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A B S T R A C T   

Recent advancements in the field of nanotechnology have enabled targeted delivery of drug agents in vivo with 
minimal side effects. The use of nanoparticles for bio− imaging has revolutionized the field of nanomedicine by 
enabling non-invasive targeting and selective delivery of active drug moieties in vivo. Various inorganic nano
materials like mesoporous silica nanoparticles, gold nanoparticles, magnetite nanoparticles graphene− based 
nanomaterials etc., have been created for multimodal therapies with varied multi− imaging modalities. These 
nanomaterials enable us to overcome the disadvantages of conventional imaging contrast agents (organic dyes) 
such as lack of stability in vitro and in vivo, high reactivity, low− quantum yield and poor photo stability. 
Inorganic nanomaterials can be easily fabricated, functionalised and modified as per requirements. Recently, 
advancements in synthesis techniques, such as the ability to generate molecules and construct supramolecular 
structures for specific functionalities, have boosted the usage of engineered nanomaterials. Their intrinsic 
physicochemical properties are unique and they possess excellent biocompatibility. Inorganic nanomaterial 
research has developed as the most actively booming research fields in biotechnology and biomedicine. Inorganic 
nanomaterials like gold nanoparticles, magnetic nanoparticles, mesoporous silica nanoparticles, graphe
ne− based nanomaterials and quantum dots have shown excellent use in bioimaging, targeted drug delivery and 
cancer therapies. Biocompatibility of nanomaterials is an important aspect for the evolution of nanomaterials in 
the bench to bedside transition. The conduction of thorough and meticulous study for safety and efficacy in well- 
designed clinical trials is absolutely necessary to determine the functional and structural relationship between 
the engineered nanomaterial and its toxicity. In this article an attempt is made to throw some light on the current 
scenario and developments made in the field of nanomaterials in bioimaging.   

1. Introduction 

The advancements of imaging modalities are constantly being 
pushed by the compelling and desperate need for early detection and 
diagnosis. Detailed and faster results in imaging of tissue lesions and 
microstructures using nontoxic contrast agents with elongated reten
tion/circulation time is a major challenge in the current scenario (Han 
et al., 2019). Nanotechnology plays a major role in offering possibilities 
for enhanced imaging. Nanoparticles as imaging contrast agents are one 
of the most promising and highly beneficial to clinical practice. The first 

and crucial step in clinical practice is the early disease diagnostics and 
detection (Ryvolova et al., 2012). Medical imaging technology time and 
again plays the most significant role in the early diagnosis, detection and 
therapeutic response assessment of various diseases. Since the origina
tion of X-ray technology various other non-intrusive methodologies 
have been originated. These techniques have been successfully adapted 
to various fields ranging from clinical diagnosis, drug discovery and cell 
biology. Significant advancements in the fields of information technol
ogy, electronics, image processing and nanotechnology have benefitted 
the biomedical imaging research to a great extent (Murray et al., 2000). 
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The use of fluorescent probes has rendered feasibility to view specific 
biological in viable and nonviable specimen. The synthesis of fluo
rescing luminescent engineered nanoparticles is contemplated to be 
constitutive to the evolution of next set of theranostic imaging tech
nologies (Mahmood, 2004). 

Ultrasound imaging (USI), magnetic resonance imaging (MRI), 
positron emission tomography (PET), Computed tomography (CT), op
tical imaging (OI), and emission of a single photon CT (SPECT) are non- 
intrusive optical imaging techniques that have been developed and are 
currently in use (Högemann and Basilion, 2002; Pomper MG, 2004). 
Each of these techniques differs in terms of various factors like resolu
tion, sensitivity, and time for data accession, complexity and monetary 
cost. In general, various techniques in imaging are only supplementary 
and the choice of technique depends on the sample in question. Light 
microscopy (luminescence and fluorescence imaging) has been the 
go− to technique for imaging of biological specimens and is at present 
inviting significant interest as various technological advancements 
provide significantly improved capabilities. MRI has seen a remarkable 
growth in medical diagnostics specifically for soft tissues. Multifunc
tional nanoparticles are a step forward in MRI− based soft tissue imag
ing. Multimodal nanoparticles are created by incorporating a 
paramagnetic ion and a luminescent core into the same interface 
(Kircher et al., 2003; Santra et al., 2005). Thus, the multimodal nano
particles can be detected by MRI and OI in a simultaneous manner. The 
advantage of using such particles is the increased sensitivity due to 
optical detection and ability to obtain a 3− D image of biological micro 
and nanostructures and processes at cellular level (Faiz Kayyem et al., 
1995; Moats et al., 1997). 

Light is arguably one of the most versatile radiation used in imaging 
due to its nonintrusive nature and ability to bring about a contrast by 
interference, coherence, intensity, polarization, wavelength, (Dunn 
et al., 2001; Tearney et al., 1997) nonlinear effects and lifetime. Various 
optics based imaging techniques have utilized interaction of various 
physical parameters of light with tissues (Alivisatos, 2004; Licha and 
Olbrich, 2005; Ntziachristos et al., 2005; Rudin and Weissleder, 2003; 
Weissleder and Ntziachristos, 2003). Fluorescence microscopy has 
evolved as one of the most significantly relevant imaging techniques 
among the many accessible optical imaging techniques. The intrinsic 
fluorescing capacity of the fluorophore determines optical fluorescence 
which is depicted in Fig. 1. 

