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Abstract

This review focuses on imaging, visualization and detection of diseases using nanoprobes. Several currently available nanoprobes such
as fluorescent nanoprobes, upconversion nanoparticle probes, supermagnetic iron oxide nanoprobes, and polymer- and liposome
based nanoprobes are discussed. This paper also briefly summarizes the methodologies used to image and track single cells, tumors,
cancer cells, brain diseases and angiogenic vasculature. Current challenges and future scopes of research are also discussed.
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Bioaffinity nanoprobes

A nanoprobe is an optical device that can be used to distinguish and study a chemical and/or biological sample often at the
nanometer scale. Nanoprobes are usually developed by tapering an optical fiber to a tip measuring 100 nm wide. An example of
the use of nanoprobes for visualization is a very thin coating of silver nanoparticles (NPs) helps to enhance the rapid oscillation
of electrons during the Raman scattering effect of the light. This increases vibration energy, thereby enhancing Raman scattering.
This technique is commonly known as surface-enhanced Raman scattering (SERS). The nanoprobes result in accurate detection
and analysis of a sample by producing higher electromagnetic fields and higher signal output. Some of the other examples of
nanoprobes are nanoparticles in aqueous solution in electrospray ionization mass spectrometry [1], extracting nanoquantities of
neurochemicals via in vivo microdialysis [2], and using gold-based metallic nanoprobes for Theranostics [3]. Recently there has
been considerable interest for ultrasensitive biodetection via optical, electrochemical, and various other means [4]. Such bioaffinity
nanoprobes are particularly interesting due to comparable sizes of nanomaterials and biomolecules which can be used for highly
sensitive and selective biosensing. For an example, a diagnostic method involves placing a patient’s blood sample on a small chip
that contains the special nanoprobes. The nanoprobes then attach to any disease markers in the blood sample, such as a cancer
cell. When a laser is shined on the chip, the attached probes emit light, which is detected by an optical sensor [5]. There have been
numerous nanoprobes developed for ultrasensitive bioaffinity sensing of proteins and nucleic acids during last one decade. Here
we review several nanoprobes that are currently available in disease detection including fluorescent nanoprobes (organic dyes,
fluorescent proteins, quantum dots (QDs) and gold nanoprobes), upconversion nanoparticle probes, superparamagnet iron oxide
nanoprobes, single walled nanotubes, polymer-based nanoprobes, More specifically, we categorize them according to the major
types of diseases and discuss clinical potentials and pitfalls.

Nanoprobes avilable for disease detection
Fluorescent nanoprobes

Fluorescent nanoprobes are used to detect particular components of complex biomolecular assemblies, such as live cells, with
exquisite sensitivity and selectivity [6]. Fluorescence occurs in three stages within certain molecules (generally polyaromatic
hydrocarbons or heterocycles) called fluorophores. A fluorescent probe is designed to respond to a specific stimulus or to localize
within a specific region of a biological specimen. The process responsible for the fluorescence of fluorescent probes is illustrated by
the simple electronic-state diagram (Jablonski diagram) shown in Figure 1.

The fluorophore structure and its chemical environment affects the absorbed wavelengths, energy transfer efficiency, and time
before emission as the molecule in its excited state interacts with surrounding molecules.

Annex Publishers | www.annexpublishers.com Volume 4 | Issue 1



Journal of Materials Science & Nanotechnology 2

Figure 1: Jablonski diagram showing transition of energy for fluorescence [6]

Since tissues do not have a strong fluorescence contrast, exogenous fluorescent probes have to be administered in vivo to visualize
living tissues in its native physiological state. For efficient imaging, the probes must be stable in the in vivo environment, and
accumulate and produce imaging contrast at the target site. Fluorescent probes are divided into non-specific, targeting and
activatable probes (Figure 2) according to the mechanism of contrast generation [7].
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Figure 2: Schematic representation of types of fluorescent probes according to contrast generation; a) Non-specific compartmental distribution
of the probes; b) Targeted binding of probes via surface ligands to molecular targets; ¢) Activatable probes quenched in their native state and
become fluorescent by enzyme-mediated cleavage [7]

Different kinds of fluorescent probes are explored for disease detection. The major types such as organic dyes, fluorescent proteins,
quantum dots and gold nanoprobes are discussed in the following section.

Organic dyes: Organic dyes or conventional near infrared (NIR) dyes that fluoresce in the near infrared region have attracted much
attention in last several years. However, they have several limitations such as poor hydrophilicity, low photostability, small quantum
yield (QY) and instability in the bio-environment [8-11]. Recently such organic dyes are encapsulated in various nanoparticles to
overcome these intrinsic limitations. Some of the recent and interesting works are described here.

In 2008, Wu et al. developed conjugated polymer dots (Pdots) which are small nanoparticles with extraordinary fluorescence
brightness and excellent photostability [12]. The sizes of Pdots are as low as 4 nm and they can be encapsulated and functionalized.
Pdots are interesting because they have the highest fluorescence brightness/volume ratios due to their high absorption cross sections,
high radiative rates, high effective chromophore density, and minimal levels of aggregation-induced fluorescence quenching.

Organic dyes themselves can also be directly assembled into pure dye NPs. Recently, small-molecule organic dye nanoparticles
(ONPs) have been developed as a new class of promising fluorescent probes [12-15]. These ONPs can be used to encapsulate
NIR dyes to enable efficient fluorescence resonance energy transfer (FRET) to obtain NIR probes with remarkably enhanced
performance for in vitro and in vivo imaging. In comparison with pure NIR dyes, ONPs mediate almost 50-fold increased brightness,
large Stokes shifts (w250 nm) and dramatically enhanced photostability. Further, the NIR-emissive ONPs can have water-dispersity
and size- and fluorescence- stability over pH values from 2 to 10 for almost 60 days on surface modification. They can also be used
for highly efficient folic-acid aided specific targeting in vivo and ex vivo cellular imaging [16]. These nanoparticles shows negligible
toxicity during in vivo imaging [17]. An example can be a class of water-miscible ONPs consisting of 1, 4-dimethoxy-2, 5-di
[40-(cyano)styryl]benzene (COPYV, Figure 3). These could overcome the limitations of two-photon absorption (TPA) organic dyes
such as water insolubility and strong fluorescence quenching in aqueous media due to the self-aggregation effect [16,18]. COPV
J-aggregate ONPs are 3-4 orders of magnitude brighter than conventional fluorescent dyes and an order of magnitude brighter
than QDs. Moreover, these ONPs exhibit no obvious cytotoxicity at concentrations as high as 100 pug/ml [19]. Thus, ONPs are a
highly selective probe for diagnostic purposes.
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Figure 3: A single crystal structure of COPV synthesized with one end functionalized with cyano groups [18]

