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Abbreviations

ABC Accelerated blood clearance

AgNPs Silver nanoparticles

AuNPs Gold nanoparticles

CARS Coherent anti-Stokes Raman scattering
Ce0O2 Cerium dioxide

CNS Central nervous system

CT Computed tomography

ESIONs  Extremely small iron oxide nanoparticles
FDA Food and drug administration

FITC Fluorescein isothiocyanate

FRET Fluorescence resonance energy transfer
GBNs Gadolinium based-nanoparticles

GSH Glutathione

IeG Immunoglobulin G

IGT Image guided therapy

LLC Lewis lung carcinoma

MAP Maximum intensity projections

MCS Merocyanines

MPR Magnetic resonance-photoacoustic-Raman
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MRgFUS  Magnetic resonance-guided focused ultrasound

MRI Magnetic resonance imaging

MRS Magnetic relaxation switch

MSOT Multispectral optoacoustic tomography
NIH NIH-3T3- Mouse embryonic fibroblast cell line
OCT Optical coherence tomography

PAA Polyacrylic acid

PAI Photoacoustic imaging

PEG Polyethylene glycol

PLGA Poly(lactic-co-glycolic acid)

PSMA Prostate-specific membrane antigen
QDs Quantum dots

SCC Squamous cell carcinoma

SERS Surface-enhanced Raman spectroscopy
SiNPs Silica nanoparticles

SKOV3 Human breast cancer cell line

SLN Sentinel lymph node

SPIONs Superparamagnetic iron oxide nanoparticles
SP-PCL Spiropyran-terminated poly(e-caprolactone)
Ti(SP), Tetra spiropyran titanate

TiO2 Titanium oxide

UCL Upconversion luminescence
UCNPs Upconversion nanoparticles
ZnO Zinc oxide

5.1 Background of Bio-imaging

Bio-imaging aids in diagnosis of diseases using less invasive methods and specific
image guided treatments [1]. The fields of biology and medicine require bio-imaging
to visualize the anatomical structures and their function for diagnosis of the disease
and treatment. Medical imaging is an interdisciplinary field that employs the basis
of physics, statistics, mathematics, computer science, radiology, biology, nuclear
medicine, etc. [2]. Several technological advancements occurred over the last sev-
eral decades and emerged with new applications [2]. Significant development has
been shown in the field of bio-imaging over the last 50 years. The discovery of
X-ray in 1895 by Wilhelm Conrad Roentgen has revolutionized the area of bio-
imaging which further strengthened by contrast agents used to visualize bones and
blood vessels [3]. Further, nuclear biomedical imaging method has emerged as
potent technique with the use of gamma cameras. By 1906—1912, the application of
pharmaceutical contrast agents advanced the field of medical radiography for imag-
ing blood vessels and organs in the body. From 1971 to present, many other imaging
techniques are implemented in medical imaging in order to improve the image qual-
ity and explore various advancements. Different bio-imaging techniques that are
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being used are X-ray-based imaging, magnetic resonance imaging (MRI),
fluorescence-based imaging, computed tomography (CT), Raman based imaging,
luminescence upconversion imaging, etc.[4].The following section describes the
applications of various bio-imaging methods.

5.1.1 Types of Bio-imaging

The techniques of various bio-imaging methods used for the diagnosis of the

different diseases are described below:

e Computed tomography (CT): From the introduction in 1970s, CT has modern-
ized the disease diagnosis [5]. CT has many applications than other imaging
methods because of its lesser time to perform and mostly available to doctors for
conforming the diseases [6].

e X-ray microscopy: This is an important tool for cellular imaging. X-rays gener-
ally obviate the need of sectioning of the specimens as they can penetrate easily
into the thick biological samples [7].

e Magnetic resonance imaging (MRI): MRI employs a magnetic field and radio
waves for imaging organs and tissues of the body. This imaging technique has
changed the field of diagnosis by avoiding the exposure to harmful ionizing radi-
ation [8].

Other techniques are demonstrated in the latter sections of this review article.

5.2 Nanotechnology and Its Role in Bio-imaging

Nanotechnology plays crucial role in bio-imaging. The following sections will dis-
cuss the various roles of nanoparticles in bio-imaging use in different techniques.

5.2.1 Metal-Based Nanoparticles for Bio-imaging

Over the past decades, the field of nanotechnology has been grown in a wide range
for various fields. Multifunctional metal-based nanoparticles are introduced by vari-
ous scientists all over the world to treat various diseases such as cancer, diabetes,
cardiovascular diseases, etc. [9-11]. The diagnosis and the therapy as well as moni-
toring the therapeutic efficacy of various diseases became fruitful after the usage of
various imaging techniques. The high surface to volume ratio, size, and solubility of
nanoparticles help in moderating the pharmacodynamics and pharmacokinetics pro-
files of various agents (therapeutic, imaging) in enhancing their therapeutic efficacy
[12]. Researchers are still probing new nanomaterials for better efficacy in thera-
peutic as well as diagnostic purpose. Figure 5.1 shows the usage of inorganic
nanoparticles for therapy and imaging of tumor [12]. It has been observed that due
to the tunable size, easy fabrication, generation of ROS (reactive oxygen species),
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Fig. 5.1 Inorganic nanoparticles for tumor imaging and therapy. Reprinted with permission from
[12]. Copyright © 2016 American Chemical Society

energy transfer, X-ray absorption, and properties, inorganic nanoparticles are favor-
able choice for image guided therapy (IGT) as well as in bio-imaging.

