, both in live cells and in vivo, of molecular and ionic
components, constructs, forces, and dynamics observed during biological,
chemical, and physical processes. With their biocompatible small size and
inert matrix, nanoparticle sensors have been successfully applied to noninva-
sive real-time measurements of analytes and fields in cells and in rodents, with
spatial, temporal, physical, and chemical resolution. This review describes
the diverse designs of nanoparticle sensors for ions and small molecules,
physical fields, and biological features, as well as the characterization, prop-
erties, and applications of these nanosensors to in vitro and in vivo measure-
ments. Their floating as well as localization abilities in biological media are
captured by the acronym PEBBLE: photonic explorer for bioanalysis with
biologically localized embedding.
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1. INTRODUCTION

Anideal bioanalytical and biomedical sensor should achieve real-time tracking of biological, chem-
ical, and physical processes both in live cells and in vivo. Such a sensor should also be able to detect
disease-related abnormal features, with no interferences. Despite many efforts toward miniatur-
ization, the large sizes of traditional (i.e., microelectrode and fiber optical) sensors make them far
from ideal (1).

Fluorescent molecular probes have so far played a major role in intracellular sensing and
imaging (2). Their fast response, their intense signal against relatively low background noise,
and the relatively simple instrumental setup have made the molecular probe—based fluorescence
technique a perfect match for real-time measurements in cells. However, these molecular probes
have several drawbacks that affect the reliability of their intracellular measurements (3, 4). The
probe molecules must be in a cell-permeable form, which often requires proper derivatization
of the molecules that in itself might interfere with their function. The cytotoxicity or perturbed
effects of the available dyes are often a problem, as the mere presence of these dye molecules
may chemically interfere with the cell’s processes. Intracellular measurements are often skewed
by sequestration to specific organelles inside the cell or by nonspecific binding to proteins and
other cell components. Furthermore, the dye is usually not ratiometric (i.e., it has only a single
spectral peak), which requires technologically more demanding techniques, such as picosecond
lifetime resolution and phase-sensitive detection, to be implemented. Note that merely loading a
separate reference dye into the cell for ratiometric measurements is not a solution because of the
aforementioned sequestration and nonspecific binding.

For in vivo applications, the impact of these drawbacks is even more severe. Only a subset
of the molecular probes would reach a specific location of interest within the body, which is
also a challenge for other systems such as drug delivery. This is also true for crossing biological
barriers, such as the blood-brain barrier. Multiple drug resistance, caused by the ability of certain
tumor cells to pump out small drug (or probe) molecules, is also a problem. Moreover, for in vivo
optical methods, photons can only penetrate tissue to a limited depth. For deep-tissue imaging
(millimeters to centimeters), one must use near-infrared (NIR) light in the spectral range of 650
to 900 nm, which is separated from the major absorption peaks of blood and water (5-7). The
NIR region is free from autofluorescence of cellular components and is therefore advantageous
for intracellular measurements as well. Note that most of the currently available molecular probes
have visible absorption/emission wavelengths. Nanoparticle probes can be easily tailored for the
NIR spectral range.

Advances in nanotechnology have made many types of nanoparticles available as platforms for
constructing new types of bioanalytical sensors. The nanoparticles range from 1 to 1000 nm in
size, thus causing minimal physical interference to cells. For example, a single spherical nanopar-
ticle measuring 500 nm in diameter is at least four orders of magnitude smaller in volume than
is a typical mammalian cell (8), and a 20-nm particle is eight orders of magnitude smaller. Most
of the nanoparticle matrices are nontoxic, and therefore the nanoparticles do not cause chemical
interference to cells. Delivery of nanoparticles into cells or animals can be performed via stan-
dard delivery methods. Intracellular delivery methods for nanoparticles, where the particles travel
through the plasma membrane barrier, include picoinjection, gene gun delivery (9, 10), liposome
incorporation (11), nonspecific or receptor-mediated endocytosis with surface-conjugated translo-
cating proteins/peptides (12-14), and membrane-penetrating TAT peptides used by the human
immumodeficiency virus (Figure 1) (15, 16). These delivery techniques cause negligible physical
and chemical perturbation to the cell. For example, cell viability after gene gun delivery was found
to be about 99% compared to that of control cells (11). Once delivered into cells, the sensors can
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Figure 1

be used with conventional microscopy techniques, enabling high spatial and temporal resolution.
For in vivo nanoparticle delivery, intravenous injection is typically used.

Due to their nontoxicity and excellent engineerability, nanoparticles have many advantages
(4, 17) as building blocks for intracellular or in vivo sensors:

1. The inert matrix protects cellular contents from the incorporated sensing components, and
vice versa. The nanoparticle matrix eliminates interferences such as protein binding and
membrane/organelle sequestration.

2. Each nanoparticle can be loaded with a high number of sensing components because of its
larger size (compared to that of the molecular dyes), enhancing the signal-to-background
ratio.

3. Loading of multiple components per nanoparticle can allow ratiometric measurements as
well as multiplex sensing or sophisticated synergistic designs. The ratiometric mode of
operation assures that measurements are unaffected by excitation intensity, absolute con-
centration, and sources of optical loss, which is essential for intensity-based intracellular or
in vivo measurements wherein there are many interfering factors.

4. Nanoparticles can be surface-coated with biological molecules such as proteins and pep-
tides for targeting to specific cells or for sensor designs (18). They can also be coated with
polyethylene glycol (PEG) for reduced nonspecific binding and longer plasma half-life.
Such surface modification is especially useful for in vivo sensing, as it helps to increase the
accumulation of nanoparticles at the location of interest.