Indocyanine green (ICG) is a tricarbocyanine dye that exhibits absorption and emission maxima around 740 and 800 nm [20,21].
It is the only NIR organic dye clinically approved by the U.S. Food and Drug Administration (FDA) for human medical imaging
and diagnosis [22] and as a fluorescence probe and photosensitizing agent [23]. Despite clinical approval, ICG has low absorptivity
by tissue chromophores, poor aqueous stability in vitro, concentration-dependent aggregation, rapid elimination from the body,
and lack of target specificity [24]. To overcome these limitations, folate receptor targeted, ICG dye-doped poly (D,L-lactide-co-
glycolide) (PLGA) lipid NPs (FA-ICG-PLGA-lipid NPs) were constructed using a single-step self-assemble and nanoprecipitation
method. The prepared FAICG-PLGA-lipid NPs exhibit good biocompatibility, and monodispersity, excellent NIR penetration
ability, significant stability against photobleaching and long circulation time [25]. A more stable alternative to ICG with higher
fluorescence intensity is IR-780 dye which is a lipophilic cation heptamethine dye [26]. IR-780 can be utilized in photothermal
therapy with laser irradiation. It is an important theranostic agent, but its lipophilicity limits its application. To address this problem,
multifunctional heparine folic acid-IR-780 nanoparticles (HF-IR-780 NPs) were synthesized by self-assembly of the heparine folic
acid conjugate and IR-780 using the ultrasonic sound method [27]. The HF-IR-780 NPs could be used simultaneously for NIR
fluorescence imaging and photothermal therapy in vitro and in vivo for folate-overexpressed tumors [27].

Fluorescent proteins: Fluorescent proteins (FPs) are a structurally homologous class of proteins that can form visible wavelength
chromophores from a sequence of three amino acids within their own polypeptide sequence. Biologists often introduce a gene
encoding an engineered fluorescent protein into living cells and subsequently visualize the location and dynamics of the gene
product using fluorescence microscopy.

NIR FPs with a silica nanoshell (NIRFP@silica) have been shown to have a QY of 0.33 when used for in vivo imaging. The silica
shell not only protects NIR FPs from denaturation and metabolic digestion, but it also enhances the QY and photostability of
the coated NIR FPs. In a mouse model, NIRFP@silica NPs, injected via the tail vein were distributed throughout the mouse
body, and were efficiently eliminated through urine within 24 h. This experiment demonstrated safety and robustness of this NIR
fluorescence probe for whole body imaging [28].

In another study, a tetrameric far-red fluorescent protein (tfRFP) was used as a scaffold to create a self-assembled octavalent
peptide fluorescent nanoprobe (Octa-ENP). In vitro studies showed that Octa-FNP is a 10-nm fluorescent probe with excellent
serum stability. Cellular uptake of Octa-FNP by human nasopharyngeal cancer was 15-fold greater than that of a tetravalent
probe, ~80-fold greater than that of a monovalent probe and ~600-fold greater than that of a nulvalent tfRFP. In vivo enhanced
tumor targeting and intracellular uptake of Octa-FNP have been confirmed using optical imaging and Western blot analysis. A
high contrast of Octa-FNP signal between tumor tissue and normal organs was achieved and Octa-FNP was seldom detected in
liver and spleen. The easy preparation, precise structural and functional control, and multivalent effect of Octa-FNP make it a
powerful tool for tumor optical molecular imaging and for evaluating the targeting ability of numerous peptides in vivo [29]. Green
fluorescent proteins (GFP) are used as fluorescent probes for temperature probing (Figure 4).

Annex Publishers | www.annexpublishers.com Volume 4 | Issue 1



Journal of Materials Science & Nanotechnology

£
=

g5

Heating |
on

%

o -

@ Temperature (°C)

1

Figure 4: Green fluorescent proteins (GFPs) as a thermal nanoprobes suited for intracellular temperature mapping. Temperature
probing is achieved by monitoring the fluorescence polarization anisotropy of GFP [30]

Fluorescent dendritic nanoprobes: Several studies have reported the use of dendrimers as scaffolds for fluorophores and functional
groups for bioconjugation [31-34]. Some notable examples are polyphenylene dendrimers [31,32], and polyaminoamine (PAMAM)
dendrimers [33]. In addition, Kim et al. [35] describes the synthesis, photophysical characterization, and application of a new
class of fluorescent probes called fluorescent dendritic nanoprobes (FDNs). FDNs have properties similar to those of fluorescent
proteins, and they are larger than single fluorescent dyes but smaller than QDs. FDNs have better water-solubility, brightness,
and bioconjugation than conventional dendrimer fluorophores. They are also easy to prepare. FDNs consist of generation-5 and
generation-6 PAMAM dendrimers. An example of biodegradable pH sensitive dendritic probe is shown in Figure 5. FDNs offer
the combined advantages of enhanced photophysical properties and small nanoscale dimensions, which can benefit a wide array of
advanced high-resolution imaging techniques and subdiffraction localization methods [35]. Therefore they hold strong potential
to serve as a new class of fluorescent probes for biological assays and imaging.

HO' e >
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Figure 5: Biodegradable pH sensing dendritic nanoprobe OFF: neutral pH, healthy tissue, ON: acidic pH, diseased tissue [36]

Quantum dots (Qds): QDs are nanocrystals composed of semi-conducting materials [37]. Typically, QDs are ~2-20 nm in
diameter depending on the core composition and the surface coating or functionalization. Most of the QDs reported to date have
a core/shell structure with the core composed of atoms from periodic groups II-VI (CdSe, CdTe, CdS, PbSe, ZnS and ZnSe),
II-V (GaAs, GaN, InP, InAs), and IV-VI (PbS). For biological applications, QDs have many properties that are superior to those
of organic fluorophores and fluorescent proteins, including strong resistance to photobleaching, continuous absorption spectra
covering the UV to NIR region, narrow emission spectra, large effective Stokes shifts, long fluorescence lifetimes, and excellent
multiphoton emission [38,39]. They are chemically grown and their emission properties which are related to the confinement
effect of an electron-hole pair (exciton) within the crystal mainly depend on their shape and size [40]. The fluorescent emission
wavelengths of QDs ideally should be around 700-1000 nm for in vivo imaging in the NIR region to minimize endogenous
fluorescence and interference from major absorbers in the body (nanomaterials).

Li et al. first used silicon based QDs (Si QDs) for biological applications to label Chinese hamster ovary cells for in vitro imaging
[41]. In another study, these Si QDs were loaded with the anti-cancer drug doxorubicin (D-LPSiNPs) and delivered into BALB/c
mice and the accumulation and degradation in vivo was monitored (Figure 6) [42].