5.2.1.1 Fluorescence-Based Imaging

Since long time, the fluorescence-based nanoparticles have been using for imaging
of various cells, tissues, organs, etc. for the biomedical applications which advanced
the current labeling technology. Dyes such as indocyanine green and fluorescein are
conventionally used. Fluorescence detection method generally depends on either
emission from externally administered markers (fluorescent) or the autofluores-
cence of the tissues coming from different concentrations of the fluorophores
(endogenous) or fluorescent materials induced [13, 14]. For example, Lai et al. pre-
pared FRET (fluorescence resonance energy transfer) based monitoring system
(real) which consisted four components, a) mesoporous silica nanoparticles for drug
carrier which was further labeled with coumarin (donor); b) FITC (acceptor)
attached beta cyclodextrin in order to trap the drugs inside the nanoparticles; c¢) to
release the drug molecule in a redox-responsive manner through disulfide linkage;
d) coumarin and FITC as FRET donor-acceptor pair for observing the drug release
[15]. The authors observed that under non-reducing conditions the disulfide bond
was intact that assisted the FRET between coumarin (donor) and FITC (acceptor).
The close proximity of both the donor and acceptor helped the process. The group
showed that in presence of glutathione (GSH), no FRET was observed between
donor and acceptor because of the breakage of disulfide bond. This process helped
in the drug release from the nanoparticles. The group mentioned that the donor-
acceptor pair could operate the drug release process by changing the FRET signal
in real time. On the other hand, Nakamura et al. prepared fluorescent organosilica
nanoparticles coated with PEG by one-step process for bio-imaging [16]. The group
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evaluated the stealth function of the nanoparticles by observing the kinetics, pat-
terns, and uptake of these nanoparticles using flow cytometry analysis and single
cells time-lapse microscopic imaging. Additionally, they observed that stealth func-
tion was not observed in case of PEG-insensitive macrophages, whereas it mostly
observed in PEG-sensitive macrophages. Finally, the interaction of the nanoparti-
cles with the immune cells helped in understanding the accelerated blood clearance
(ABC) phenomenon. Not only the silica-based nanoparticles, but also the carbon
dots are used as fluorescent-based imaging probes. For example, Bhunia et al.
chemically synthesized the carbon dot nanoparticles (size within 1-10 nm) for cell
imaging that exerted tunable emission in the visible region (blue to red) in a size
dependent manner [17]. They further modified these nanoparticles by surface func-
tionalization for cell imaging probes. Altogether, the authors concluded that these
non-toxic carbon dot nanoparticles could be used as an alternative to toxic nanopar-
ticles (cadmium based) useful for biomedical applications. In another example, Li
et al. used the next generation optical imaging method for noninvasive imaging of
tumor metastasis and vessel by near infrared emission (beyond 1500 nm) that
showed high sensitivity and resolution (spatial) [18]. The group prepared poly-
acrylic acid (PAA)-modified NaLnF;:40Gd/20Yb/2Er nanorods (Ln =Y, Yb, Lu,
PAA-Ln-NRs) having downshifted NIR-IIb emission. To validate its applicability,
the PAA-Lu-NRs were used in cancer therapy for small tumor detection in Lewis
lung carcinoma (LLC) tumor-bearing mouse model. The schematic representation
of the small tumor diagnosis in vivo model was carried out using PAA-Lu-NRs as
shown in Fig. 5.2a. The PAA-Lu-NRs were intravenously injected inside the tumor-
bearing mouse and images were captured at various time points (1-60 h) as shown
in Fig. 5.2b. At 1 h time point, the signals were mainly observed in spleen and liver.
After 24 h the signals were found in the tumor site and significantly increased upto
48 h, indicating the feasible application of the PAA-Lu-NRs as shown in Fig. 5.2b.
The bright NIR-IIb emission was observed in the spleen, liver, lung, and tumor site
of the mouse which corroborated the distribution trend in living mouse as shown in
Fig. 5.2c-d. Finally, the group concluded that the low toxicity, high quantum yield,
size uniformity, and narrow band emission capability made the nanoparticles useful
candidate for multimodal imaging.

5.2.1.2 Photoacoustic Imaging

Among different optical imaging techniques, the photoacoustic imaging has got
immense attention. It is generally based on the thermoelastic expansion of the tissue
after illuminating with the pulsed laser light, resulting in absorption of energy as
well as generation of heat. Actually, PAI (photoacoustic imaging) binds both the
properties of ultrasound imaging (the high penetration depth, sensitivity) along with
the pulsed laser light illumination (multispectral possibilities) [19, 20]. PAI is used
in various areas in biomedical applications such as vascularization, for detection
and monitoring of tumors, lymph nodes (sentinel), etc. [21-23]. Recently, several
nanoparticles are employed such as gold [24], polymeric nanoparticles [25], carbon
nanotubes [26], etc. for PAI [19]. For example, Wu et al. applied green synthetic
approach for the synthesis of carbon nanoparticles from honey for photoacoustic
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Fig. 5.2 (a) Schematic illustration of in vivo small tumor diagnosis by using PAA-Lu-NRs. (b)
NIR-IIb bio-imaging of LLC tumor-bearing mouse after intravenously injecting PAA-Lu-NRs at
different time periods. (¢) Digital photograph of tumor-bearing mouse and in vivo NIR-IIb fluores-
cent imaging of the tumor-bearing mouse (the green circle indicated the tumor site). (d) Digital
photographs of the isolated organs/tumor and the corresponding ex-vivo NIR-IIb imaging, respec-
tively. Reprinted with permission from [18]. Copyright © 2019 American Chemical Society