5. Nanoparticles have a high surface-to-volume ratio, resulting in high analyte/target accessi-
bility to the indicator dyes/receptors. In some cases, high loaded amounts of dyes in close
proximity to one another—either within the nanoparticle matrix or on its surface—can
allow multiple interactions with the sensing components, leading to signal amplification
(19). Notably, similar amplification effects have been reported for the targeting efficiency
of nanoparticles with multiple surface-conjugated targeting moieties (20).
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6. Some types of nanoparticles possess unique but controllable optical/magnetic properties
that are superior to molecular probes. For example, semiconductor nanoparticles, com-
monly known as quantum dots (QDs), have large fluorescence quantum yields, are resistant
to photobleaching, and have good chemical stability. The optical properties of QDs can be
tuned by controlling the size, composition, and preparation procedures. Metal nanoparti-
cles or metal nanoshells coated on polymer nanoparticles have localized surface plasmon
resonance (LSPR) and induce surface-enhanced Raman scattering (SERS) that is free from
photobleaching (21). The LSPR wavelength of the metallic nanoparticles can be tuned by
changing the shape, size, and composition of the metal nanoparticle or the thickness of
the metal shell (22, 23). Superparamagnetic iron oxides (SPIOs) provide negative contrast
enhancement for magnetic resonance imaging (MRI). These characteristics can be utilized
for constructing various multiplex sensors.

A wide variety of nanoparticle sensors have been reported since the development of the
nano-PEBBLE (photonic explorer for biomedical use with biologically localized embedding) by
Kopelman and colleagues (24, 25) more than a decade ago. Some nanoparticle sensors have been
developed for intracellular or in vivo measurements of (#) metabolites such as ions and small
molecules and () cell-related processes and forces. Some of these sensors have been developed for
large molecules such as proteins and nucleic acids and are primarily used in laboratory diagnostic
assays in body fluids or tissues. Note that this nanoparticle platform concept has been extended
to the design of nanomedical tools (such as nanotheranostic devices), wherein the nanoparticle is
loaded with contrast imaging agents and/or therapeutic agents instead of sensing elements (17, 26,
27). In vivo applications of medical nanoparticle devices have been successful in cancer imaging
and therapy (14, 17, 28) when aided by an EPR (enhanced permeability and retention) effect (29),
which allows preferential accumulation at tumor sites due to nanoparticles’ size advantage. The
nanodevices showed an enhanced targeting efficiency when they were surface-conjugated with tar-
geting moieties specific to the overly expressed proteins in tumor cells or vasculatures (14, 30, 31).

"This review focuses on the design, properties, and applications of nanoparticle-based bioanalyt-
ical sensors for small molecules and ions, with an emphasis on in situ measurements in live cells and
in vivo. Nanoparticle sensors for large molecules are not discussed, as they have been developed
mainly for laboratory diagnosis assays (32-35). Mechanically fixed nanosensors such as fiber-tip
devices have made historical contributions to live-cell sensing (36), but they are little used now.
Film-on-glass-slide and microarray-on-a-chip sensors, even when they utilize nanoparticles, are
rarely suitable for intracellular or in vivo measurements; therefore, we do not discuss them here.

2. NANOPARTICLE SENSORS: DESIGN AND PREPARATION

A typical nanoparticle sensor design uses the nanoparticle as a chemically inert platform loaded
with sensing components. The sensing mechanism involves the permeation of analytes into the
nanoparticle matrix and their selective interaction with sensing components, which results in
signal changes. The important properties of sensors, such as sensitivity, dynamic range, selectivity,
reversibility, and stability, depend mostly on the incorporated sensing components. However, the
nanoparticle matrix also plays an important role: The properties of the matrix, such as pore size,
hydrophobicity, and charge, determine the permeability and solubility of the analytes as well as the
loading efficiency of the sensing probes (4). For example, polyacrylamide (PAA) nanoparticles have
served as good matrices for ion sensors (37-41) due to their neutral and hydrophilic nature, whereas
hydrophobic nanoparticle matrices are better suited for oxygen sensors (10, 42). A wide variety of
nanoparticle matrices have been used as sensor platforms, including polymer nanoparticles made of
organic, inorganic, or organic-inorganic hybrid materials; polymer-capped liposomes or micelles;
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semiconductor nanoparticles; and metallic (metal or metal-shell) nanoparticles. The pores of the
nanoparticle matrix are sufficiently large to allow diffusion of the smaller analyte ions or molecules
(so that the matrix can bind with the molecular probes located inside the nanoparticle), but the
pores are still small enough to exclude the diffusion of larger proteins into the core matrix. This
exclusion of macromolecules is quite significant because many “naked-molecule” dyes change their
fluorescence properties in the presence of proteins. However, the nanoparticle sensors containing
these same dyes are not affected by the presence of proteins (37, 39, 42, 43).

The sensing components of a nanoparticle typically include indicator and reference dyes or
a combination of reporter dyes and analyte-specific ligands/biological receptors. Loading of the
sensing components into the nanoparticles is performed either during synthesis or after the for-
mation of the nanoparticles by encapsulation, covalent linkage, bioaffinity interaction such as that
between streptavidin and biotin, or physical adsorption through charge-charge or hydrophobic
interaction. The covalent linkage is typically made via simple coupling reactions between the
nanoparticle functionalized with amine, carboxyl, or thiol groups and the molecules containing
similar functional groups. Biological molecules such as antibodies, DNAs, and peptides have been
used as receptors because of their highly selective biological interactions. These biomolecular re-
ceptors have also been utilized as targeting moieties, enabling nanoparticles to perform real-time
tracking of target biomolecules in cells (15) as well as tumor-targeted delivery of drugs or image
contrast agents in rodents (14, 17). If targeting moieties are added to nanoparticle sensors, the
sensors can even detect specific analytes in a spatially localized target area (44).