In another work by Nurunnabi et al. [43] the surfaces of NIR QDs have been modified to achieve water solubility and target specific
properties. This was done by the solid dispersion method using polyethylene gycol - 10, 12-pentacosadiynoic acid (PEG - PCDA)
and PCDA - herceptin conjugates. The micelles which were formed were spherical with diameters of around 130 - 150 nm. The
neighboring PCDA-herceptin moieties crosslinked upon UV irradiation leading to stabilization of the QD cores located within the
nanoprobes [43]. They could be used for both active and passive targeting and imaging and treatment of cancer.
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Figure 6: a) Representative fluorescence images of a mouse with an MDA-MB-435 tumor; The mouse was imaged using a 615-665
nm excitation filter and an 810-875 nm emission filter at the indicated time post-intravenous injection of D-LPSiNPs (20 mg/kg). A
strong signal from D-LPSiNPs was observed in the tumor, indicating significant passive accumulation in the tumor by the enhanced
permeability and retention (EPR) effect; b) Ex vivo fluorescence images of the tumor from the mouse used in (a); ¢) Fluorescence images
of a tumor slice from the mouse in (a). Red and blue indicate D-LPSiNPs and cell nuclei (DAPI stain) [42].

Gold nanoprobes: In the past decade, the florescent properties of gold and silver nanoclusters (NCs) have shown potential as
efficient optical probes [46-52]. They have high chemical stability and biocompatibility and are used for sensing [53-55], biolabeling
[56,57] and bioimaging [58].

Gold nanoclusters (AuNCs) are synthesized by chemical reduction of Au precursors in the presence of thiol stabilizers to generate
AuNGC:s that fluoresce in the blue to NIR regions [59-63]. These NCs exhibit low QY (0.001-0.1%).

NIR AuNCs are produced by stabilizing the core of 6-nm diameter gold nanoparticles with dihydrogenlipoic acid (DHLA)
(AuNC@DHLA) [64,65]. Conjugation of AuNC@DHLA with biomolecules is achieved using the carboxyl group on DHLA via
carbodiimide chemistry. Polyethylene glycol (PEG, 5 kDa), PEG-biotin and avidin have been attached in this manner. Although
the QY of these NCs is low ~1-3%, they can be used to specifically label human hepatoma cells (HepG2) and to monitor the non-
specific uptake of AuNCs by human aortic endothelial cells. The results indicate that these AuNCs are relatively nontoxic.

Biocompatible AuNCs are prepared via aqueous synthetic routes with biological molecules [66]. For example, bovine serum
albumin (BSA) is used to prepare AuNCs (consisting of 25 gold atoms with red emission [67] (Figure 7a). The QY of the NIR
AuNCs produced by this method is low (0.1%). Despite this, In vivo tumor fluorescence imaging is done using MSD-MB-45 and
HeLa tumor xenograft models show high accumulation in the tumor areas due to EPR effects (Figure 7b) [68].
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Figure 7: a) Schematic of the synthesis of AuNCs in BSA solution [67]; b) Fluorescence images of mice with a MDS-MB-45 tumor. A
strong signal from AuNCs in the tumor indicated by a red circle in the figure showing significant passive accumulation in the tumor via
the EPR effect. White arrows indicate the tumor site; ¢) Ex vivo fluorescence image of the muscle and tumor tissue around the tumor
from the mice used in (b) [68].

Gold nanoparticles have been specifically used to detect oligonucleotide sequences after being bound to nucleic acids through a
thiol linkage [69]. The basis of the detection process of functionalized gold nanoprobes is to hybridize them specifically to their
complementary target sequences, which causes a change in the surface plasmon resonance (SPR).
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A new class of multifunctional gold nanoprobes for ultra-sensitive optical detection of reactive oxygen species (ROS) and
hyaluronidase (HAdase) [70] was described recently. The nanoprobes are fabricated by immobilizing nNIRF dye labeled hyaluronic
acid (HA) onto the surface of goldnanoparticles (AuNPs). The nanoprobes effectively induced NP surface energy transfer (NSET)
between NIRF dyes and AuNPs. When the surface immobilized HA is cleaved by ROS and HAdase, strong fluorescence recovery
signals are obtained with extreme sensitivity. In live animal models of rheumatoid arthritis (RA) and metastatic tumors, local
arthritic inflammation and tumor sites were clearly identified upon systemic injection of the nanoprobes. These results suggest that
these gold nanoprobes can be exploited not only as in vitro molecular and cellular imaging sensors for ROS and HAdase, but also
as in vivo optical imaging agents for detection of local HA degrading diseases such as RA and tumors.

AuNP entrapped in a folic acid-modified dendrimer (Au DENPs-FA) - have been used as nanoprobes for in vitro and in vivo
targeted computed tomography (CT) imaging [71]. The micro CT images revealed that the SPC-A1 cells were detected under X-ray
after incubation with the Au DENPs-FA in vitro. Imaging of xenograft tumor model was possible administration of the particles via
intravenous, intratumoral, and intraperitoneal route. Transmission electron microscopy data suggested that the lysosomes of the
cells could dominantly uptake the AuDENPs-FA.

The low quantum yield of gold nanoparticles is mainly attributed to the size and capping agent of the nanoparticles. In polymer-
stabilized gold clusters of 2.2-3.4 nm diameter the polymer to gold ratios were varied in order to tune the properties of fluorescence
emission. There a quantum yield of 3% was achieved [72]. The highest quantum yield of ~ 41% has been reported for Au8 nanoprobes
stabilized in dendrimer aqueous solution [73]. It is observed that the photoluminescence efficiency tends to decrease when the
size of nanoprobes increases, and it is argued that clustering, surface modification of nanoprobes, and imbedding/stabilizing by
the medium can influence the observed fluorescence signals [72-74]. The results so far obtained are mainly for clustors of diameter
around 100 nm and not of individual particles.

Upconversion nanoparticle probes

Upconversion nanoparticles (UCNPs) are new generation fluorophores that have the ability to convert NIR radiations with
lower energy into visible radiations with higher energy via a nonlinear optical process. Recently, these UNCPs have been used
as alternatives to traditional fluorophores, as they show great potential for imaging and biodetection assays in both in vitro and
in vivo applications. Their unique luminescent properties, including high penetration depth into tissues, low background signals,
large Stokes shifts, sharp emission bands, and high resistance to photobleaching overcome the current limitations of traditional
fluorescent probes [75]. UCNPs, particularly lanthanide-doped rare-earth nanocrystals, also have great potential in biomedical
imaging due to their sharp emission bandwidth, long lifetime, tunable emission, high photostability, and low cytotoxicity [76-
78]. More importantly, UCNPs NIR utilize excitation within the “optical transmission window” of biological tissues (700 - 1000
nm); there by significantly enhancing penetration depths and minimizing background autofluorescence, photobleaching and
photodamage to biological specimens [79-83].