When a quantum of specific energy hits the fluorophore, it excites 
electrons and pushes them to a higher energy level (S1, S2), from the 
ground state. Since various electrons possess various vibrational and 
rotational energies, the shift to a singlet state necessitates a move to a 
higher electrical state with a corresponding rotational or vibrational 
energy. During this process, a part of the electrons energy is lost, most 
typically through a nonradioactive thermal decay as a result of which a 
photon at lower energy is emitted. The Stokes shift is the difference in 
wavelength between the excitation wavelength and the wavelength of 
the emitted light. In fluorescence imaging technique, an external light 

source emits the energy which is captured and absorbed by the imaging 
dyes introduced by injection near the tissue or tumour site. This light 
energy is instantaneously reemitted with a lesser energy and longer 
wavelength, which is then captured by the detector. Auto fluorescence, 
scattering of light and high absorption by tissue haemoglobin in the mid- 
visible band are all common constraints to optical imaging of any tissue. 
Varied penetration depths can be attained by altering the wavelength of 
light employed and the fluorophore used (Graves et al., 2004; Licha 
et al., 2001; Ntziachristos et al., 2004). For example, tissue chromo
spheres i.e., deoxy− and oxyhaemoglobin, strongly absorb photons in 
the UV− vis spectral range within the first few micrometres of tissue 
thickness, thus limiting the penetration of the photons. On the other 
hand, due to minimal surface tissue absorbency in the specific spectral 
region, near− IR light of 650− 900 nm, achieves the greatest tissue 
penetration (Graves et al., 2005, 2003). 

2. Conventional contrast agents for Imaging and their 
limitations 

The most frequently used fluorophores are organic fluorescent dyes. 
Carboxyfluorescein− diacetatesuccinimidyl ester and fluorescein iso
thiocyanate dyes have been commonly used in various biological ap
plications. These dyes are commonly used to tag antibodies and 
molecules used in the staining of cells or organelles (Lyons and Parish, 
1994; Weston and Parish, 1990). The problem with using these organic 
dyes however outweighs the benefits. The main limitation to using 
conventional contrast agents are,  

i. They are extremely vulnerable to photobleaching, which can 
occur rapidly (Fig. 2). They are unable to emit fluorescence over 
extended periods of time. This makes them unfit for bioimaging 
investigations over long periods of time (Chan et al., 2002; 
Walker et al., 1998).  

ii. Organic fluorescing molecules are unsuitable for concurrent 
multicolour imaging because most organic dyes have a broad 
emission spectrum that can interfere and overlap with other 
fluorophores’ emission spectrum. The excitation wavelength of 
each fluorophore is different. As a result, using multiple excita
tion sources becomes important.  

iii. Local chemical environment and factors such as pH, interacting 
ions, etc can alter and interfere with the Emission or excitation. 

iv. Overlapping of emission from dyes can occur over auto fluores
cence from tissues. Low quantities of fluorophores such as nico
tinamide (NAD [H]), collagen, flavins and elastin cause auto 
fluorescence in tissues. These molecules give a background 
fluorescence which occurs in the same region as the fluorescence 
of organic dyes. Most dyes that fluoresce in the visible area suffer 
from this limitation. Externally administered fluorochromes that 
fluoresce in the near-infrared range, such as the cyanine class of 
dyes, are increasingly being employed in fluorescence imaging to 
bypass this constraint (Lin et al., 2003). Nevertheless, most 
common dyes that possess fluorescence emission beyond 
~850 nm suffer from low quantum yield, low brightness and 
insufficient photostability (Frangioni, 2003; Kim et al., 2004). 

3. Optically active nanomaterials 

Many nanoprobes have been engineered and used in bioimaging of 
tissues and treatment of diseases ranging from cancer to cardiovascular 
and inflammatory illnesses (Lim et al., 2012). Functionality of optically 
active nanoparticles depends on reliable and precise fabrication tech
niques. Various methods of synthesis of nanomaterials are discussed in  
Table 1. Optics-responsive inorganic and organic nanoparticles (Fig. 3) 
as imaging contrast agents for bioimaging applications have been 
elaborated below. 

Fig. 1. The Jablonski diagram.  
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3.1. Inorganic nanoparticles as imaging contrast agents 

Inorganic nanoparticles which are optically active are those which 
are capable of producing fluorescence or light dispersed under appro
priate optical excitation by means of an inorganic material. Several 
optically active inorganic nanoparticles are used in optical bioimaging. 

3.1.1. Magnetic nanoparticles 
Magnetic nanoparticles have achieved considerable reactivity due to 

their imminent application in optical, magnetic and electronic mecha
nisms (Thorek and Tsourkas, 2008). They were extensively used to 
extend the platforms to target molecular imaging and theranostic pur
poses which take advantage of magnetic nanomaterial characteristics. 
Because of certain unique properties such as biocompatibility, less 
toxicity, distinct surface chemistry and other promising pharmacoki
netic properties in blood and persistent tissue retention times. Generally, 
Magnetic have been used in single or multimodal imaging techniques 
(Huang et al., 2016; Lee et al., 2015). Besides the new expansions in 
molecular imaging and the growing demand for specific and effective 
imaging for identification and treatment, there is a revitalised advantage 
in emerging Iron oxide nanoparticles aimed at utilization in biomedical 
imaging. 

There are various methods of preparing magnetic nanoparticles like 
physical, chemical and biological methods and each synthetic pathway 
has advantages and disadvantages. Physical synthetic methods such as 
ball milling, gas/aerosol deposition, electron beam lithography, laser- 
induced pyrolysis and pulsed laser ablation were simple to implement, 
it’s difficult to control the size of the particles that may leads to various 
shapes. Chemical methods are efficient and simple which includes co- 
precipitation, thermal decomposition, hydrothermal, sol-gel, and 
micro emulsion. The synthesized nanoparticles have irregular shapes 
and they depend on the reagents used, temperature and pH. The bio
logical means such as the use of magnetotactic bacteria are depicted by 
suitable reproducibility and scalability, which are also cost effective and 
produces great yield (Creţu et al., 2021). 