imaging (real time). Researchers used the solvent-free condition for surface modifi-
cation of those carbon nanoparticles with organic macromolecules [27]. Figure 5.3
shows the PA (photoacoustic) imaging of SLN (sentinel lymph node) in nude mice
at 650 nm laser. At different time point, images were captured: (1) before OCN
(luminescent carbon nanoparticles) injection, (2) after 2 min, (3) 210 min of postin-
jection. Blood vessels, SLN, and lymph vessel were clearly visible after 2 min of
injection. The PA control images before OCN injection referred as maximum inten-
sity projections (MAP). The enhancement of PA was observed 51 times in case of
SLN after 2 min of injection. The group revealed that after 210 min postinjection,
the contrast of the PA images decreased owing to rapid clearance of the particles
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Fig. 5.3 Noninvasive real-time in vivo PA imaging of SLN in nude mouse: For all PA images, the
laser was tuned to 650 nm wavelength. (a) Control PA image acquired before OCN injection. Red
parts represent optical absorption from blood vessels (BV); (b) PA image acquired immediately
(2 min) after the OCN injection; blood vessel (BV), lymph vessel (LV), and sentinel lymph node
are marked with arrows, and the SLN is visible in (b—e); however, the contrast is much weaker
after 210 min postinjection in (f). (g) 3D depiction of the SLN and BVs immediately after OCN
particles injection, (h) Photograph of the nude mouse before taking the PA images. The scanning
region is marked with a black dotted square. (i) Photograph of the mouse with the skin removed
after PA imaging, accumulation of dark-colored OCN particles is visible in lymph node; (j) excised
and isolated lymph node from mouse injected with OCN after 0.5 h and (k) injected with saline;
(1) PA signal enhancement in the SLN after the injection of OCN nanoparticle as a function of
postinjection time. For (a—d): FOV = 12 mm X 10 mm, step size along the X direction = 40 pm,
step size along the Y direction = 100 pm, raster scanning for a 3D image = ~1 min, B-scan frame
rate = ~1.5 Hz, total scan time = ~210 min. No signal averaging was used. Reprinted with permis-
sion from [27]. Copyright © 2019 Elsevier B.V
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from lymph node. The nude mice were photographed before and after PA images.
No dark color was found in case of saline-treated nude mice, whereas OCN-treated
nude mice demonstrated dark color accumulation of the nanoparticles. The group
revealed that there was a huge increment in the PA signal after injection which went
away in a time dependent manner. On another example, Kricher et al. designed
nanoparticles consisting of gold core useful for PAI, outer layer for SERS (surface-
enhanced Raman spectroscopy) along with a gadolinium-based layer for MRI [28].
Researchers employed this kind of MPR (magnetic resonance-photoacoustic-
Raman) nanoparticles to identify the tumors using MRI. Additionally, the deep-
seated tumor was localized using PAI and the fine margin re-sectioning was carried
out using SERS. Finally, the authors shed lights on the future applicability of this
PAI as noninvasive techniques by making it more clinically effective tools for imag-
ing. Apart from that, advanced PAI setups were enabled for the differentiation of the
background signals from the probe-specific signals. In this context, multispectral
optoacoustic tomography (MSOT) is used for the quantitative assessment of the
exogenous (porphyrin, methylene blue, etc.) and endogenous (hemoglobin, mela-
nin, etc.) contrasting agents [29] [30]. Meanwhile, in order to visualize the gastro-
intestinal cancer, PEGylated gold nanoparticles were successfully employed in
MOST as signal amplifiers. Similarly, to specifically target the integrin o,f; (over-
expressed in tumor neovasculature), RGD peptide conjugated gold nanoparticles
were prepared for PAI useful for sensitive angiography [31].

5.2.1.3 Raman Based Imaging

Raman based imaging is a powerful, noninvasive, label-free imaging technique used
for the study in different chemical processes in biology [32].The in-elastic scatter-
ing of the light (photon) from a particular object gives rise to Raman effect. It can
be performed in robust conditions and useful in providing the molecular details,
fingerprints of tissues, cells, etc. For example, Lu et al. developed gold nano-
popcorn functionalized with RNA aptamers and incubated in cancerous as well as
non-cancerous cells for imaging [33]. The authors showed that the central AuNP
(gold nanoparticle denoted as “popcorn”) acted as electron reservoir, whereas the
surrounding AuNPs focused the Raman field at the apexes. The group demonstrated
that in the cancer cells, the aggregated nanoparticles formed “hot spots” and pro-
moted surface-enhanced Raman scattering (SERS) imaging. Additionally, they
observed that Raman signal enhancement property differentiated the cancer cells
and normal cells. Finally, the authors concluded that this system could be used for
early diagnosis of cancer cells using Raman spectroscopy. Generally, Raman spec-
troscopy does not depend on the endogenous fluorophores and local environment.
Over the years, variants of Raman spectroscopy are explored to increase the sensi-
tivity and to address the problems of continuous Raman scattering. This new type of
imaging technique [Coherent anti-Stokes Raman scattering (CARS)] can improve
vibrational signals and has high speed video rate imaging capacity. Monger et al.
used this noninvasive technique in order to locate the metal oxide nanoparticles
[cerium dioxide (CeO2), zinc oxide (ZnO-NP), and titanium oxide (TiO2-NP)] in
gills of Oncorhynchus mykiss (rainbow trout) [34]. The authors observed the
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structures of the lamella in the gills after H and E staining using CARS techniques.
In addition, the group explained that the carbon- and hydrogen-rich structures
depicted the high strain uptake areas as observed by the CARS images. Also, they
detected the various sizes nanoparticles in the agarose gel and found aggregated
nanoparticles applying the Forward CARS. Small size nanoparticles were not
observed because of the reduction of the Forward CARS signal. Researchers showed
that small aggregated nanoparticles of TiO, generally located in the periphery of the
lamella for short time exposure, whereas under long exposure period the large
aggregated particles were found inside the secondary lamella [35]. In another exam-
ple, the uptake of PLGA [poly (lactic-co glycolic acid)] nanoparticles loaded with
C6-ceramide-d,; drug for targeting the epidermal growth factor receptor in SKOV3
cell was observed [36]. The uptake of the growth factor targeted nanoparticles in the
SKOV3 cells was observed after 2 h as shown in Fig. 5.4a. The non-targeted
nanoparticles did not enter the cells upto 6 h. The authors mentioned that the cell
body, nucleus (blue), endocytic vesicle (yellow), membrane organelles (green), and
the red colored nanoparticles were visible by applying the vertex component analy-
sis. The group demonstrated that overlaid of these components showed the nanopar-
ticles distribution in the cell. In another study, inside the PLGA nanoparticles
beta-carotene was encapsulated and the nanoparticles were incubated in NIH-3T3