Neurotoxin-mediated UCNPs have been developed for tumor targeting and visualization in living animals [84]. Laser scanning
upconversion fluorescence microscopy was used to visualize nanoprobes that specifically targets glioma cells. The intravenous
injection of the nanoprobes in a balb ¢ mice resulted in high-contrast images demonstrating highly specific tumor binding and
direct tumor visualization with bright red fluorescence under 980-nm NIR irradiation. The high sensitivity and high specificity of
the neurotoxin-mediated upconversion nanoprobes and the simplification of the required optical device for tumor visualization
suggest an approach that may help improve the effectiveness of the diagnostic and therapeutic modalities available for tumor
patients.

Multifunctional UCNPs made of Er/Yb-doped NaYF4 core and NaGdF4 shell was used to target cancer cell nuclei as well as deliver
the anticancer drug directly to the nuclear region [85]. The real-time imaging of the cell nuclei was done by magnetic resonance
(MR)/upconversion fluorescence. These particles showed enhanced upconversion fluorescent imaging and more sensitive T,-MR
imaging performances. They were used to improve the efficacy of DOX in Hela tumor models, by directing DOX delivery to the
nucleus under the synchronous monitoring of the nanoparticles.

Zeng et al. constructed multi-functional nanoprobe consisting of PEG modified BaGdF5:Yb/Er UCNPs [86]. These nanoprobes
were synthesized by using facile one-pot hydrothermal method and used for bioimaging using fluorescence, CT, and MRI. Apart
from superior fluorescent properties, they showed excellent paramagnetic property. These UCNPs were used as a contrast agent
for improving the detection of splenic diseases, showed low cytotoxicity and long circulation time.

Liu et al. prepared polyacrylic acid (PAA) modified BaYbF5:Tm NPs via a solvothermal route [87]. They proved to be excellent
multi modal contrast agents used for direct visualization of the GI tract with low systemic toxicity.

A covalently grafted core-shell structured UCNPs were prepared along with nanographene oxide (NGO) via bifunctional PEG
and phthalocyanine (ZnPc) was loaded on the surface of NGO [88]. These UCNPs-NGO/ZnPc nanocomposites could image cells
and whole-body animals with high contrast for diagnosis. They can also be used to generate cytotoxic singlet oxygen under light
excitation for photodynamic therapy (PDT) and to rapidly and efficiently convert 808 nm laser energy into thermal energy for
photothermal therapy (PTT). They have been shown to have high therapeutic efficiency for cancer treatment.
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Superparamagnet iron oxide nanoprobe

Superparamagnetic iron oxide (SPIO) nanoprobes have proven to be a useful tool for enhancing magnetic resonance contrast
to monitor anatomical, physiological and molecular changes. These probes can be used to detect inflammatory diseases via the
accumulation of non-targeted SPIO nanoprobes in infiltrating macrophages and for the specific identification of cell surface
markers expressed on tumors [89]. SPIO nanoprobes typically consist of two components, an iron oxide core composed of
magnetite (Fe,O,) and/or maghemite and a hydrophilic coating. Maghemite is the ferrimagnetic cubic form of Fe (III) oxide and it
differs from the inverse spinel structure of magnetite through vacancies on the cation sublattice [90]. The two iron oxide structures
possess similar magnetic properties, although maghemite has a slightly lower saturation magnetization [91,92]. The sizes of these
nanoprobe ranges greatly from 2 to 3 nm for citrate inhibited growth SPIO nanoprobes [93] to tens of nanometers for polymer
coated polycrystalline iron oxide nanoprobes to micrometers for orally ingestible contrast agents. Larger diameters are available
and are useful in such enterprises as cell tracking [94,95] and separation [96], cell rheology, and membrane deformation [97,98]
and as contrast agents for the gastrointestinal tract [99], but they have limited functionality in molecular imaging applications due
to their limited accessibility to the neo- and microvasculature.

A magnetic resonance imaging (MRI) scanner is responsible for altering the alignment of magnetization of particles in the body.
The MRI contrast agents are divided into two parts, including T1 and T2 agents. T1 agents can alter the longitudinal (T1) relaxation
times of water protons to produce bright positive signal intensity in images and increase the conspicuousness of cells. T2 agent is
to alter the transverse (T2) relaxation times of water protons. T2 agents provide dark negative signal intensity in images and can
be used to visualize stem cells grafted in organs that appear as high signal intensity (e.g. kidney or lymphoid tissues). Compared
to T1 agents, SPIONs based T2 agents appear to be the preferred MRI contrast agents for monitoring stem cells due to their high
sensitivity and excellent biocompatibility. Figure 8 describes how relaxation time changes when cells are tagged with magnetic
nanoprobes.

b

me time

Figure 8: A qualitative graph of the changed relaxation time; a) Cells tagged with magnetic nanoparticles
and a short relaxation time; b) Cells without any enhancement and thus the original relaxation time [100]

In 2011, Liu et al. developed SPIO nanoprobe for labeling and tracking of mesenchymal stem cells (MSCs) [101]. Low molecular
weight amphiphilic polyethyleneamine of 2000 molecular weight (PEI 2k) was used to form stable nanocomplexes with SPIO
nanoparticles. The probe could hold multiple SPIO nanoparticles with a controlled clustering structure, leading to much higher
T2 relaxivities compared to single SPIO nanoprobes. Labeled MSCs were seen to maintain their viability, proliferation, or
differentiation capacity. The iron uptake process in MSCs displayed a time- and dose-dependent behavior. Transmission electron
microscopy revealed that the nanoprobes were internalized into the cytoplasm of the MSCs. When the MSCs were labeled and
injected, they showed strong image contrast compared to unlabeled cells even after 2 weeks post transplantation.

SPIO nanoprobes coated with dextran and functionalized with negatively charged functionalities have been used to connect
specific peptide labels by electrostatic interactions [102,103]. Furthermore, SPIO nanoprobes were shown to be incorporated by
several phagocytic cells, in particular macrophages in liver and spleen, even when they had a regular dextran coat [104]. Thus SPIO
nanoprobes are a promising group of imaging probes because the MR signal intensity can be manipulated and they have a favorable
toxicity, and genuine potential for cellular uptake.

Single walled Nanotubes

Research showed the potential of high resolution single-walled carbon nanotube (SWNT) tips to image nanostructures with high
resolution [105]. SWNT tips provide a significant improvement in lateral resolution with respect to multi-walled nanotube tips
and microfabricated Si tips. Nanotube tips also can be used to resolve substructure within SWNTs deposited on surfaces. SWNT
tips exhibit superior resolution compared to conventional tips when imaging biological nanostructures, such as double-stranded
DNA [105].
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Welsher et al. functionalized SWNTs with PEG and conjugated to antibodies such as Rituxan. This could selectively recognize the
CD20 cell surface receptor on B-cells with little nonspecific binding to negative T-cells and to Herceptin to recognize HER2/neu
positive breast cancer cells [106]. SWNT-antibody binding to cells can be imaged by detecting the intrinsic NIR photoluminescence
of nanotubes. This approach shows ultralow NIR autofluorescence for various cells which is advantageous compared to high
autofluorescence and large variations between cell lines in the visible spectrum. Surface functionalized SWNTs can be considered
to be novel NIR fluorophores for sensitive and selective biological detections and for imaging in vitro and potentially in vivo.