There are few works reported that surface modification or func
tionalization of magnetic nanoparticles which are referred to as iron 
oxide core magnetite shells consists of Iron oxide (Fe3O4), Super
paramagnetic iron oxide nanoparticles, Iron oxide nanoparticles, and 
Ultrasmall Superparamagnetic Iron oxide nanoparticles along with 
biologically compatible materials that has been used for imaging pur
poses (Ansari et al., 2019; Zhu et al., 2018). There are various shell 
coatings (Radhakrishnan et al., 2016) that have been used as encapsu
lation materials of proteins such as albumin (Vismara et al., 2017), 
gelatin (Murata et al., 2017), collagen (Belkahla et al., 2020) or poly
saccharides like chitosan (Balan et al., 2015), alginate (Castelló et al., 
2015), dextran (Naha et al., 2015), starch (Tudorachi et al., 2018), etc. 
This has been used for different imaging applications of MRI, PET, CT, 
SPECT and optical imaging (Fig. 4). In addition, the research is quite 
necessary to expose their ability as a potential candidate for the 

ingenious functionalization of metallic oxide nanomaterials to 
bioimaging. 

3.1.2. Gold nanoparticles 
Among metallic nanoparticles, silver and gold nanoparticles are most 

often investigated for biomedical applications. In the case of silver 
nanoparticles (SNPs), the area of application is restricted due to its toxic 
effects (Asharani et al., 2011, 2008). The unique features such as 
biocompatibility, optical property which is size dependent and stability 
were identified as the extraordinary benefits of gold nanoparticle 
(GNPs) to focus towards bioimaging (Bansal et al., 2020). There are 
various optical bioimaging techniques that are based on GNPs such as 
Localized Surface Plasmon Resonance (LSPR) imaging, 
Surface-Enhanced Raman Spectroscopy (SERS) imaging and Lumines
cence imaging (Kang et al., 2020). 

Apart from the above characteristics, the use of GNPs in biomedical 
imaging techniques such as X-ray CT, dark field microscopic imaging, 
photoacoustic imaging, magnetic resonance imaging, and fluorescence 
imaging are widely accepted (Cole et al., 2015). The functionalization or 
the modification of GNPs with chemicals or biomolecules are useful for 
the diagnosis of diseases as imaging in the mode of probe (De 
Juan-Franco et al., 2013). Several studies have investigated the exploi
tation of GNPs as theranostic cancer probes, because of their exceptional 
optical characteristics which are not perceived in massive gold formu
lations. GNPs have incredible prospective for use as convenient fluo
rescent, probes that are non− bleaching as well as contrast agents for 
both in− vitro and in− vivo bioimaging (Aydogan et al., 2010; Cheng 
et al., 2015). 

The GNPs possess unique optical properties and ease surface alter
ation ability makes GNPs ideal for bioimaging applications (Meir and 
Popovtzer, 2018; Repenko et al., 2018). In recent years, GNPs have 
drawn attention among the researchers due to their unique physico
chemical features. GNPs are optically and electronically active, chemi
cally stable, biologically compatible and adaptable to all functionality 
that depends on their size and shape. These unique properties of gold 
nanoparticles have immense possibilities to be used in various 
biomedical applications. A new approach focused on CT as an imaging 
technique and GNPs as contrast agent, has gained significant attention in 
its potential therapeutic application (Meir and Popovtzer, 2018). 

Photoacoustics imaging is a versatile biomedical imaging (BI) tool 
for deep tissue imaging with immense significance for clinical visuali
zation application. Repenko et al. (2018) demonstrated the melanin 
shells around the GNPs geometrics (from spheres to star and rods) 
improved the Photoacoustic (PA) competence. The melanin coatings 
reduced the cell toxicity as bioidentical surface coating (Repenko et al., 
2018). The melanin coated GNPs display the powerful particles for in 
vivo PA imaging, particularly to be used as gastrointestinal PA imaging 
probes. The presence of the melanin coating completely avoided the cell 
death in case of gold rods. The cell viability improved over 90 % 
(melanin coating) and considerably improved cell proliferation in case 

Fig. 2. Fluorescence loss due to photobleaching.  
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of silica− core gold− shell particles (SiAuMel) and Gold nano stars 
(AustarsMel). The surface modification of melanin coatings with 
biomedical identification motifs may contribute to targeted imaging 
probes for accurate detection and localization in order to acquire bio
medically pertinent molecular data. Kang et al. (2020) synthesised nano 
porous GNPs by implementing pulsed electrochemical deposition pro
cedure utilizing an anodic aluminium oxide template for repeated 
Ag− Ag− Au nano segments and succeeding selective Ag phase etching. 
The internal porous structure of nano porous GNPs displayed a 15 nm 
gap size. The surface of nano porous GNPs was altered with mercapto
succinic acid and mercaptopropionic. The mercaptosuccin acid altered 
nano porous GNPs displayed light triggered drug releasing for doxoru
bicin (Kang et al., 2020). Their study suggested that light irradiation on 
the nano porous GNPs induce local photothermal heating to cause the 

doxorubicin to be released form the nano porous GNPs. The in-vivo 
fluorescence imaging study showed that mercaptopropionic altered 
nano porous GNPs effectively functioned for controlled release of 
doxorubicin in mouse during light irradiation. The light triggered 
releasing may be useful for drug delivery and in vivo photothermal 
therapy. 