QDs, metallic nanoparticles, and SPIOs have been used to form part of a sensing core as well
as part of a platform. The optical and magnetic characteristics of these nanoparticles can change
in response to specific analytes when the nanoparticles are labeled with suitable dyes, ligands, or
receptors.

Figures 2 and 3 show designs of various types of nanoparticle sensors. Most nanoparticle sen-
sors use fluorescence (Figures 2a,b,d—f; 3a) as a detection signal, but some use chemiluminescence
(Figure 2¢), scattering (Figure 3b,c), absorbance (Figure 3¢), or magnetic resonance (Figure 3¢).
The properties and in vitro and in vivo applications of each type of nanoparticle sensor are detailed
in the following section.

3. NANOPARTICLE SENSORS: PROPERTIES AND APPLICATIONS

3.1. Polymer Nanoparticle Sensors with Fluorescent Indicator Dyes

In the design of polymer nanoparticle sensors with fluorescent indicator dyes (Figure 2a), the
fluorescent indicator and reference dyes are loaded into the polymeric nanoparticle core or its
surface-coated layer, and there is no interaction between the dyes. Nanoparticle sensors based
on this design are used to sense ions (H*, Ca’*, Mg?*, Zn**, Fe**, and K*) (11, 37-41, 45, 46),
radicals (OH radical) (47), small molecules (O,, singlet oxygen, and H,O,) (10, 42, 48-54), and
cellular electric fields (55).

3.1.1. Ion sensors. Most ion nanoparticle sensors under this category are PEBBLE sensors,
which are made of hydrophilic PAA nanoparticles with encapsulated fluorescent dyes. However,
a few different designs have been reported. For example, a pH nanoparticle sensor was prepared
using a PAA nanoparticle with covalent linked dyes (45), and a K* nanoparticle sensor was made by
loading the sensing dye into the surface-coated layer polyelectrolytes instead of into the nanopar-
ticle itself (46). PEBBLE sensors have made successful intracellular measurements for pH, Mg*?,
and Ca’* (11, 24,37, 38). The Mg?* PEBBLE sensor is a particularly interesting example in terms
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Figure 2

Schematic diagrams of various designs of luminescent nanoparticle sensors. (#) Polymer nanoparticle sensor
with fluorescent indicator dyes. (b) Ion-correlation nanoparticle sensor. (¢) Chemiluminescence nanoparticle
sensor. (d) Polymer nanoparticle sensor with encapsulated protein. (¢) Fluorescence resonance energy
transfer (FRET)-based polymer nanoparticle sensor. () FRET-based quantum dot sensor.

of design and cellular application. It has achieved both high selectivity and high sensitivity through
the use of a specific combination of nanoparticle matrix and dyes. The traditional measurement of
magnesium ion concentrations in biological environments has suffered from severe interference
from calcium ions. Coumarine 343 is a small hydrophilic dye that does not penetrate the cell
membrane by itself, but it is a very sensitive Mg’* ion probe: Its selectivity for magnesium over
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Schematic diagrams of sensor designs using metallic nanoparticles and/or superparamagnetic iron oxides
(SPIOs). (2) Fluorescent sensor: metallic nanoparticle conjugated with fluorescent receptors. (b) Surface-
enhanced Raman scattering (SERS) sensor: metallic nanoparticle with surface-coated Raman active indicator
dye. (¢) Localized surface plasmon resonance (LSPR) sensor or magnetic resonance imaging (MRI) sensor:
metallic nanoparticles or SPIOs conjugated with receptors. (d) Modulated optical nanoprobe sensor. Note
that the LSPR or MRI sensor detects the signal change from the aggregation status of the sensors, requiring
multiple particles.

calcium is higher than that of any commercially available probe. The Mg?* PEBBLE sensor was
constructed by encapsulating this hydrophilic dye and a commercial reference dye (Texas Red)
in a hydrophilic PAA nanoparticle (37). The linear response of these PEBBLEs to Mg”* ion, in
the range of 0.1 to 10 mM, met with no interference even in the simultaneous presence of 1 mM
calcium, 20 mM sodium, and 120 mM potassium. This demonstrated that this Mg?* PEBBLE
may reliably indicate intracellular Mg?* concentrations. Indeed, these Mg?* PEBBLESs have been
utilized to determine the role of Mg?* inside human macrophage cells in the presence of invading
Salmonella bacteria (56). The Mg** measurements made by the PEBBLE sensors showed conclu-
sively that Mg?* is not an important contributor to the control of pathogens by macrophages, in
contradiction to previous reports (57).