Polymer-based nanoprobes

The optical properties and chemical stability of ICG are improved when it is encapsulated in different polymer or co-polymer
matrices (typically with particle diameter of 100-500 nm) [107-110]. PEG-PLA nanospheres are carriers of dye [111]. Use of
hydrophobic near infrared 1,1'-dioctadecyl-3,3,3',3"-tetramethylindotricarbocyanine iodide (NIR DiR) dye leads to a constant
fluorescent signal in blood for up to 6 hours post injection compared to amphiphilic Nile Red dye, which is quickly released from
the polymer matrix after injection and rapidly eliminated from the blood stream. DiR-loaded particles can be used for tumor
labeling as well [112].

NIR fluorescence dyes encapsulated in poly(ethylene imine) or biodegradable aliphatic polyester dendrimers (typically 10-30
nm diameter) show enhanced stability, resistance to enzymatic oxidation, renal clearance and prolonged in vivo residence time
[113,114]. They are also capable of transporting both hydrophilic and hydrophobic molecules [115], and they have low cytotoxicity.

A water-soluble, amphiphilic phospholipid polymer, poly[2-methacryloyloxyethyl phosphorylcholine (MPC)-co-n-butyl
methacrylate (BMA)-co-N-succinimidyloxycarbonyl tetra(ethylene glycol) methacrylate] (PMBS), has been synthesized
and conjugated with molecular beacons (MBs) to form nanoprobes via a chemical reaction between the ester group of
N-hydroxysuccinimide and the amine group of the MBs. This enabled visualization of the distribution and dynamics of intracellular
biomolecules and thereby provided an understanding of the mechanisms of intracellular bio-reactions. The carcinoma cells used
to test this probe remained 100% viable after incubation with PMBS-MB probes. These probes exhibited high target specificity and
resistance to nonspecific adsorption of proteins compared with unconjugated MBs. They also were able to penetrate the cytoplasm
of the cells [116].

New hyperbranched polysiloxysilane (HBPS) materials containing terminal carboxylic acid and quaternary ammonium groups
have been designed to generate fluorescent-dye-encapsulated nanoprobes. These polymers exhibited desirable characteristics,
including amphiphilicity for nanoprobe formation, and contained various terminal groups for surface-charge control on the
nanoprobes or for further bioconjugation for targeted imaging [117].

Liposome-based nanoprobes

Liposomes are physically and chemically well-characterized structures [118], and liposomes-based nanocarriers have been widely
applied for improved molecular transport [119]. Some of their unique features have made them suitable for tumor-targeted
imaging. They are capable of holding a large payload of contrast agent, and their protective bilayer shields enclosed molecules from
interaction with the contents of the bloodstreams. Coating the surface of these nanoparticles with (PEG) -polymers can increase
blood circulation time, resulting in EPR of contrast agents in tumor and the large surface area allows for an increased number of
ligand binding sites [119-122].

The polystyrene (PS)-targeted liposomal nanoprobe, PGN-L-800CW, which contains NIR dye, (IRDye® 800CW) was developed to
improve the ability of PS-targeted optical imaging probes for sensitive imaging of glioma [123].

In 2011, another liposome nanoprobe was generated by passive adsorption of ICG; and the cetuximab monoclonal antibody
for epidermal growth factor receptor (EGFR) [124]. The ICG molecules adsorbed to the liposomes were more fluorescent than
free ICG and had a larger QY. Cetuximab-adsorbed fluorescent liposomes preserved EGFR recognition, as was evident from
internalization and selective binding to A431 colon carcinoma cells over expressing EGFR. The binding of cetuximab targeted
fluorescent liposomes to A431 compared with IEC-6 cells (normal enterocytes expressing physiological EGFR levels) was greater
by a factor of 3.5, ensuring sufficient imaging capabilities with available fluorescent equipment.

The above section has been summarized in Table 1 to understand his use of nanoprobes for use in certain applications.

Applications (in-vitro/in-

absorption and emission
spectra, negligible toxicity.

Nanoprobes Subcategory Unique properties vivo)
Extraordinary fluorescence,
Fluorescent Organic dyes nanoparticles excellent photostability, high In - vitro and In-vivo.

Fluorescent proteins

High photostability and
quantum yield.

In-vitro and In-vivo.

Fluorescent dendritic
nanoprobes

High water solubility, bright-
ness and bioconjugation.

In-vitro, further research
ongoing to use them in-vivo.
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Nanoprobes Subcategory Unique properties PP 1cat10‘r’1is;(()1)n LR
Strong resistance to
photobleaching, continuous | In-vitro and in-vivo (exclud-
absorption spectra, excellent ing toxic materials such as
fluorescence and emission CdS, CdSe etc).
spectra.
Gold nanoparticles High c.hem1ca1 s.taF)Thty ey In-vitro and in-vivo.
biocompatibility.
High resistance to
photobleaching, high
Upconver§10n peneFraFlon depth, s}larp In-vitro and in-vivo.
nanoparticle emission bands, high
photostability and low
toxicity.

In-vitro , not in-vivo due to
limited accessibility to neo and
microvasculature.

Superparamagnet iron
oxide nanoprobe

Enhance magnetic
resonance contrast.

Superior resolution, specific

. In-vitro and in-vivo.
detection

Single walled nanotubes

Enhanced stability, resist-
ance to enzymatic oxidation,

Polymer Lo 3 In-vitro and in-vivo.
prolonged in-vivo residence
time, low cytotoxicity
. Efficient contrast agent, high . N
Liposome 8 & In-vitro and in-vivo.

binding

Table 1: A summary on various types of nanoprobes and their suitability in in-vitro and in-vivo applications