In recent times, different coatings of GNPs have been developed for 
targeting the macrophages due to their unique optical properties, 
biocompatibility and less cytotoxicity. One of the important parameters 
in macrophage targeting is the nanorod brightness, choosing of nano
rods aspect ratio and determines the sensitivity of an imaging system. 
Two photo luminescence microscopy is another common bio-imaging 
approach that overcomes the challenges posed by certain optical im
aging techniques like auto-fluorescence of living tissues. The high spatial 
resolution with 3D images can be obtained from luminescence micro
scopy. Wang et al., 2013 used a laser scanning Two− photon lumines
cence (TPL) microscope to study the TPL characterization of nanorods 
with four different aspect ratio of nanorods with surface plasmon reso
nance at 700, 756, 844 and 1060 nm, respectively (Wang et al., 2013). 
Among the four wavelengths studied the nanorods with surface plasmon 
resonance at 756 nm were observed to be strongest TPL signal. Their 
study suggested that GNPs are the promising imaging contrast agent for 
Two− photon luminescence and the brightness of the nanorods for spe
cific application can be known by comparison of TPL brightness, Two 
photon action cross section and TPL emission spectrum. The gold 
nanostructures with various morphologies functions as contracts agents 
and are also suitable for photoacoustic imaging (Xi et al., 2012). Gold 
nanocages have been used in variety of nanomedicine applications due 
to their unique properties. Photoacoustic tomography (PAT) is a 
powerful bio− imaging technique and Au nanocages are known to 
improve the PAT efficacy (Xia and Xia, 2014). PAT represents a unique 
and low cost approach to determine the angiogenic status of cancers 
such as head, neck, breast, skin etc before or during the therapy spe
cifically antiangiogenic treatment, using angiogenesis as the origin of 
treatment, as an indication of disease recurrence (Pan et al., 2011). PAT 
contrast agents have been documented based on dyes (Wang et al., 2005; 
Xie et al., 2005); GNPs, nanocages (Pan et al., 2010; Yavuz et al., 2009). 

Yang et al., 2007 reported Au nanorods as contrast agent (intravas
cular) for Photoacoustic tomography imaging in rat model (imaging of 
cerebral cortex and sentinel lymph nodes) (Yang et al., 2007). Kim et al., 
2010 demonstrated the use of [NIe4, D− Phe7] –α− melanoma stimu
lating hormone conjugated Au nanocages as contrast agent for in-vivo 

Table 1 
Various methods of nanomaterial synthesis in Top Down and Bottom Up Ap
proaches (Biswas et al., 2012)(Khan et al., 2017).  

Approach to 
Synthesis 

Techniques Used Salient Features 

Top-Down 
Approach 

Optical Lithography Dependable degree of resolution at high 
throughputs, long-established micro/ 
nanofabrication tool specifically for chip 
manufacture. 

E beam Lithography A widely used technique and equipment 
for nanofabrication that produces 
desired shapes for < 20 nm 
nanostructures in research 
environments. 

Block Co-polymer 
Lithography 

A low-cost, high-throughput approach 
that works well for large-scale, densely 
packed nanostructures that allows for 
the fabrication of a variety of 
nanostructure shapes, including spheres, 
cylinders, and lamellae by parallel 
assembly. 

Soft and nanoimprint 
Lithography 

Making ultra-small features (<10 nm) 
with a simple, efficient tool for 
nanofabrication based on pattern 
transfer. 

Scanning Probe 
Lithography 

High resolution chemical, mechanical, 
and molecular nanopatterning 
capabilities, precisely controlled 
nanopatterns in resists for transfer to 
silicon, and the capacity to handle large 
molecules and individual atoms. 

Bottom-Up 
Approach 

Atomic layer 
deposition 

By depositing one atomic layer at a time, 
it is possible to achieve atomic level 
accuracy, pinhole-free nanostructured 
films over broad surfaces, high 
reproducibility, and adhesion since 
chemical bonds are formed at the first 
atomic layer. 

Molecular Self 
assembly 

Allows for the self-assembly of 
atomically precise nano systems by 
producing deep molecular nanopatterns 
with a width of less than 20 nm. 

Sol-gel nano synthesis A low-cost approach for creating a wide 
range of nanomaterials, including 
multicomponent materials (glass, 
ceramic, film, fibre, and composite 
materials). Usually difficult to regulate 
synthesis, not easily scalable, and the 
subsequent drying procedures. 

Vapour deposition 
(Physical and 
Chemical) 

Adaptable nanofabrication tool for the 
creation of nanostructured materials, 
like complex multicomponent nano 
systems (such as nanocomposites), 
controlled simultaneous deposition of a 
variety of materials, such as metal, 
ceramics, semiconductors, insulators, 
and polymers, high purity nanofilms, a 
scalable process, and the potential to 
deposit porous nanofilms  

Table 2 
Inorganic nanomaterials and organic nanomaterials with optical activities and 
their applications in biological imaging.  