1h 2h 3h
-.
0h 3h 6h

Fig. 5.4 The uptake of polymeric nanocarriers. (a) The uptake of epidermal growth factor recep-
tor targeted nanoparticles to SKOV-3 cells over time shows that particles enter after 2 h. Images are
overlays of the cell body and nucleus (blue), membranous organelles (green), early endocytic
vesicles (yellow), and nanoparticles (red). White arrows show regions of nanoparticle aggregation.
Reproduced with permission from [82], published by Springer Nature (2013). (b) The uptake of
f-carotene-loaded poly lactic-co-glycolic acid (PLGA) nanoparticles into murine NIH-3T3 cells
showing the cell body (cyan) and nanoparticles (red). Scale bar = 10 pm. Reproduced with permis-
sion from [83], Copyright John Wiley. Reprinted with permission from [36]. Copyright © 1996—
2019 MDPI (Basel, Switzerland)
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cells (mouse fibroblast) [36]. The presence of the double bonds (conjugated) and the
extended vibrational structure indicated the possibility of resonance Raman spec-
troscopy at a discrete wavenumber. Researchers observed that there were discrete
strong bands which are unique to the beta-carotene. The uptake of the nanoparticles
at different time points were shown in Fig. 5.4b, in which the cell body was observed
in cyan and the nanoparticles were in red.

5.2.1.4 MRI-Assisted Imaging

MRI imaging is based on nuclear magnetic resonance principle in which the hydro-
gen nuclei absorb radiofrequency pulses of the resonant and get excited in presence
of strong magnetic field [37]. The excited nuclei then returned back to the ground
state after emission of the absorbed radiofrequency. The different relaxation charac-
teristics of the hydrogen atom in presence of magnetic fields give contrast to the
MRI. It has been observed that paramagnetic materials increase the longitudinal
relaxation (T1 relaxation) resulting to brighter signals, whereas ferromagnetic as
well as superparamagnetic materials give rise to transverse relaxation (T2 relax-
ation) producing hypointense signal. Based on the concept, the gadolinium (Gd**)-
based and superparamagnetic iron oxide materials are used as contrasting agents
[38]. Earlier, T2 contrast imaging agent Feridex and Resovist (first generation) and
Combidex (second generation) were used to detect liver lesions, but they became
obsolete from the market owing to more usefulness of T1 contrast images [39].
There are various side effects of gadolinium-based agents like nephrogenic sys-
temic fibrosis, whereas the iron oxide nanoparticles are typically degraded in liver
and spleen and entered into the iron metabolism when injected intravenously [40,
41]. According to reports, the iron oxide nanoparticles are useful in MRI of gastro-
intestinal tract when administered orally. Additionally, the controlled size, tunable
magnetic property, crystalline nanoparticles can be obtained by synthesizing the
nanoparticles based on their thermal decomposition. This alteration in the synthesis
process results as an alternative to T1 contrast agents such as Gd (III) based along
with the T2 contrast agents which are highly sensitive. For example, ESIONs
(extremely small iron oxide nanoparticles) with size around 3 nm exerted high T1
contrast effect [42]. In another example, good T2 contrast effects were observed
from the 30 nm sized iron oxide nanoparticles owing to the facile cellular uptake of
the nanoparticles [43]. Also, it has been observed that 22 nm iron oxide nanoparti-
cles gave rise to stronger contrast effects attributed from the balanced magnetization
as well as diffusion rate predicted by the outer-sphere relaxation theory [44].
Furthermore, the surface modification of the nanoparticles, attachment of targeting
ligands (aptamer, folic acids, etc.), and functional molecules (fluorescent dyes)
potentiate the nanoparticles-based MRI contrast agents. Meanwhile, in order to
overcome the intrinsic drawbacks of MRI itself such as artifact signals, hypointen-
sity, or hyperintensity owing to the endogenous factors like fat, bleeding, metal
deposition, etc., the dual mode contrasting agents (T1-T2) came into action [45].
This system contained superparamagnetic nanoparticles along with paramagnetic
metal ions to provide better contrast. Apart from that, clustering of the nanoparticles
also creates problem by changing the T2 relaxation rate known as magnetic
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relaxation switch (MRS). Ling et al. reported an iron oxide nanoparticle which can
activate the MR signals in acidic environment because of the presence of the pH
responsive polymer surrounding it [46]. The authors observed that appearance of
strong T2 contrast effects retards the T1 contrasting effects in aggregated form.
Additionally, disassemble of the nanoparticles augmented T1 weighed MRI signal
in acidic condition. Other than the iron-based nanoparticles, lanthanide-based
nanoparticles hold superior position as MRI contrast agents. For example, NaGdF,
nanoparticles are used for T1 weighed MRI. Holmium-based, dysprosium-based
nanoparticles also got much attention due to their large magnetic moment along
with short relaxation time beneficial for high field MRI [47, 48].