3.1.2. Dissolved oxygen sensors. The first nanoparticle sensor for dissolved oxygen was the
silica-based PEBBLE sensor, which was prepared by embedding [Ru(dpp);]** (a ruthenium oxy-
gen indicator dye) and reference dyes into silica nanoparticles (49). The sensor successfully imaged
intracellular oxygen in live C6 glioma cells (Figure 4). Oxygen PEBBLE sensors with enhanced
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Figure 4

Confocal images of rat C6 glioma cells loaded with sol-gel PEBBLEs (photonic explorers for bioanalysis with
biologically localized embedding) by gene gun injection. Nomarski illumination image overlaid with Oregon
Green fluorescence (reference, #) and [Ru(dpp);]*+ fluorescence (oxygen indicator, &) of the same ratiometric
PEBBLE:s inside cells. Adapted from Reference 49 with permission from the American Chemical Society.

sensitivity and dynamic range were developed embedding the more sensitive platinum-based oxy-
gen dyes, as well as reference dyes, into a hydrophobic matrix such as organically modified silica (or-
mosil) (10) or polydecylmethacrylate (PDMA) (42). The hydrophobic matrix is usually better suited
for oxygen sensing than is the hydrophilic matrix due to its higher oxygen solubility. These hy-
drophobic PEBBLE nanosensors exhibita perfectly linear Stern—Volmer calibration curve over the
entire range of dissolved oxygen concentrations, an ideal but previously unachieved goal for any flu-
orescent oxygen sensor. The sensitivity, represented in the below equation by Qpg, was 97-97.5%,
which is the highest reported value. Qpo is the quenching response to dissolved oxygen, defined by

Qpo = (In, — 1o,)/In, x 100,

where Iy, is the fluorescence intensity of the indicator dye (or the ratio of indicator dye intensity
to reference dye intensity) in fully deoxygenated water, and Iy, is the fluorescence intensity in
fully oxygenated water.

The embedded platinum(II) octaethylporphine ketone, another oxygen-sensitive dye, has in-
frared fluorescence and allows oxygen PEBBLE sensors to operate even in human plasma samples
(42) and to remain unaffected by the plasma’s notoriously high light scattering and autofluo-
rescence. Oxygen PEBBLE sensors made of ormosil nanoparticles were successfully applied for
real-time imaging of oxygen inside live cells, i.e., monitoring metabolic changes inside live C6
glioma cells (10).

Oxygen sensors have also been created by embedding ruthenium dyes into the polyelectrolyte
layers on commercial fluorescent nanoparticle surfaces (50) or into polymerized phospholipid vesi-
cles (liposomes) (51). However, the sensitivities of these sensors were only 60% for polyelectrolyte-
coated nanoparticle sensors and 76% for polymerized liposome sensors.

The oxygen measurements given above are all based on fluorescence intensity. However, meth-
ods such as fluorescence anisotropy (43) and life-time measurement (52, 53) have also been utilized.
For example, the oxygen concentration inside green plant cells was measured with nanoparticle
sensors injected by glass microcapillaries. The sensors were constructed by encapsulating Pt(II)-
tetra-pentafluorophenyl-porphyrin in polystyrene beads measuring 0.3—-1 pm in diameter (52).
The same sensors were injected into the salivary glands of blowflies to quantify the changes in
oxygen content within individual gland tubules during hormone-induced secretory activity (53).
The types of sensors discussed in this section are summarized in Table 1.
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Table 1 Dissolved oxygen nanoparticle sensors

Matrix Size Oxygen indicator Optical signal Qpo | Reference(s)
Silica 20-300 nm Ru(I)-tris(4,7-diphenyl Fluorescence intensity 80% 49
-1,10-phenanthroline) dichloride
Fluorescence anisotropy | N/A 43
Ormosil 120 nm Pt(IT) octaethylporphine ketone Fluorescence intensity 97% 10
Ormosil 120 nm Pt(IT) octaethylporphine Fluorescence intensity 97% 10
PDMA 150-250 nm Pt(IT) octaethylporphine ketone Fluorescence intensity 97.5% 42
Commercial fluorophore | 100 nm Ru(II)-tris(4,7-diphenyl Fluorescence intensity 60% 50
coated with -1,10-phenanthroline) dichloride
polyelectrolyte layers
Polymerized liposome 150 nm Ru(II)-tris(4,7-diphenyl Fluorescence intensity 76% 51
-1,10-phenanthroline) dichloride
Polystyrene 300 nm-1 pm | Pt(II)-tetra-pentafluorophenyl- Fluorescence lifetime N/A 52,53
porphyrin

Abbreviations: N/A, not available; ormosil, organically modified silicate; PDMA, polydecylmethacrylate; Qpo, quenching response to dissolved oxygen.

3.1.3. Sensors for reactive oxygen species. Ratiometric PEBBLE sensors were developed for
reactive oxygen species (ROS), singlet oxygen, H,0,, and hydroxyl radical using irreversible
molecular probes. A singlet oxygen PEBBLE sensor was prepared by incorporating the singlet
oxygen-sensitive 9,10-dimethyl anthracene or the singlet oxygen—insensitive octaethylporphine
into ormosil nanoparticles (48). The nanoparticle matrix enhances the selectivity of the indi-
cator dye to singlet oxygen by blocking the entry of short-lived polar ROS such as OH and
superoxide radicals. These nanoprobes have been used to monitor the singlet oxygen produced
by dynamic nanoplatforms, which were developed for photodynamic therapy (PDT) (14). An-
other singlet oxygen PEBBLE sensor was constructed with ormosil nanoparticles incorporating
1,3-diphenylisobenzofuran (DPIBF). The intracellular concentration of singlet oxygen within
C6 glioma cells during PDT was measured with the DPIBF sensors (54). A PEBBLE sensor
for H,O, was prepared by embedding 2’,7’-dichlorofluorescin diacetate into ormosil nanoparti-
cles. The PEBBLE sensors successfully detected H, O, within a macrophage at a low-nanomolar
concentration (54).