Type of 
Nanomaterial 

Application in Imaging Reference 

Lanthanide 
nanoparticles 

Fluorescence Imaging Contrast 
Agents 

(Ren et al., 2020) 

TADF dye doped 
silica NPs 

(Crucho et al., 2020) 

NaTb (WO4)2 

nanomaterials 
(Munirathnappa et al., 
2020) 

Gold nanoparticles Computed Tomography (Wen et al., 2013) 
Bismuth 

nanoparticles 
(Kinsella et al., 2011) 

CaP nanomaterials (Kollenda et al., 2020) 
Magnetite iron oxide 

nanoparticles 
Magnetic Resonance Imaging (Arsalani et al., 2019); ( 

Maity and Agrawal, 
2007) 

Chitosan derived 
glycolipid 
nanoparticles 

(Zhao et al., 2020) 

Hyaluronic acid 
nanoparticles 

Positron Emission Tomography 
and Single Photon Emission 
Computed Tomography 

(Lee et al., 2015) 

Aluminium oxide 
nanoparticles 

(Pérez-Campaña et al., 
2012)  
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Photoacoustic tomography imaging of melanomas (Kim et al., 2010). 
Immunoelectron microscopy is one of the finest techniques for 

identifying and localizing the proteins in the cells and tissues (De Paul 
et al., 2012). In immunoelectron microscopy technique GNPs labelled 
antibodies are used to detect the particular antigens within the samples. 

Recently, biomedical investigators used GNPs for optical microscopic 
imaging. Wang et al. (2014) reported the Rose Bengal conjugated gold 
nanorods in-vivo for internalization of GNPs in oral cancer cells (Wang 
et al., 2014). 

Another popular bio− imaging technique is magnetic resonance im
aging (MRI). The 3D anatomical images with high resolution are ob
tained. The drawbacks from old MPI machine were long duration for 
scanning. The modern MRI machines have significantly reduced the 
time of scanning and the scanning of whole body is done in few minutes. 
Gadolinium based contrast agents have been extensively used to acquire 
magnetic resonance images. Gadolinium chelates based magnetic reso
nance imaging have be reported promising for improving MRI imaging 
(Perry et al., 2020). 

3.1.3. Mesoporous silica nanoparticles 
As previously stated, one of the most pressing issues with organic 

fluorescent agents is quick and rapid photobleaching. Various photo
chemical reactions happening in the cellular environment can lead to 
the degradation of the dye (Jaiswal et al., 2003; Song et al., 1995). A 
method that is in use and is the most effective in maximising the stability 
in-vitro and in vivo is the encapsulation of the dye in a ceramic matrix. 
This method minimizes exposure to oxygen thereby increasing chemical 
stability thereby allowing modification of shell surface to enhance hy
drophilicity and cellular uptake. Currently various methods that are 
being used for encapsulation comprise incorporation of the dye in PNA 
oligomers nucleic acid, lipid micelles (Zheng et al., 2002), and encap
sulation in polymer or silica matrices (Bagwe et al., 2004). 

Colloidal mesoporous silica nanoparticles (MSNPs) are a group of 
inorganic vehicles that are of high significance in dye/drug delivery. 
They possess controllable morphologies and mesostructures that can be 
readily functionalised and are highly biocompatible, thus making them 

Fig. 3. Inorganic and organic optically active nanomaterials.  

Fig. 4. Applications of super paramagnetic and ultrasmall super paramagnetic 
iron oxide nanoparticles (SPIONs/USPIONs). 
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suitable candidates for bio-therapeutic and biomedical applications 
(Popat et al., 2011; Wu et al., 2011) (Fig. 5). MSNPs possess more silanol 
groups on their surface making them hydrophilic; the ease of function
alization by various chemical moieties/groups enables in achieving 
sustained holding/release of the loaded molecules. The high pore ca
pacity and huge internal surface area of mesoporous materials facilitate 
an increased loading of molecules. They also prevent the escape of 
molecules by rapid dissolution in an aqueous environment. This ensures 
efficiency and effective loading of drugs into the delivery system and 
increases the chances of drug reaching their specific therapeutic target. 
In addition, the large pore size of the MSNPs is advantageous in 
improving the delivery of hydrophobic anti− cancer molecules. This is of 
great importance because the effectiveness and efficiency of such drug 
molecules may be limited by their poor solubility in water (Li et al., 
2012). The MSNPs can be functionalised on both the interior and exte
rior surfaces, improving the drug delivery and a plethora of function
alities. One of the primary aspects that contribute to MSNPs’ wide 
functionalization capacities is their increased surface area− to− volume 
ratio and mesoporosity. Organic molecules such as dyes, drugs etc. can 
be bound to the silanol group on the exterior surface by means of elec
trostatic or covalent interactions. Also, the MSNP surface can be rein
forced with vectors that are active targeting to increase the targeted 
nature of drug delivery and reduce tissue damage. Furthermore, 
research has been carried out on functionalization of the interior surface 
with specific load molecules such as drugs, dyes, proteins and nucleic 
acids for theranostic purposes (Li et al., 2012; Margolese et al., 2000; 
Solberg and Landry, 2006). 

Before the effective application of MSNPs in drug delivery systems, 

investigating their cellular uptake and cytotoxicity becomes ultimately 
necessary. The uptake of MSNPs and their significant biocompatibility 
were confirmed using both healthy cell lines and cancer cell lines (Lu 
et al., 2007; Radu et al., 2004). Many researchers have proven that 
cellular uptake and cytotoxicity of MSNPs depend upon factors like 
surface charge, particle shape, size and functional groups present 
(Vivero-Escoto et al., 2010; Wu et al., 2011). Non modified 100 nm 
MSNPs showed no cytotoxicity up to 100 mg mL-1. Therefore, thera
peutic treatments can be safely done with a lower concentration range 
(Lu et al., 2010; Meng et al., 2010; Thomas et al., 2010). 