5.2.1.5 CT Imaging

CT (computed tomography) imaging is a kind of whole-body imaging system which
has been widely used because of its high resolution as well as rapid acquisition
power [49]. It is based on the principle of the X-ray interaction with the contrasting
agents or body. The intensity of the X-ray generally measures from different angles
using computer, which captures the crosssectional images (tomographic) produced
due to the rotation of the detector and the X-ray tube. It is used to visualize organs
like brain, lung, gastrointestinal tract, abdominal portion as well as cardiovascular
system, etc. As the X-ray depletion property increases with increasing the atomic
number, high Z value is preferable option as CT contrast agents. In the clinical situ-
ations, iodine-based and barium-based contrasting agents are in use till date [50,
51]. Since high dose is required for CT scan, toxicity of the materials is major con-
cern. Barium sulfate suspension which has been used for long time for gastrointes-
tinal imaging showed renal and cardiovascular toxicity when administered in
intra-vascular route. On the other hand, iodine-based molecules such as iodixanol
and iopamidol were FDA approved for intravenous CT contrast agents. The induc-
tion of allergic reactions, lower blood circulation time as well as renal toxicity is
major drawbacks [50, 52]. Last but not least, the gold-based CT contrasting agents
are a great alternative than that of iodinated agents because of its easy synthesis
along its biocompatible nature. For example, Reuveni et al. injected the gold
nanoparticles conjugated with anti-epidermal growth factor receptor into the nude
mice which were implanted with human squamous cell carcinoma (SCC) head and
neck cancer [53]. Figure 5.5 shows the volume-rendered images of mouse under
X-ray computed tomography before injection with gold nanoparticles, postinjection
after 6 h with IgG-coated gold nanoparticles and the anti-epidermal growth factor
receptor targeted gold nanoparticles. The group observed that CT number of the
tumor targeted by the anti-epidermal growth factor receptor conjugated gold
nanoparticles was much higher than that of only gold nanoparticles injection, which
clearly showed that the attachment of the nanoparticles with the SCC head and neck
tumor resulted in high contrast effects. Finally, the authors shed lights on the future
applicability of this imaging technique for the detection of smallest tumors possible.
According to reports, almost 50 gm gold is required for each whole-body scanning
which makes it difficult to use in terms of cost. So, lanthanide metal such as
Ytterbium (Yb) can be a good alternative. But, the large-scale production of
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Fig. 5.5 In vivo X-ray computed tomography (CT) volume-rendered images of (a) mouse before
injection of gold nanoparticles (GNPs), (b) mouse 6 hours postinjection of nonspecific immuno-
globulin G GNPs as a passive targeting experiment, and (¢) mouse 6 hours postinjection of anti-
epidermal growth factor receptor (EGFR)-coated GNPs that specifically targeted the squamous
cell carcinoma head and neck tumor. The anti-EGFR-targeted GNPs show clear contrast enhance-
ment of the tumor (¢, yellow arrow), which was undetectable without the GNPs contrast agents (a,
yellow arrow). CT numbers represent the average Hounsfield units (HU) of the whole tumor area.
All scans were performed using a clinical CT at 80 kVp, 500 mAs, collimation 0.625 x 64 mm, and
0.521 pitch size (64 detector CT scanner, LightSpeed VCT; GE Healthcare, Little Chalfont, UK).
Reprinted with permission from [53]. Copyright © 2019, Dove Press Ltd.

lanthanide is a problem in order to utilize it as CT contrast agents. Even though the
radiation dose is high in case of CT, the vast availability and fast scanning speed
make it the most useful imaging tools [54—56]. Meanwhile the usage of the contrast-
ing agents arises conspicuity of the images, necessary action can be taken on the
administered dosage to reduce the radiation exposure resulting in safer imaging.
Also, the toxicity evaluation of the nanoparticles is urgently needed, for successful
translocation of the nanoparticles into clinical trials.

5.2.1.6 Multiphoton Microscopy Imaging

Now-a-days, the multiphoton imaging system has got paramount importance
because of their several advantages over whole-body imaging techniques like MRI
and CT scan [57, 58]. The multiphoton imaging system is a kind of anti-strokes
emission that creates shorter emission wavelength compared to wavelength of exci-
tation [59]. It is well known that it reduces the photobleaching of fluorophores as
well as decreases the damages of sample after photoinduction. Additionally, in com-
bination with infrared, this multiphoton fluorescence imaging system can minimize
the background autofluorescence and improve penetration depth [60]. But, most of
the multiphoton imaging dyes consist of small molecule; they are in general less
photostable which prohibit them for prolonged imaging and frequent excitation.
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Hence, metal nanoparticles-based multiphoton imaging probes are in good demand
owing to their ease surface modification, fictionalization and reduced photobleach-
ing capability. Among various nanoparticles, quantum dots (QDs) are well studied
in this area because of their tunable emission and broad multiphoton cross sections
[61]. In this context, quantum dots containing cadmium such as CdSe/CdS/ZnS
nanoparticles (two-photon imaging system) were studied which showed potential
toxicity. To address this toxicity issue, manganese doped ZnS nanoparticles (ZnS:
Mn) (three-photon imaging probes) have been used owing to their larger absorption
cross sections [62]. Despite their low toxicity value, they can penetrate deep as well
as enable more light to escape from the tissue. Simultaneously, this system decreases
the background fluorescence, the out of focus excitation and automatically escalates
the spatial resolutions. Other than the ZnS:Mn quantum dots, there are other QDs
which are well known for their non-toxic nature such as CulnS,/ZnS, etc. [63].
Meanwhile, the light scattering from biological tissue creates additional problem
during fluorescence imaging by using three-photon system that uses NIR laser. To
overcome the pitfalls, and to decrease the light scattering, it has been taken into
account that the three-photon system can be excited at second NIR-II range (1000—
1700 nm) to get better efficacy [64]. It has been observed that in the ZnS:Mn sys-
tem, the excitation of the manganese dopant at 1050—1310 nm light source is more
beneficial than excitation of the ZnS host at 600 nm laser because of the vast two-
photon cross sections of manganese ions which improves penetration depth. Apart
from that, there are several issues that need to take care to get a high-resolution
image in quick acquisition time using multiphoton imaging system.