APEBBLE sensor for detecting the OH radical was created by covalently attaching the hydroxyl
indicator dye, coumarin-3-carboxylic acid, onto the PAA nanoparticle surface while encapsulating
the reference dye deep within the sensor (47). This design circumvents two potential problems
posed by the hydroxyl radical, the most reactive ROS: (#) its inability to penetrate significantly into
any matrix without being destroyed and (?) its ability to oxidize (and photobleach) most potential
reference dyes. This nanoprobe demonstrated a proof of principle of a ratiometric hydroxyl radical
probe and showed good sensitivity and reversibility.

3.1.4. Nanoparticle sensors for electric fields. The E-PEBBLE, a nanosensor designed to
measure electric fields, was fabricated by encasing the fast-response, voltage-sensitive fluorescent
dye di-4-ANEPPS inside silane-capped (polymerized) micelles (55). The hydrophobic core of the
micelle provides a uniform environment for the molecules and thus allows for universal calibration.
It also allows for fast orientation of these dye molecules, which shortens the response time. The
E-PEBBLESs were introduced into immortalized astrocyte cells (DITNC) by endocytosis, and—
for the first time—enabled complete three-dimensional electric-field profiling throughout the
entire volume of living cells (not merely inside membranes) (Figure 5). Note that traditional
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Figure 5

E-PEBBLE: (electric-field photonic explorers for bioanalysis with biologically localized embedding) can
measure electric (E) fields in both the cytosolic and the membrane regions of living cells. (#) Astrocytes
incubated with E-PEBBLEs. The middle cell contains the region analyzed. (b)) An enlarged image of the
cellular regions (membrane and cytosolic) analyzed. An arrow points to a representative mitochondrion. The
circular region contains diffuse fluorescence arising from the E-PEBBLEs. The blue pixels (total length: 4.5
pm) indicate the regions analyzed. The regions are numbered 1-10 from left to right. Region 5 contains a
mitochondrion (brightly fluorescent region), whereas regions 6-10 cross over other mitochondrial regions. The
brightness and contrast of this image have been adjusted to 68% and 83% (from 50%, using Microsoft
Publisher), respectively, for added clarity. (¢) A graph showing the E field for the regions analyzed before the
addition of CCCP (carbonyl cyanide-m-chlorophenylhydrazone). The highest E field is seen in region 5.
Adapted from Reference 55 with permission from the Biophysical Society.

methods such as free-voltage dyes and patch/voltage clamps require calibration steps for each cell
or cell type measured and that these measurements are confined to the cellular membranes, which
constitute only 0.01% of the cell’s volume. The E-PEBBLE’s ability to profile the entire cell is
expected to greatly enhance our understanding of the role of cellular electric fields in influencing
and/or regulating biological processes and will likely have wider implications for cellular biology,
biophysics, biochemistry, and medicine.

3.2. Ion-Correlation Nanoparticle Sensors

In this design of ion-sensing nanoparticle sensors (Figure 2b), the hydrophobic polymeric
nanoparticle is loaded with three lipophilic components: a highly selective but optically silent
ionophore, a pH-sensitive fluorescent dye, and an ionic additive. Ion-correlation nanoparticle
sensors have been developed for K, Na*, and Cl~ ions (9, 58-62). Ion sensing is based on the
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same mechanism as that for fluorescent ion-selective optodes (63—66). When a selective ionophore
binds the ions of interest, thermodynamic equilibrium-based ion exchange (for sensing cations) or
ion coextraction (for sensing anions) occurs simultaneously. This exchange/coextraction changes
the local pH in proportion to the concentration of the ion of interest within the nanoparticle ma-
trix; the change in pH is then optically detected by the pH-sensitive dye. The ionic additive is used
to maintain ionic strength. Note thatin a modified design (61), the ions are measured by the bright
fluorescence of QDs instead of by pH dye, utilizing the overlap of the emission of the embedded
QDs with the absorbance of the pH dye. The hydrophobic nanoparticle matrixes for the ion-
correlation sensors include PDMA (9, 58, 59), poly(n-butyl acrylate) (62), and poly(vinyl chloride)
(60, 61). The composition of the matrix as well as the ratios of the three sensor components were
found to affect sensor characteristics such as dynamic range, selectivity, and response time (9, 62).
The ion-correlation nanoparticle sensors are both sensitive and selective. For example, the sensi-
tivity of two K* jon—correlation nanoparticle sensors is higher by a factor of 1,000-10,000 than
that of the K nanoparticle described in Section 3.1 above (46). PDMA-based PEBBLE sensors
have made intracellular measurements for K*, Na*, and CI™ ions. For example, the sensors were
delivered by gene gun into rat C6 glioma cells, where they successfully measured an increase in
the intracellular K* concentration following the addition of kainic acid, a K* channel-opening
agonist (9).

3.3. Chemiluminescence Nanoparticle Sensors

Chemiluminescence has been utilized to design sensors for H,O, (Figure 2¢) (67). Such sensors
are made of peroxalate ester nanoparticles and encapsulated fluorescent dyes. The sensing mech-
anism occurs as follows: H, O, reacts with the peroxalate ester groups, generating a high-energy
dioxetanedione that then chemically excites encapsulated fluorescent dyes, leading to chemilu-
minescence. These sensors have nanomolar sensitivity and excellent specificity (over other ROS)
for H,O,. The chemiluminescence wavelength can be tuned by changing the encapsulated fluo-
rescent dyes. In one study (67), peroxalate particles containing perylene, rubrene, and pentacene
emitted light at wavelengths of 460, 560, and 630 nm, respectively. The nanoparticle sensors with
encapsulated pentacene were applied for in vivo imaging of H,O, and were externally injected as
well as endogenously produced in the peritoneal cavity of mice during lipopolysaccharide-induced
inflammatory response (67).