3.1.4. Quantum dots 
Quantum Dots (QDs) have become a major group of imaging probes 

in addition to general multi-purpose nanodevice platforms for engi
neering (Zrazhevskiy et al., 2010). There are several routes of synthesis 
of QDs out of which top-down which include molecular beam epitaxy, 
ion implantation, and lithography and bottom-up that includes 
wet-chemical and vapor− phase methods are generally preferred (Bera 
et al., 2010). They have discrete benefits compared to conventional lu
minous natural dyes in both chemical and biological studies with respect 
to integrate emission spectrum, indicate brightness, and photostability 
(Liu et al., 2011; Liu et al., 2011). Hence, due to the adaptable lumi
nophores property, its influence on numerous fields of advanced biology 
with QDs extensively applied as tags and diverge agents in in vitro and in 
vivo bioimaging (Jeong et al., 2016). Quantum dots, especially semi
conductor quantum dots, are one of the most intriguing photo
luminescent nanomaterials with a lot of potential in cancer 
nanomedicine (Yao et al., 2018). ZnS quantum dots appear intriguing, 

Fig. 5. Functionalization of mesoporous silica nanoparticles and their uses.  

P. Sowmiya et al.                                                                                                                                                                                                                               



Micron 172 (2023) 103486

7

because of its visible light emission, biocompatibility, and ability to be 
synthesized using a variety of surface capping agents (Ramanery et al., 
2014). Pure or doped ZnS nanoparticles are employed in a number of 
applications, including biomedical luminous nanoprobes, nano
− photocatalysts, optical nano-sensors, and fluorescence resonance en
ergy transfer processes (Caires et al., 2020). In a study, green 
synthesized ZnS quantum dots were used as photoluminescent nanop
robes for bioimaging brain cancer cells (Caires et al., 2020). Bio
conjugates made of Ag− In− S@ZnS coupled with ZIKA virus was 
designed and developed for the first time which gives insights on the 
interaction profile of the ZIKA virus− nanoparticle conjugates with 
VERO cells and serves as a nanoplatform to elucidate the infection 
mechanisms and host cell response (Carvalho et al., 2020). Quantum 
dots are also presumed to be a leading tool in the fluorescent diagnostics 
of cancer and other acute conditions. 

3.1.5. Black phosphorous nanomaterials 
Black phosphorus (BP) nanosheets and nanodots make up the ma

jority of BP nanomaterials. Among them, phosphorene, a two- 
dimensional BP nanosheet with just a few layers, has garnered a lot of 
interest lately. Over decades of research and development, a variety of 
approaches have been developed for the synthesis of BP nanosheets, 
including the top-down method and the bottom-up method. These 
techniques include mechanical cleavage and liquid-phase exfoliation 
procedures (such as chemical vapour deposition and wet-chemistry 
techniques) (Qiu et al., 2018). In recent years, a new 2D substance 
called BP, each layer of which is also known as phosphorene, has 
appeared. High anisotropy due to its wrinkled structure along the zigzag 
and armchair directions, a direct and layer-dependent band gap (Ep) 
from 0.2 eV (bulk state) to 3.2 eV (monolayer), in contrast to 
semi-metallic graphene, and, in particular, a strong sensitivity to oxygen 
and water in conjunction with visible light, which leads to poor stability 
under ambient conditions, are just a few of the key differences between 
BP and graphene (Xing et al., 2018). BP’s weak environmental stability 
is its greatest shortcoming. The fascinating physical properties of it 
under ambient conditions are deteriorating mostly as a result of its 
degradation. As a result, numerous efforts have been made to shield BP 
against airborne deterioration. Recent studies, however, have shown 
that this trait of quick degradation is a significant benefit when using BP 
as a photothermal agent for photothermal therapy (PTT) against cancer 
(Xie et al., 2020; Zhou et al., 2016). In the field of biomedicine, accurate 
tumour identification and successful therapy are crucial and essential. 
Metal phosphide/phosphate nanomaterials were demonstrated to be 
appropriate for tumour imaging, including MRI, fluorescence imaging 
(FI), photo acoustic imaging (PAI), and tumour treatments (CDT, PTT, 
and PDT). BP nanoparticles, phosphorus-containing dendrimers, and 
metal phosphide/phosphate nanomaterials have all been used in the 
treatment of tumours, tumour imaging, and neurological disorders 
(Tang et al., 2020). 

4. Organic nanomaterials 

In recent years, there is an exponentially increasing interest in the 
development of organic nanomaterials for biomedical applications. 
Engineered nanoparticles have gained significant interest due to their 
versatile medical applications in vaccination, cancer therapy, diagnostic 
imaging procedures and drug delivery (Virlan et al., 2016). Polymer dots 
have been identified as an intriguing class of fluorescence probes in 
bioimaging and biosensing. Polymer dots are advanced nanomaterials 
that generally display enhanced fluorescence brightness and photo sta
bility. These type of fluorescent nanoparticles are commonly used in sub 
fluorophore groups such as C ¼ N, C ¼ O, N ¼ O instead of fluorophore 
groups and have a promising potential as new fluorescent material 
(Zhong et al., 2018). The main advantage of these polymer dots can be 
low or minimal toxicity, non− degradable, rapid emission rate and high 
fluorescence brightness and so they possess explicated potential for vast 

applications in biomedical fields like cell labelling, bioimaging, cancer 
phototherapy, lymph node mapping, drug delivery and biosensing 
(Solhi and Hasanzadeh, 2019). 