5.2.1.7 Super Resolution Methods in Optical Microscopy

Super resolution methods for optical imaging have got immense attention after the
breakthrough invention of “Super resolved fluorescence microscopy” by Eric
Betzig, Stefan W. Hell, and William E. Moerner, those who got the noble prize in
2014 in chemistry [65, 66]. Since then, it has become a very captivating field in
the science. In 2014, Zhu et al. prepared biodegradable SP-PCL [spiropyran-ter-
minated poly(e-caprolactone)] nanoparticles using Tetra spiropyran titanate
[Ti(SP),] as precursor [67]. The authors explained that upon UV irradiation the
SP-PCL exhibited photochromism owing to the transformation of SPs into mero-
cyanines (MCs). The group observed that upon excitation at 420 nm, the SP-PCL
and MC-PCL exerted emission at green (530 nm) and red region (650 nm), respec-
tively. The group found out that owing to interconversion of both the forms (SP-
and MC-), SP-PCL nanoparticles showcased both the green and red fluorescence.
The authors declared that this biodegradable SP-PCL nanoparticle acted as poten-
tial candidate as fluorophores (photoswitchable) in super resolution microscopy
(localization based) in order to visualize sub-cellular nanostructures which is
higher than normal fluorescence microscopy. On the other hand, Lin et al. observed
that in order to detect the surface-enhanced fluorescence (SEF) on metal nano-
structures, photoactivation localization microscopy (PALM) have been studied
well [68].
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5.2.1.8 Luminescence Upconversion Imaging

Recently, the upconversion imaging probes have got huge attention in the field of
imaging owing to the longer luminescence lifetime and newly developed lumines-
cent probes. Upconversion generally follows a kind of anti-stokes mechanism,
where the photon absorption process occurs through intermediate electronic states
(real) [69]. Compared to multiphoton absorption, this imaging system provides
much higher emission frequency [70]. It has been observed that for the lanthanide
doped upconversion nanoparticles (UCNPs), it is possible to tune the emission
color by simply changing the composition of the elements due to dependency on
the energy levels of each elements other than its quantum confinement [71, 72].
Other advantages observed in case of lanthanides that the lifetime (luminescence)
can also be adjustable several folds (microseconds) useful for multiplex imaging
by using different types as well as the changing dopant percentages [70]. These
UCNPs are also useful for time-gated fluorescence imaging due to segregation of
light scattering from the nanoparticles emission which give rise to better contrast
[73]. According to reports, the lanthanide doped UCNPs exceeded the popularity
of organic-based materials owing to the triplet-triplet annihilated upconversion
along with enhanced photon collection efficacy arising from functionalization
with antenna materials (NIR dyes, QDs, etc.). Besides, they have extreme photo-
stability and chemical stability [74, 75]. Apart from that, there are several limita-
tions associated with these luminescence upconversion nanoparticles. First of all,
owing to the ladder like energy levels, multiple emission peaks appear in case of
lanthanide doped NPs. Thallium generates peaks at NIR, UV, blue region; erbium
gives both red and green emission [76]. Secondly, the heating effect of the laser
(980 nm NIR) is used in case of UCNPs, which can increase the temperature of
the water molecules rendering problems to the imaging techniques. It can cause
the damage to the tissue during in vivo imaging. To overcome this problem, Xie
et al. introduced the Nd**(ions) in the system that used laser (800 nm) with moder-
ate heating [77]. The used laser can be absorbed minimally by water which ulti-
mately solved the heating issue. The group mentioned that Nd** ions acted as
sensitized dopant in this system. They illustrated the idea of the core—shell strat-
egy that precisely described the control over the ions (acted as dopant) in forming
the core and shell layers of nanoparticles in Fig. 5.6a. The authors demonstrated
that the less amount of Nd** doping as a core led to less concentration quenching,
whereas high amount of doping in the shell layer carried out for effective harvest-
ing of light (~800 nm). Researchers observed that the absorption intensity was
much higher in case of Nd** doping (shell layer) compared to control (no Nd**
doping in the shell layer) at 794 nm as shown in Fig. 5.6a. They also found that
there was significant difference in the absorption intensity of the Nd** doped (shell
layer) and the Yb** doped (core) at 794 nm and 976 nm, respectively. The Nd**
doped (shell layer) demonstrated remarkable increase in intensity compared to
Yb** doped (core) nanoparticles. The absorption spectra of the system were nor-
malized at 976 nm as shown in Fig. 5.6b. Meanwhile, there are various applica-
tions of these UCNPs observed in in vivo system. Park et al. used Tm?* ~doped
UCNPs for optical imaging and trafficking of nanoparticles in lymphatic system
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Fig. 5.6 (a) Schematic design (top) and simplified energy level diagram (bottom) of a core—shell
nanoparticle for photon upconversion under 800 nm excitation. Nd3+ ions doped in the core and
shell layers serve as sensitizers to absorb the excitation energy and subsequently transfer it to Yb3+
ions. After energy migration from the Yb** ions to activator ions, activator emission is achieved via
the Nd3 + —sensitization process. (b) Near-IR absorption spectra of NaYF4:Yb/Nd(30/1%)
nanoparticles coated with an inert NaYF4 shell or an active NaYF4:Nd(20%) shell. The absorption
spectra were normalized at 976 nm for comparison. Reprinted with permission from [77].
Copyright © 2013 American Chemical Society