3.4. Polymer Nanoparticle Sensors with Encapsulated Proteins

"Two types of nanosensors operating on different sensing mechanisms have been developed using
an encapsulated-protein design (Figure 2d). The first type incorporates an encapsulated protein
that behaves as a fluorescent molecular probe. Nanoparticle sensors for copper and phosphate ions
are two examples. The Cut/?* sensor was constructed by incorporating DsRed, red fluorescent
protein, and a reference dye into PAA nanoparticles (40). The detection range for Cu® and Cu?**
was 0.2-5 pM. The phosphate sensor was made of PAA nanoparticles and embedded fluorescent
phosphate-sensing proteins and had a micromolar detection range (68). In the second type of
sensor, the encapsulated protein is an enzyme that catalyzes the reaction involved with analytes.
The enzymatic reaction leads to a change in fluorescence, either by fluorescence product or by
coembedded fluorescent indicator dye for depleted reactant. Examples include a glucose sensor
and two H, O, sensors. The glucose sensor was developed by incorporating glucose oxidase (GOy),
an oxygen-sensitive ruthenium-based dye, and a reference dye within PAA nanoparticles (69). The
enzymatic oxidation of glucose to gluconic acid results in the local depletion of oxygen, which
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increases the fluorescence of the encapsulated oxygen-sensitive dye. The dynamic range of these
sensors was found to be ~0.3—-8 mM, which is suitable for intracellular measurements.

The H,O, nanoparticle sensors were developed by encapsulating horseradish peroxidase
(HRP) within either PAA (70) or PEG (71) nanoparticles. The PAA-based sensor contains co-
embedded fluorescein dye, whose fluorescence intensity decreases when HRP catalyzes the ox-
idation of dye in the presence of ROS (70). The PEG-based sensor uses externally introduced
Amplex Red (10-acetyl-3,7-dihydroxyphenoxazine) for H,O, measurement (71). The encapsu-
lated HRP catalyzes the reaction between Amplex Red and H,O,, forming a red fluorescent
product termed resorufin in proportion to the amount of H,O,. The sensors are phagocytized
into macrophages and respond to exogenous H,O, (100 uM) as well as to endogenous H,O,
induced by lipopolysaccharide.

3.5. Fluorescence Resonance Energy Transfer-Based Nanoparticle Sensors

Sensors based on the fluorescence resonance energy transfer (FRET) mechanism are typically
designed in one of three ways:

1. Polymer nanoparticles are loaded with an analyte-insensitive fluorescent dye and analyte-
selective molecules or ligands (Figure 2e).

2. QD sensors are loaded with surface-conjugated analyte-selective molecules or ligands
(Figure 2f).

3. Metallic nanoparticles are loaded with surface-conjugated analyte-selective fluorescent
molecules or ligands (Figure 3a).

In the third design, the metallic nanoparticle serves as a fluorescence quencher. FRET oc-
curs between the embedded fluorescent dyes/QDs/metal nanoparticle and the analyte-specific
molecules/ligands. The fluorescence of the embedded or surface-attached dye or QD is quenched
or restored when analytes bind with analyte-specific molecules/receptors. FRET-based nanopar-
ticle sensors have been developed to detect ions and small molecules as well as cellular processes
such as apoptosis using polymer and gold nanoparticles, dendrimers, and QDs.

3.5.1. Ions sensors. Copper ions are the ions most frequently studied by FRET-based nanopar-
ticle sensors. Some of these sensors are used solely for Cu?*, but others are used for different
ions as well as Cu?*. Reported sensor designs for copper ions include (4) silica nanoparticles
containing fluorescent dansylamide and a Cu’*-specific picolinamide subunit (72-74), (b) latex
nanoparticles containing fluorophore BODIPY and copper-chelating receptors (cyclam) (75, 76),
(¢) thioglycerol-capped CdS QDs (77), and (d) gold nanoparticles coordinated with fluorescent
chromophore-containing pyridyl moieties through weak interactions (78). The sensitivity of the
sensors can be tuned by the ratio of ligand to dye (72-74). The response of the sensors is fast: For
instance, 90% quenching of fluorescence occurred within 1s for cyclam-conjugated nanoparticle
sensors (75, 76).

FRET-based sensors for copper and other ions were created using silica nanoparticles or QDs.
The sensors made of silica-containing polyamine chains (the receptors) coupled with dansyl units
(the fluorophores) were selective for copper, cobalt, and nickel ions (19). Pentapeptide Gly—His—
Leu-Leu-Cys-coated CdS QDs (2.4 £ 1.5 nm, as measured by transmission electron microscopy)
were designed for selective detection of Cu?* and Ag™ (79). The typical detectable range of Cu**
by these sensors ranges from 0.1 to 1000 uM, and the lowest detection limit—by the latex-based
sensor—was 1 nM (75, 76). However, the normal unbound copper ion level inside cells is only
in the femtomolar range, which explains why none of the copper ion nanoparticle sensors (both
FRET-based sensors and sensors loaded with DsRed protein, described above) has been applied
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for intracellular studies. These sensors may be applied for cells under stressed conditions that
could increase the free copper ion concentration to micromolar levels (80).

A mercury(I) FRET-based sensor was developed using gold nanoparticles with adsorbed
Rhodamine B molecules (81). A high selectivity to Hg(I) against other metal ions was achieved
by modifying the sensor with mercaptopropionic acid and adding a chelating ligand, 2,6-
pyridinedicarboxylic acid, to the test solutions. The detection limit for Hg(II) was 2.0 ppb.