One of the most recent advancements in the creation of value− added 
goods from bioenergy and biochar production is the fabrication of car
bon− based nanomaterials (Plácido et al., 2019a). The synthesis and 
purification of carbon containing nanomaterials from biochar or 
microalgae by employing chemical depolymerisation and solvent 
extraction methods has been reported too (Plácido et al., 2019b). These 
nanomaterials were investigated as a transducer for the detection of 
heavy metal ions in aqueous systems and cellular imaging. The fluo
rescence emitted by microalgal biochar− derived carbon nanomaterials 
was found to be quenched by four heavy metal ions: Ni (II), Pb (II), Cd 
(II), and Cu (II). The results suggest that the biochar− derived carbona
ceous nanomaterials were suitable as a bioimaging probe for yeast cell 
bioimaging and had varied fluorescence intensity and the localisation 
depending on the yeast cells. The intensity of the signals and absence of 
toxicity make them most suitable for bioimaging applications (Plácido 
et al., 2019a). Graphene, a two− dimensional substance with a sheet−
like faveolated structure, has sparked a tremendous amount of interest 
in both basic and applied research. Due to its distinctive optical and 
electrical features, as well as a tunable band gap, 2D black phosphorus 
has recently gained popularity. Black phosphorus nanodots of size 
< 20 nm was reported to serve as a candidate for bioimaging. The so 
formed nanodots were found to be stable in aqueous solution and 
degraded in phosphate buffered saline. They showed little or minimal 
cytotoxicity in− vitro, making them a suitable candidate for drug delivery 
or intracellular tracking systems as bioimaging agents using blue and 
green fluorescence (Lee et al., 2016). 

Self-assembled organic molecules made of paclitaxel conjugated 
near-infrared brominated boron− dipyrromethenes synthesized via 
nanoprecipitation method was used as an efficient bioimaging agent for 
cervical tumours and showed no systemic toxicity (Zhang et al., 2018). 
Emission tunable probes via one step hydrothermal reaction using 
terbium (III) doped self− activated luminescent hydroxyapatite were 
synthesized with the assistance of trisodium citrate which holds signif
icant promise in luminescence and bioimaging (Wang et al., 2021). 

In comparison to the traditional natural fluorophores and semi
− conductor QDs, the recently developed carbon quantum dots, which 
belongs to nanocarbon family, are exclusive in terms of facile surface 
functionalization, chemical inertness, resistance to photobleaching, etc. 
(Xu et al., 2004). CDs can be synthesised from a wide variety of pre
cursors such as chemical and eco− friendly resources such as glucose, 
ascorbic acid, gelatin, chitosan, sugarcane juice, watermelon peel, etc. 
Surface modification of CDs by functionalisation that are obtained using 
polyethylene glycol, thiols, etc., for bioimaging application (Dong et al., 
2012). 

Carbon dots were also assessed for optical bioimaging applications, 
including their cellular absorption and fluorescence luminosity within 
the cell (Li et al., 2012). Fluorescence imaging of the in vivo mouse 
model using commercially available CdSe− ZnS QDs was compared (Cao 
et al., 2012). Additional research on uses such as combining carbon dots 
with bioactive substances for exclusive in vivo targeting and their ap
plications in cancer diagnosis and angiography could be envisaged. 

Organic–inorganic hybrid NPs of PANI@W18O49 with uniform 
morphology and PANI@W18O49 @Fe3O4 with magnetic targeting were 
synthesized by hydrothermal method in a study for combined syner
gistic photothermal therapy and chemotherapy for cancer. It was found 
that the hybrid NPs not only did not affect the photothermal properties 
of W18O49, but also improve its antioxidant properties, which made the 
synthesized NPs more suitable for PTT as a photothermal agent than 
W18O49 itself (Yang et al., 2021). 
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5. Bioimaging using nanomaterials 

5.1. Nanoparticles in fluorescence imaging 

Fluorescent nanoparticles are potential devices in biochemical, bio
analytical, and medicinal fields for optical data storage and other 
technical applications. Fluorescent imaging with engineered nano
particles has become widely used in a variety of clinical and biological 
applications, including gene therapy, drug delivery, and also in bio 
sensing, to investigate cellular dynamics and interactions (Grunert et al., 
2018). The majority of current medical and biological fluorescence 
imaging technologies rely on dye markers, which have limitations in 
terms of light emission per molecule and photostability. These draw
backs are solved by nanoparticles, which provide strong and stable 
fluorescence. In a study, engineered NIR− IIb fluorescence of Er− based 
lanthanide nanoparticles were reported for through− skull targeted im
aging of orthotopic glioma which demonstrated to possess greater po
tential in imaging-guided surgery of tumour (Ren et al., 2020). The field 
of organic light emitting diodes that provide a long-lived delayed fluo
rescence component for sensing oxygen content, measuring local tem
perature, or imaging has been revolutionised by thermally activated 
delayed fluorescence (TADF). A facile method demonstrated the syn
thesis of TADF dye doped silica nanoparticles that are effectively 
internalized by human cells even at low incubation concentrations, 
localized in the cytosol and enabled fluorescence live cell imaging 
(Crucho et al., 2020). An electrostatic complex nanoparticle has been 
designed to serve as a fluorescence switch for selective cell imaging. The 
fluorescence of the complex nanoparticle can be modulated by light 
irradiation and those with good fluorescence performance were 
employed for selective cell marking and imaging applications (Peng 
et al., 2020). Scheelite like NaTb (WO4)2 nanoparticles has been re
ported to exhibit particle size dependent optical properties which emit 
green fluorescence. The nanoparticles synthesized showed excellent 
biocompatibility in HeLa cells and it is reported to be a promising 
candidate for its role as a biomarker for cell imaging applications 
(Munirathnappa et al., 2020). 