of mice [78]. Researchers mentioned that this high advanced NIR-NIR upconver-
sion luminescence (UCL) provided the luminescence profiles in SLN (sentinel
lymph node) tissues, organs, etc. even in feaces of mice for over one month study-
ing time. Additionally, the group observed the clearance of the injected NPs
through hepatobiliary site evincing from the flowing of the NPs rapidly via lymph
node to the main blood stream. Finally, the authors shaded lights on the future
applicability of the UCNPs in immunology along with biopsy analysis in
SLN. Another study laid by Jayakumar and co-workers, where they used this
UCNPs (silica-coated nanocrystals) in order to study the gene expression in
zebrafish model proved to be a game changer in this field [79]. The silica-coated
Ytterbium, Yttrium, and Thulium (lanthanide elements) exerted UV light when
activated by the NIR light resulting in the photoactivation in deep tissue. The
authors described that the knockdown of the notochord creator and mesoderm
modulating gene (—ntl) was light guided. In the adult zebrafish model, the
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knockdown was guided through GFP transplanted tumor cells using NIR light.
Additionally, the embryos as well as the adult zebrafish were imaged which gave
future direction of potential use of this system in development of biologics.

5.2.2 Image Guided Disease Therapy Using Nanoparticles

The major challenges of cancer including early detection, limitations of chemo-
therapeutic agents, and continuous monitoring of metastatic cancer cells require a
strategy in order to visualize as well as fight against them. Therefore, nanotechnology-
based approaches are emerging as vital platforms for disease diagnosis and therapy.
Image guided disease therapy means simultaneous imaging and therapy of the dis-
ease which is a combined approach to understand the localization of therapeutic
molecules in real time. This strategy also enables in estimating the therapeutic effect
of the nanoconjugates in the body by imaging the tumor volume [80]. Nanotechnology
offers conjugation of imaging molecules (fluorescent agents, MRI contrast agents,
etc.) and therapeutic molecules together in order to visualize the tumor and also for
treatment [81]. Various research groups have practicing in the development of such
kind approaches using different types of nanomaterials. Among all, iron nanoparti-
cles are widely employed for the image guided therapy. For example, Yu et al. devel-
oped nanotheranostic approach for prostate cancer therapy [82]. The authors
designed thermally cross-linked superparamagnetic iron oxide nanoparticles (TCL-
SPIONSs) conjugated with aptamer which is specific ligand for prostate-specific
membrane antigen (PSMA) and loaded with doxorubicin as anticancer agent. The
Apt-hybr-TCL-SPION nanoconjugate exhibited the tumor-specific uptake in
LNCaP xenograft mouse model. The study explained dual role of iron oxide
nanoparticles for imaging and therapy of prostate cancer. Similarly, Tomitaka et al.
synthesized magnetic core/gold shell (MNP@ Au) magneto-plasmonic nanoparti-
cles for MRI imaging of brain diseases [83]. The as-synthesized nanoparticles dis-
played superparamagnetic properties and MRI contrast applications. Further,
magneto-plasmonic nanoparticles could be able to cross the BBB (blood—brain bar-
rier) as confirmed by transmigration study in vitro. Considering these observations,
the authors claimed that magneto-plasmonic nanoparticles help in treatment of neu-
rological disease. On the other hand, Satpathy et al. developed amphiphilic polymer
iron oxide nanoparticles conjugated with HER2 affibody labeled with NIR dye as
targeted agent and cisplatin as chemotherapeutic agent [84]. The study demon-
strated that iron oxide nanoparticles significantly suppressed the primary and meta-
static ovarian tumor growth observed in xenograft mice model. Duc et al. developed
Gadolinium based-nanoparticles (GBNs) for image guided radiation therapy for
brain tumors [85]. The group stated that the GBNs were able to induce MRI contrast
and radiosensitizing effect. The GBNs were activated by X-ray microbeams to kill
the brain cancer cells resulted in increased lifespan of rats bearing the brain tumors.

Gold nanoparticles (AuNPs) are also widely employed for the image guided
therapy. Due to their unique photonic properties, AuNPs are employed as optical
contrast agents [86]. Optical coherence tomography (OCT) and photoacoustic (PA)
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imaging are the two important imaging modalities which employs the light scatter-
ing or absorption properties of AuNPs [87]. For example, Etame et al. demonstrated
the magnetic resonance-guided focused ultrasound (MRgFUS) using AuNPs to
deliver therapeutic agents for central nervous system (CNS) [88]. The authors found
that AuNPs were able to deliver the therapeutic agents into CNS in presence of
focused ultrasound. Similarly, Gao et al. nicely described the image guided therapy
using AuNPs with graphene oxide (GO) [86].The AuNPs were seeded on to GO to
form GO/Au complex which was conjugated with Cy5.5 labeled-matrix metallo-
proteinase-14 (MMP-14) substrate (CP) [CPGA: final conjugate]. The CPGA
exhibited the high fluorescent and PA signals in the mice bearing the SCC7 tumor
and able to inhibit the tumor growth upon irradiation using laser.