3.5.2. Sensors for maltose. FRET-based maltose sensors have been developed using QDs,
maltose-binding protein (MBP), and a dye complex that forms a FRET pair with QD. In one
design (82), the dye complex (composed of B-cyclodextrin—acceptor dye conjugates) is initially
bound to MBP, resulting in FRET quenching of the QD fluorescence. Adding maltose displaces
the dye complex, increasing the QD fluorescence in proportion to the maltose concentration.
The sensors are modified to operate on a two-step FRET mechanism by labeling the MBP with
another fluorescent dye so as to overcome inherent QD donor-acceptor distance limitations. In
another design (83, 84), a ruthenium dye is covalently linked to MBP and therefore is not displaced
by maltose, thus preventing possible errors caused by displaceable dyes. When maltose binds with
MBP, however, the interaction (distance) between the Ru complex and the QD changes, leading
to a concentration-dependent increase in QD fluorescence.

3.5.3. Apoptosis sensors. A FRET-based nanoparticle sensor for apoptosis was created by
conjugating a caspase-specific FRET-based apoptosis reagent (PhiPhiLux G1D2) to a G5
poly(amidoamine) dendrimer. The sensor was conjugated with a targeting moiety (here, folic acid)
for detection of specific cell lines (44). The targeted apoptosis measurement by the nanosensors
was demonstrated using two different cell lines: KB cells (folate receptor positive) and UMSCC-
38 cells (folate receptor negative). When the nanoparticle sensor—treated cells were exposed to
the apoptosis-inducing agent staurosporine, they detected apoptosis only in the KB cells, indicat-
ing that cell-specific delivery of nanoparticle sensors occurred as a result of surface-conjugated
targeting moieties.

3.6. Surface-Enhanced Raman Spectroscopy Sensors or Localized Surface
Plasmon Resonance Sensors Using Metallic Nanoparticles

Metallic nanoparticles (also known as metal-core nanoparticles or metal-coated polymer nanopar-
ticles) demonstrate three unique properties: () fluorescence quenching, (b)) SERS of surface-bound
Raman-active molecules, and (¢) LSPR. The fluorescence-quenching property has been utilized
for FRET-based sensors, as described above (Figure 34). SERS and LSPR have also been utilized
in the design of nanoparticle sensors.

Metallic SERS sensors (Figure 3b) are prepared by labeling metallic nanoparticles with Raman-
active dyes that are sensitive to specific analytes such as hydrogen ions (85, 86) and large bi-
ological molecules (87). SERS pH sensors are fabricated using silver nanoparticles and gold-
nanoshell/silica-core nanoparticles. Sensors made of silver nanoparticles (50-80 nm in diameter)
functionalized with para-mercaptobenzoic acid (para-MBA) exhibited a characteristic SERS spec-
trum corresponding to the pH of the surrounding solution (85). The sensor was sensitive to pH
changes within the 6-8 range. To measure intracellular pH, the nanoparticle sensors were de-
livered into living Chinese hamster ovary cells via passive uptake. The resulting SERS spectrum
showed that the pH surrounding the nanoparticle was below 6, which is consistent with the par-
ticles being located inside a lysosome (of pH 5). A similar SERS pH sensor was made from a
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gold-nanoshell/silica-core nanoparticle coated with a layer of para-MBA (86). This nanosensor
was capable of continuously measuring pH in its local vicinity over the pH range of 5.80 to 7.60.

Metallic LSPR sensors are prepared by conjugating metallic nanoparticles with lig-
ands/receptors. The extinction and scattering spectra of plasmonic nanoparticles show spectral
shifts that are sensitive to small changes in the local refractive index. Most organic molecules have
a higher refractive index than does buffer solution; thus, when these molecules bind to nanopar-
ticles, the local refractive index increases, causing redshifting of the extinction and scattering
spectra (35). Based on this working principle, the LSPR sensor can produce distinctive changes in
LSPR upon binding specific biological molecules to receptors on the nanoparticle surface. To date,
LSPR sensor designs include thin films on a chip or glass slide; i.e., they contain large collections
of nanoparticle sensors for biomarker proteins, rather than a single nanoparticle sensor (35).

3.7. Superparamagnetic Iron Oxide-Based Magnetic Resonance Imaging Sensor

SPIO is a nanoparticle negative contrast agent for MRI. SPIO sensors are prepared by conjugating
the nanoparticles with ligands/receptors—the same process used to create metallic LSPR sensors
(Figure 3c¢). The working principle is based on a decrease in SPIOs’ local T2 relaxation rates,
which is caused by the aggregation of SPIO particles. SPIOs conjugated with receptors/ligands
have been developed for the detection of proteins and nucleic acids (88) as well as calcium ions (89).
These sensors utilize specific molecular interactions such as DNA-DNA, protein-protein, protein—
small molecule, and enzyme reactions. For example, SPIO-based MRI sensors for Ca>* have
been developed based on calcium-dependent interactions between the calcium-binding protein
calmodulin and a target peptide, M13 or RS20A (89). Two types of bioconjugated SPIOs, SPIOs
conjugated with calmodulin and SPIOs conjugated with M13 or RS20A, have been used for MRI
monitoring of Ca ions. The calcium response of these sensors is based on selective aggregation
of SPIOs in the presence of calcium. Although fully reversible, this response is slow because the
aggregation process requires considerable time (several minutes) to reach equilibrium. Note that
the response time of the fluorescent Ca sensor is less than 1 ms (38). Despite such disadvantages,
the MRI sensor may be useful for measurements in live, opaque specimens because (2) its sensing
mechanism does not depend on the separation of bound and unbound reagents and (4) there is no
problem with tissue-penetration depth.