Use of nanoprobes to detect specific types of disease

Nanoprobes for disease detection in the brain

Nanoprobes have several advantages over small molecules in brain tumor imaging. For example, the circulation lifetime of
nanoprobes can be tuned by tailoring their size, shape and surface functionalization. The prolonged circulation lifetime and
the disrupted blood brain tumor barrier (BBTB) lead to the passive intratumoral accumulation of nanoprobes via the enhanced
and permeable retention (EPR) effect [125]. The main strategies of endogenous molecules to circumvent the blood brain barrier
(BBB) include the diffusion and transcytosis (Figure 9). Diffusion is a main strategy of small substances entering the brain. While
hydrophilic molecules diffuse paracellularly through the tight junctions (TJs) with a low extent, lipophilic substances like steroid
hormones traverse endothelial cells transcellularly by dissolving in the lipid plasma membrane. In addition to non-specific
diffusion, compounds essential for brain homeostasis such as amino acids, glucose, and neuropeptides can diffuse into the brain
via transporter mediated delivery However, intracerebral diffusion works only for small molecules with molecular weight less than
500 Da but not for nanoparticles. Transcytosis is the main pathway of endogenous macromolecules crossing BBB, which presents
traversing the brain capillary ECs within endocytic vesicles from the luminal cell side to the abluminal side where exocytosis
occurs. Due to the up-regulated permeability of BBTB, the passive intratumoral accumulation via EPR effect and the positive
transcytosis are the main strategies of NPs to visualize gliomas [125].
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Figure 9: The BBTB crossing pathways. Small molecules usually diffuse into the brain via the pathways from “A” to “C”. Nanoparticles
penetrate BBTB through the trancytosis strategies such as “D” and “E”. Both small molecules and the nanoparticles can traverse
BBTB via EPR effect due to the compromised TJs in “F” pathway [125]
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Alzheimer’s disease (AD) is the most common form of brain diseases in the elderly, and it affects more than 35 million people
worldwide [126,127]. Effective treatment of AD is difficult due to limitations imposed by the bloodbrain barrier (BBB) and the
non-selective distribution of drugs in the brain. This also results in severe side effects. PEGylated poly (lactic acid)(PLA) polymer
was used to develop a dual-functional nanoparticle drug delivery system and peptides (TGN and QSH) was conjugated to the
surface of the nanoparticle [128]. These nanoparticles showed enhanced targeted delivery to the desired location in the brains of
model mice infected with AD. A MTT assay confirmed low cytotoxicity of this delivery system.

Nanovehicles loaded with gadolinium (Gd) and I ((nanoparticles-IgG4.1) have been used to target cerebrovascular amyloid (CVA)
[129]. These nanovehicles showed excellent distribution to the brain vasculature and target CVA. Additionally, they could carry
therapeutic agents to reduce cerebrovascular inflammation associated with CVA, which is believed to trigger hemorrhage in CVA
patients.

Biocompatible nanoprobes composed of a PEG-coated iron oxide NPse have been shown to be capable of specifically targeting
glioma tumors via the surface-bound targeting peptide, chlorotoxin (CTX). In comparison to conventional Gd chelates, NP-
based contrast agents offer prolonged delineation of tumor margins due to enhanced cellular internalization and slower clearance
from the tumor site [130]. These nanoprobes with high-targeting specificity and biological response can aid in the diagnosis and
treatment of gliomas and other tumors of neuroectodermal origin [130].

Metastatic disease detection

Patients suffering from ovarian cancer do not respond well to conventional therapeutics. The mortality rate of ovarian cancer
remains one of the worst among all cancer types [131,132]. NIR-dye labeled magnetic nanoparticles probe was used to for imaging
of HER-2 human ovarian cells by dual-modality photoacoustic and fluorescence molecular tomography (PAT/FMT) [133]. These
imaging methods could help the targeted nanoprobes to map tumors in high resolution and high sensitivity.

Sentinel lymph node (SLN) imaging can be used to evaluate the metastatic status of a tumor [134-136]. In the imaging process, a
contrast agent is injected near the primary tumor, and it is taken up by the adjacent lymphatic system and transported to the SLN.
Vital dyes and radionuclide labeled sulfur colloids are commonly used as imaging agents [137]. Huang et al. recently developed
mesoporous silica-based triple-modal that integrate multiple functional moieties to facilitate NIR optical, MRI and positron
emission tomography (PET) imaging. The NIR dye ZW800 was used to design a nanoprobe labeled with the T, contrast agent Gd**
and radionuclide **Cu through chelating reactions. These nanoprobes showed high stability, long intracellular retention time and
therefore long-term in vivo imaging. This work paved the way for designing robust multifunctional nanomaterials for mapping
SLNs and for tumor metastasis diagnosis [138].

Another class of nanoparticles for tumor imaging is multilayered core/shell nanoprobes (MQQ-probe) based on magnetic
nanoparticles (MNPs) and QDs. These probes can be used both as a fluorescent probe and as a contrast reagent in MRI. Ma et al.
used anti-HER2 antibody conjugated to the surface of the MQQ-probe for imaging breast cancer tumor [139]. The in vitro imaging
of the breast cancer cells was done by fluorescence microscopy and fluorescence-activated cell sorting analysis. The in vivo images
of breast tumors by NIR fluorescence and T,-weighted MRI showed successful cellular uptake. Thus MQQ-probes have shown
potential as imaging agents for in vitro and in vivo characterization of cancer tumors.

Wang et al. [140] developed a Rose Bengal conjugated gold nanorod (RB-GNR) system for optical detection of cancer cells. This
system modified by poly (allylamine hydrochloride) exhibited strong optical absorption in the NIR region, good stability in aqueous
solution, low cytotoxicity, and high specificity to oral cancer cells. The RB-GNR sensing probe was specifically conjugated with the
oral cancer cells and their NIR absorption was monitored for specific, rapid and quantitative analysis of the oral cancer cell lysate.

Single cell studies

An effective cellular imaging method is required to track and monitor cellular/molecular events in the living organism. Lee et al.
showed that the surface enhanced Raman scattering (SERS) can be used to monitor the cellular uptake of isocyanide functionalized
silver and gold nanoparticles inside a single mammalian cell [141]. These nanoparticles show potential for monitoring and imaging
the biological processes at the single cell level.

Optical nanoprobe of gold nanoparticles (size around 5 nm) coated with green fluorescent protein (GFP) nanobodies was used
for non-invasive long-term single particle tracking [142]. These nanoprobes could be used both in vitro and in vivo and labeling
both surface and intracellular GFP - protein in very crowded environments. They also provide complete information about the
distribution of live or fixed cells by high density labeling. Due to small size of these probes, they have perfect photostability, high
specificity, and versatility. They can be used to target nuclear proteins and also for correlative studies between optical and electron
microscopy, as small gold nanoparticles provide high contrasts for both modalities [142].

In another approach, a carbon nanotube was attached to the tip of a glass micropipet to interrogate cells down to the single
organelle level [143]. Yan et al. showed that a nanowire attached to the tip of an optical fiber could detect the optical signals from
subcellular regions [144]. Actis et al. fabricated carbon nanoelectrodes using a topdown approach [145]. The nanoelectrode was
functionalized with platinum to monitor oxygen consumption in the brain. They were also used for electrochemical measurements
within the cell with minimal disturbance to cell function. These probes could be used as scanning ion conductance microscopy
probes for high resolution electrochemical mapping of species in living cells.
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Tumor microenvironment sensing

The tumor microenvironment plays a significant role in tumor development and metastasis. Tumor microenvironment features
such as hypoxia, and overexpressed proteases differ significantly from those of normal tissues. These features can serve as both
biomarkers for tumor diagnosis and theraputic targets for tumor treatment. Optical imaging techniques such as PET and magnetic
resonance imaging (MRI) have been used to investigate the tumor microenvironment. Various imaging probes are well developed
to target pH, hypoxia and proteases in the tumor microenvironment.