5.2.3 Biosynthesized Nanoparticles for Bio-imaging

In recent times, biosynthesized nanoparticles are also employed for bio-imaging
applications. For instance, our group for the first time demonstrated the bio-imag-
ing applications of biosynthesized nanoparticles silver:b-AgNPs prepared by Olax
scandens leaf extract [89]. We observed that the Olax scandens plant contains dif-
ferent phytochemicals attached to the nanoparticles during the synthesis (in situ)
which could be used for fluorescence-based bio-imaging. The b-AgNPs displayed
the red color fluorescence upon administration in A549 cells [89, 90]. UT or con-
trol cells did not show any fluorescence (Fig. 5.7a). The only leaf extract showed
less fluorescence due to lesser uptake by the cells as shown in Fig. 5.7b. Similarly,
the b-AgNPs exhibited the red color fluorescence in BI6F10 cells, whereas the
chemically synthesized silver nanoparticles (c-AgNPs) did not show any fluores-
cence inside the cells as shown in Fig. 5.7c-d, respectively. The phase contrast
images of various treatment groups and control cells are shown in Fig. 5.7a’-d’.
Interestingly, the normal cells did not show the fluorescence color. However, this
cancer cell specific property of these biosynthesized silver nanoparticles is yet to
understand. The bio-imaging properties of biosynthesized nanoparticles show the
future directions to develop the plant-based fluorescence molecules towards bio-
medical applications.

5.3 Clinical Status of Nanoparticles-Based Bio-imaging

Presently, various nanoparticle-based imaging agents are approved for clinical uses
which by FDA or some in clinical trials. For example, definity is an FDA approved
perflutren lipid microspheres used as ultrasound contrast agents [91].These micro-
spheres are the lipid microspheres filled with gas which reflect the sound waves to
provide the better contrast picture. Generally, these microspheres are administered
through intravenous injection for the diagnosis of heart diseases. Similarly, Optison
(GE Healthcare) is also another contrast agent approved by FDA which is a human
serum albumin stabilized perflutren microspheres [91]. Further, ferumoxytol is
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Fig. 5.7 Fluorescence and
the corresponding phase
images of untreated B16
cells and cells treated with
Olax, b-AgNPs, and
c-AgNPs, observed by an
Olympus Fluorescence
Microscope. Fluorescence
images of B16 cells treated
with (a) untreated or
control, (b) Olax (100 pg/
ml) leaf extract, (¢)
b-AgNPs (at 30 pM), and
(d) c-AgNPs (at 30 pM).
Images of a’,b’,c’, and d’
correspond to phase
images. All the treated B16
cells were extensively
washed with DPBS (6
times) before taking the
fluorescence images. It is
to be noted that there is no
significant cell killing
observed at

30 pM. Reprinted with
permission from [89].
Copyright ©2019
Ivyspring International
Publisher

another FDA-approved imaging agent for off-label as MRI angiography agent as
well as for iron deficiency anemia [92]. AuNPs-based formulations are also approved
by FDA for diagnosis applications. For instance, Verigene® is a gold nanoparticle-
based formulation approved by FDA for diagnosis of Gram positive bacterial infec-
tions in blood stream [93]. This technology employs advanced automation for rapid
detection of nucleic acids and proteins at the molecular level.

5.4 Challenges and Future Perspectives

Whether the nanoparticles for bio-imaging or therapy, the challenges are remaining
same for clinical translation. Currently, nanoparticles are mostly used for healthcare
applications because of their unique physicochemical properties. Especially, many
researchers focused on development of various metal nanoparticle (AuNPs, AgNPs,
SiNPs, iron NPs, etc.) based formulations for disease diagnosis and therapy.
However, according to the experts, the toxicity concern of nanoparticles is not
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completely addressed [94]. Further, investigation of nanoparticle interaction with
the biomolecules (proteins, nucleic acids, lipids, and sugars) is very important to
understand the toxicity profiles. Also, pharmacokinetics and pharmacodynamics are
the crucial factors for evaluation of nanoparticle toxicity [95]. On the other hand,
sometimes the in vitro toxicity responses of nanoparticles cannot be correlated with
the in vivo systems without proper investigation. Therefore, toxicological investiga-
tion needs to be performed very carefully before translating them into human use.
Additionally, bioavailability and clearance of nanoparticles is a major concern
which should be undertaken for conducting the toxicity evaluation. Therefore, the
functionalized nanoparticles should first pass through above stated criteria in order
to keep them for the clinical use.

5.5 Conclusion

Several nanoparticles are emerged as probes for in vivo bio-imaging. Nanoparticles
as imaging contrast agents are shown to be alternative for conventional small mol-
ecules for better imaging. Additionally, their less toxic effects and long circulation
time enable them as the suitable candidates for bio-imaging. Moreover, multiphoton
or upconversion based imaging methods make use of NIR light to acquire the
images from deeper tissues. Despite of advantages, nanoparticle-based bio-imaging
cannot completely replace the conventional imaging dyes or contrast agents due to
some other issues like bio-degradability, immunogenicity, bio-availabilities, and
clearance. Therefore, further research on nanotechnology is required for improving
the effectiveness of the imaging techniques to diagnose the disease with more
accuracy.
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