3.8. Modulated Optical Nanoprobe Sensors

MOONSs (modulated optical nanoprobes) are metallically half-capped fluorescent nanoparticles.
MOON:s can be either magnetic (90, 91) (MagMOONSs) or nonmagnetic, as are MOONSs used for
measuring Brownian rotation (92). The magnetically induced periodic motion of the MagMOON
(or random thermal motion in the case of Brownian MOONSs) modulates the fluorescence signal,
enabling the separation of signal from background (Figure 6). This simple procedure increases
the signal-to-background ratio by several orders of magnitude (90). This technique expands the
breadth of applications of fluorescent nanoparticle sensors to include samples with highly scat-
tering and/or fluorescent backgrounds and experiments that use several fluorescent probes. The
MOON design can be applied to any fluorescent nanoparticle sensor by adding a metal coating
to one hemisphere of the nanoparticle, using either a magnetic particle or a magnetic-coating
metal for making MagMOONS. Moreover, the rotation behavior of a MOON can be utilized for
local viscosity measurements (93, 94). A MOON sensor constructed with incorporated fluores-
cent pH indicator dye molecules can perform simultaneous measurements of chemical properties
and physical properties (94). Furthermore, the orientation and position of a MOON sensor can
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Background-free measurement taken by a magnetically modulated optical nanoprobe (MagMOON). An
external magnetic field orients the MagMOON, causing its fluorescent excitation and observed emission to
blink on and off as it rotates. Note that the background fluorescence does not blink.

be remotely controlled by an external magnetic field, enabling spatially localized measurements
(95). However, MOON sensors have not yet been applied quantitatively for intracellular or in
vivo measurements because to date they have been developed using micrometer-sized particles
due to the difficulties of efficiently magnetizing and coating of smaller sensor particles. Follow-
ing recent progress in nanotechnology and coating technology, such as molecular beam epitaxy,
nanometer-sized MOONS are being developed (96).

SUMMARY POINTS

1. The nanoparticle platform has the following advantages for intracellular and in vivo
sensing: (#) physical noninvasiveness due to its small size; (b)) chemical noninvasiveness
due to its inert, nontoxic matrix; (c) high accessibility of analytes because of high surface-
to-volume ratio; (4) ability to control the loading of sensing or targeting moieties per
nanoparticle and to modify the surface properties; (¢) potential for multiplexing and
synergistic sensor designs that are not possible with molecular probes; (f°) potential for
targeted delivery to specific cells and/or specific cell compartments; (g) prevention of
sequestration into certain cell compartments; (b) in vivo, prevention of uptake by the
immune system; (7) in vivo, preferential tumor accumulation due to EPR effect; (/) in
vivo, ability to cross barriers, such as the blood-brain barrier; and (k) inability to be
pumped back out of cancer cells, thereby avoiding the multidrug resistance effect.

2. Nanoparticle sensors can detect ions (H*, Ca’*, Mg?*, K*, Na*, Cl-, phosphate ions,
Fe’t, Zn?*, Cut/Cu’*, Ag*, and Hg?*), small molecules (O, singlet oxygen, glucose,
H, 05, and maltose), hydroxyl radicals, electrical fields, viscosity, and apoptosis. Types of
nanoparticle sensors include polymer nanoparticles with incorporated fluorescent dyes,
ion-correlation nanoparticle sensors, polymer nanoparticles with embedded proteins,
chemiluminescence sensors, FRET-based sensors, metallic nanoparticle SERS sensors,
metallic nanoparticle LSPR sensors, SPIO MRI sensors, and MOON sensors.
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3. Some of the nanoparticle sensors described herein have been successfully applied for
intracellular or in vivo measurement, but others have not because of insufficient sensitiv-
ity and/or selectivity. Intracellular measurements have been achieved for the following
analytes: ions (H*, Ca**, Mg?*, K*, Na*, and CI~), small molecules (O,, singlet oxygen,
and H,0,), electrical fields, and apoptosis. In vivo measurements have been reported
only for H,0O,.

FUTURE ISSUES
1. Single-cell analysis can diagnose disease at an early stage, when tissue-level changes are
notyet evident but chemical changes within cells are observable (97). Obtaining chemical

or physical information from a single cell or a specific location within a single cell is an
important future application of nanoparticle sensors.

2. The detection of multiple signals using single-nanoparticle platforms is another future
application, as it would enable a diversity of simultaneous experiments and better controls.

3. The in vitro and in vivo applications of nanoparticle sensors have been limited to a few
analytes, despite the existence of nanoparticle sensors designed for more diverse analytes.
In order to achieve a wider application of nanoparticle sensors (in addition to those
applications suggested above), we must improve the sensors’ performance, specifically
their signal intensity, sensitivity, and selectivity.

4. Promising future directions and opportunities for nanoparticle sensor improvements may
include (#) improvement of sensing components, specifically developing more sensitive
NIR-sensing dyes, receptors that are more selective to analytes/targets, and nanoparticle
matrix/surface coatings for longer plasma circulation time; (b) adoption of MOON-type
sensor designs for signal-to-background ratio enhancement; (c) use of remote steering
via magnetic or laser tweezers for spatial localization; and (4 ) more enzyme-based sensor
stratagems to improve both sensitivity and selectivity.
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