Construction of probes that target the tumor microenvironment via non-invasive imaging is of great interest to researchers [ 146-149].
A wide variety of nanoparticle systems currently are being developed for the construction of molecular imaging probes targeting
the tumor microenvironment [9]. Nanoparticles such as the pH-titratable SPIOs have shown improved nanoparticle accumulation
in acidic tumors [146]. The influence of an external magnet on a liposome containing clusters of magnetic nanoparticles can be
used to target the tumor microenvironment and give high contrast MRI [150]. Receptor-ligand interactions are frequently used
to generate nanoprobes to target the tumor microenvironment [151-153]. Fluorescent "smart" probes with special features can be
used for optical imaging of the tumor microenvironment apart from conventional MRI and PET imaging [154].

Fluorescent nanorods and nanospheres are useful for real-time in vivo probing of nanoparticle shape-dependent tumor
penetration [155]. Compared to small molecular probes, fluorescence nanoprobes offer advantages such as tunable circulation
lifetime, systematic accumulation in the tumor and enhanced sensitivity due to tagging of multiple imaging molecules on a
single nanoparticle. The mechanisms underlying pH responsive fluorescence of the nanoprobes include the FRET effect on the
self-aggregation associated energy transfer (SAET) [156] effect. QDs have been used as FRET donors in pH nanoprobes. QD-
dopamine-peptides can bioconjugate to develop a charge-transfer coupled pH probe [157]. The response of the QD conjugates to
pH can be monitored by changes in the intrinsic redox properties of the coated dopamine upon oxidation at basic pH. QDs act as
a donor in ratiometric pH probes which are based on FRET pairs. Organic dyes that respond to pH changes, such as fluorescein
isothiocyanate (FITC), the pH dye SNARF and fluorescent diblock copolymers have been coated onto the surface of QDs to
generate QD-based ratiometric pH probes [158-160]. QDs coated with pH-sensitive fluorescent proteins were recently reported
to have dramatically improved sensitivity and photostability compared to the widely used fluorescent dyes for pH imaging [161].
In another study, dextran based pH-sensitive NIR nanoprobe were used for the in vivo differential-absorption dual-wavelength
photoacoustic imaging of tumors [162]. Novel quantum dot nanoprobes were prepared and investigated for intracellular delivery
and real-time imaging of siRNA [163,164].

In 2010, Li et al. [165] fabricated a highly sensitive nanoprobe InNP1 to visualize human glioblastoma U87MG cancer cells in vitro
and subcutaneous U87MG xenografts in vivo by pH-activated NRI fluorescence. Zhou et al. [166] described a set of tunable, pH-
activatable micellar nanoprobes based on the supramolecular self-assembly of ionizable block copolymer micelles as a SAET-type
pH nanoprobe (Figure 10a). Using amine groups with different pKa in the polymer backbone (Figure 10b), a series of SAET probes
was obtained. These probes could be activated at different pH values because only the protonated ammonium groups would cause
micelles to dissociate into unimers with a dramatic increase in fluorescence emission. Specific activation of nanoprobes in acidic
tumor cells is shown in Figure 6¢c. A multicolored, pH tunable fluorescent nanoplatform was developed using the same principle
using commonly available pH-insensitive dyes [167]. The fluorescence wavelengths could be fine-tuned from green to the NIR
emission range (500-820 nm) on the nanoplatform and their fluorescence ON/OFF activation could be achieved within 0.25 pH
units.
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Figure 10: a) Formation of activatable nanoprobes by attaching different amine groups to the micelle backbone at different pH values upon
protonation of the amine group; b) Fluorescent images of cells treated with pH-activatable nanoprobes with (top panel) or without (bottom
panel) the inhibition of lysosomal acidification. Nanoprobe activation is indicated by the red fluorescence signals; Adapted from Zhou [166]

In addition to quantum dots and polymeric NPs, newly emerging nanomaterials been used to construct pH nanoprobes. For
example, Shi et al. used a carbon nanodots (CDs) based ratiometric pH probe for quantitative measurement of the intracellular
pH in the whole cell [168]. Figure 11a shows the amino-coated CDs. They were coated with different molar ratios of pH-sensitive
FITC and to pH insensitive rhodamine B isothiocyanate (RBITC). Due to dual labeling of the CDs, the pH response range could
be well adjusted (Figure 11b) [168]. They also showed good biocompatibility and intracellular dispersity. Such pH nanoprobes can
be very useful for ratiometric imaging of the tumor microenvironment in vivo.

Also, small fluorescent probes when conjugated with nanoparticles showed improved biocompatibility and delivery efficiency with
desirable emission range. Therefore, pH sensitive small molecule dyes conjugated to nanoprobes can be used for optical imaging of
tumor microenvironment [169]. The specificity may be realized by attaching target groups onto the surface of nanoprobes. Some
of the problems with these probes are narrow pH range and high uptake by kidney and liver cells during in vivo imaging. Further
development of biocompatible nanocarriers and other pH nanoprobes is required to solve these problems.

Gold nanoparticles have been attractive contrast agents for cancer therapy, particularly their high-atomic number and
biocompatibility. They could enhance secondary electron production as well as particles smaller than 100 nm can also cross human
cell membranes and preferentially accumulate in cancer cells [170,171]. In a recent study, gold nanoparticles were found to increase
survival rate of mice in conjunction with kilovoltage radiotherapy with EMT-6 mammary tumors to 86%, compared to 20% with
radiotherapy alone [172]. Gold-iron oxide nanoparticles were demonstrated as dual - therapy and diagnostic applications. Laser
assisted therapy and MRI based imaging showed selective accumulation of nanoparticles in SW1222 xenograft tumors [173]. Both
cell killing and detection of tumor was possible.
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Figure 11: a) Structure of the dual-labeled carbon nanodot as ratiometric pH nanoprobe; b) Fluorescent images of HeLa cells at pH 6.0, 6.5,
6.8,7.2,7.5 and 8.0, respectively [168]

Several alloy based nanoparticles, such as copper-64-alloyed gold nanoparticles were used for cancer imaging [174]. The specific
radioactivity of the alloyed gold nanoparticles could be freely and precisely controlled by the addition of the precursor (64) CuCl,
to afford sensitive detection. The direct incorporation of (64) Cu into the lattice of the gold nanoparticle structure ensured the
radiolabel stability for accurate localization in vivo. In another work Au-Fe alloy nanoparticles were designed for multimodal
constrast agents [175]. Iron carbide Fe,C, was prepared and used as MR contrast probe [176]. They possessed close-to bulk
magnetization, small and tunable size (< 25 nm), narrow size distribution, and good colloidal stability. They were found to
accumulate in tumors and induce more prominent signal change.

Nitric oxide detection

Nitric oxide (NO) has a significant role in blood-pressure regulation and neurotransmission [177]. In endothelial cells, neurons
and astrocytes, NO is synthesized from L-arginine in a reaction catalyzed by nitric oxide synthase (NOS) [178]. Gil et al. [179]
developed an optical sensor for determination of intracellular NO which were prepared by depositing gold nanoparticles on
polymer beads coated with mesoporous silica and followed by calcination. There was an increase in concentration of plasmonic
material per sensing particle and hence showed improved biocompatibility and and a better signal-to-noise ratio. These sensors
could possibly reside inside cells and detect multiple analytes.

Peroxynitrite (ONOO") is a highly reactive species and involved in studies of several diseases. Fluorescent probes have been
designed to selectively detect ONOO™ in living cells. Tian et al. [180] developed a fluorescent nanoprobe based on a polymeric
micelle and coated with cell-penetrating peptide. The ratiometric detection and imaging of ONOO™ is done by a nanoprobe
which made up of ONOO- indicator dye and reference dye. The nanoprobe is not influenced by enzymatic reactions and high-
concentrations of OH and ClO™. This nanoprobe also has good water solubility, photostability, biocompatibility, and NIR excitation
and emission. Confocal microscopy was used to visualize ONOO™ in living cells with the nanoprobe. They also exhibits very low
toxicity and good membrane permeability.

Angiogenic vasculature

Angiogenesis is the primitive cause of tumor, growth, metastasis and invasion of tumors [181-184]. Vascular endothelial growth
factor (VEGF) and receptor (VEGFR) signaling pathway promote tumor-induced angiogenesis [181,182].

Karathanasis et al. [185] developed a 100 nm imaging nanoprobe that was deposited inside the tumor and mammography was
used to measure the tumor vascular permeability in a rat MAT B III breast tumor model. The tumor vascular permeability varied
widely among the animals. A qRT-PCR was used to measure VEGF and VEGF receptor-2 gene expression of the tumors. They
showed strong correlation with that of the nanoproble while measuring the vascular permeability which widely varied among
animals. High intra tumoral deposition of nanoscale agent was found at high angiogenic activity could be correlated with faster
tumor growth rate.

Nucleic acid-based aptamers was developed for delivering diagnostic nanoprobes at specific locations. Kim et al. [186] developed
a new class of smart imaging nanoprobe for specific detection of the angiogenic vasculature of glioblastoma using MRI. It was
made up of a magnetic nanocrystal imaging core. The thermal decomposition method was used to synthesize the core and surface
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was functionalized by carboxyl polysorbate 80 to enhance water solubilization and conjugation of the targeting moiety. Amine-
functionalized aptamers were conjugated to the carboxylated magnetic nanosrystal that specifically bind to the VEGFR2. When
tested in vivo they could effectively target VEGFR2, showed excellent MRI sensitivity and no cytotoxicity.

Kessinger et al. [187] developed an an « f3,-specific nanoprobe consisting of fluorescent superparamagnetic polymeric micelles
(FSPPM) and used in in vivo imaging of tumor angiogenesis. Spherical micelles of poly(ethylene glycol)-b-poly(D,L-lactide) co-
polymers conjugated with the fluorescent dye tetramethylrhodamine, were loaded with SPIO NPs. The resulting micelle diameter
was determined to be 50-70 nm based on dynamic light scattering and transmission electron microscopy measurements. Micelles
were encoded with an « f8,-specific peptide, cyclic RGDfK, and optimized for maximum fluorescence and targeting in « f3 -
overexpressing cells in vitro. In mice, cRGD-FSPPM-treated animals have shown « f3,-specific FSPPM accumulation in human
lung cancer subcutaneous tumor xenografts.

Current challenges in Nanoprobe development

Enormous opportunities for designing and developing sensitive nanoprobes for molecular imaging have emerged in recent years.
The potential to diagnose and monitor several diseases in patients using nanoprobes has become possible in reality. However,
there remain considerable challenges to applying these nanoprobes in humans. In addition to the purity, dispensability and
stability of nanoprobes in physiological environments, the variable physicochemical properties of different nanoprobes might give
unexpected results when tested in vivo. As discussed in this review, nanoprobes might be systemically distributed in organs and
tissues. However, due to wide variation in the properties of nanomaterials, absorption, distribution, metabolism and excretion
characteristics are highly variable for nanoprobes [188-190].

It may take many years for clinical adaptation of nanoprobe-based molecular imaging to occur as these probes generally undergo
rigorous process of redesign, optimization and validation. Several issues need to be overcome before nanoprobes will be ready
for clinical translation. For example, i) the starting materials to construct a nanoprobe must be biodegradable and biocompatible,
ii) the synthesized nanoprobes must have high QY and a deep penetration ratio, iii) sufficient photostability is required, iv)
an appropriate surface coating is needed to avoid non-specifiic binding during circulation or RES uptake, v) they need to be
appropriate size and have a long half-life long enough for extravasation to occur, vi) they must have high specificity and selectivity
and vii) they must be multimodal and multifunctional. Apart from the imaging potential of these probes, the pharmacokinetics and
toxicity should be investigated. FDA approved, biodegradable and biocompatible materials are usually considered as good starting
materials for fabricating nanoprobes. Although imaging of tumors using nanoprobes is successful in small animal models, further
investigation is required to study unfavorable biodistribution and nonspecific accumulation of these probes. The major challenge
is to encapsulate or biofunctionalize the nanoprobe such that it can escape from the RES and also conjugate to specific targeting
molecules. Innovations in preparation of nanoprobes for imaging of deep tissues with high QY and deep tissue penetration are
also needed. The important clinical applications of nanoprobes will be imaging tissues close to skin. The use of multifunctional
nanoparticles would provide tumor assessment ability and intraoperative surgical guidance for tumor tissue resection [191,192].

Conclusion and Future Perspective

For many diseases, early detection is critical component to improving a patient’s survival. The development of new imaging
systems and imaging agents has significantly improved the ability to detect disease earlier in it progression. Nanoprobes have
immense potential to increase the sensitivity and specificity of imaging systems. Though these probes have several advantages,
the most important concern is the toxicity of these probes as these nanomaterials are made of metallic or inorganic components.
However, clinical applications of nanoprobes in diagnosis of liver lesions and cancer metastases in lymph nodes are available. There
should be clinical nanoprobes to target more metastatic sites such as brain and bones. Further investigation regarding the synthesis
and interaction between the nanomaterials and the tissues in the body will lead to possible design of safer nanoprobes. Another
promising application of nanoprobes is as theranostic agents that combine imaging and therapeutic modalities. Advanced designs
of nanoprobes and theranostic agents are anticipated to significantly improve patient care and compliance. There is a huge potential
of discovering novel agents with advanced and more efficient properties by combining multidisciplinary areas such as chemistry,
bioengineering, toxicology and clinical research.
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