5.2. Nanoparticles for CT imaging applications 

The structural and morphological qualities of the sample under 
investigation can be determined using X− ray CT in 3− D. It is essentially 
used in clinical and medical applications to diagnose the diseases that 
occur in different parts of the body (Aslan et al., 2020). Contrast agents 
based on tiny molecular molecules are frequently employed for better 
CT imaging; however, they have significant drawbacks such as a short 
half− life, renal toxicity at relatively high concentrations, and non
− specificity. Recent advances in nanotechnology have paved way for 
various nano systems for numerous applications. In a study, 

multifunctional gadolinium− loaded dendrimer− entrapped GNPs were 
synthesized and were reported to show excellent dual mode MRI− CT 
imaging performance in-vivo. These complexes were anticipated to 
show promising results in cancer diagnosis at an early stage with high 
accuracy and sensitivity (Wen et al., 2013). 

Bismuth, due to its high atomic number, density and good X− ray 
attenuation, is a suitable candidate to be a contrast agent. Polyvinyl 
pyrrolidone (PVP) coated chemically synthesized bismuth nanoparticles 
provided excellent contrast amplification which was reported to be 
significantly greater than commercial iodine based products in the 
market. Internal organ visibility was improved without causing any 
significant cytotoxicity (Rabin et al., 2006). In addition, functionaliza
tion of bismuth nanoparticles with antibody possessed tissue targeted 
drug delivery applications (Kinsella et al., 2011). Intravenous injection 
of radiolabelled/tagged nanoparticles enhanced the contrast of the 
tumorous tissue and was found to be cleared up in renal pathway 
(Fig. 6). 

Calcium phosphate nanoparticles were fabricated to visualize its 
biodistribution in-vivo by quantitative small animal positron emission 
tomography for several application routes. The results revealed that post 
intra− venous injection; the nanoparticles entered the lungs rapidly and 
gradually were redistributed into the spleen and liver. However, while 
following the intra muscular route of injection the nanoparticles 
remained mostly at the injection site which provides a new insight for 
the persistent activity of the nanoparticle in treatment (Kollenda et al., 
2020). 

5.3. Nanomaterials for MRI imaging 

MRI has become one of the most extensively used and powerful tools 
for non− invasive clinical diagnosis. Nanomaterials have been exten
sively studied in the biomedical field to improve imaging tools for the 
diagnosis of tumours, tissue damage, and neurological problems (Wang 
et al., 2020; Yoo, 2012). MRI contrast agents available at present are 
commonly in the form of T1 positive agents of paramagnetic particles 
and T2 negative agents of superparamagnetic particles (Yang et al., 
2011). Though the mostly used contrast agents are Gd− complexes, they 
pose a high risk of serious effects including systemic fibrosis of kidneys 
(Todd et al., 2007) and its accumulation in the brain (McDonald et al., 
2015). To counteract this, lately, magnetic nanoparticles, in particular 
magnetite iron oxide nanoparticles are used as MRI contrast agents 
owing to their magnetism, insignificant toxicity and enhanced biocom
patibility when compared to other magnetic nanoparticles (Arsalani 
et al., 2019). In addition, surface modification of these magnetite iron 
oxide nanoparticles can enhance the properties of biocompatibility and 
stability for medical applications (Maity and Agrawal, 2007). 

In another study, chitosan derived glycolipid nanoparticles were 
reported as contrast agents for MRI imaging for the photodynamic 

Fig. 6. Radiolabelled nanoparticles for molecular Imaging modalities.  
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therapy of cancer (Zhao et al., 2020). Among the polysaccharides, chi
tosan being a naturally occurring one has been widely reported for its 
high biocompatibility, flexibility and clinical efficacy (Esfandiarpour-
Boroujeni et al., 2017). The chemical conjugation of octadecanoic acid 
and gadopentetic acid with chitosan gave rise to a polymer that 
self-assemble into glycolipid nanoparticles increased the MRI sensitivity 
as compared to the common gadolinium diethylenetriaminepentaacetic 
acid candidate. Moreover, it was reported that the nanoparticles showed 
negligible haemolysis and stability in physiological environments in 
addition to powerful MRI guided tumour ablation through photody
namic therapy (Kamkaew et al., 2016; Zhao et al., 2020). 

5.4. PET/SPECT imaging using nanoparticles 

Positron Emission Tomography (PET) and Single Photon Emission 
Computed Tomography (SPECT) are the two major imaging modalities 
in nuclear medicine. A radioisotope is generally used as the imaging 
signal in both the methods. PET and SPECT are most commonly used for 
imaging or diagnosis of cancer and cardiovascular diseases respectively. 
PET has become the clinical method of choice for grading and restaging 
a variety of cancers, requiring the intravenous delivery of tracer 
amounts (typically nanomolar) of a radioactively labelled medication 
that is selective and specific for the target of interest. Nanoparticles can 
operate as signal amplifiers, leading in improved sensitivity and greater 
contrast indices. Their enormous surface area allows them to be func
tionalized with various targeting moieties, resulting in a multifunctional 
nanoplatform for disease detection (Goel et al., 2017). The capability for 
multimodality is a significant benefit of nanoprobes over standard bio
logical moieties. Generally, nanoparticles− based functional imaging has 
the potential to enable early detection and prevention, and to essentially 
improve diagnosis, treatment and follow− up of diseases. 

Hyaluronic acid nanoparticles labelled with fluorescent dyes have 
the potential to effectively target the atherosclerotic lesions (Lee et al., 
2015). In a study, GNPs based imaging for cardiovascular diseases using 
SPECT proved to be promising due to their easy uptake and high X− ray 
sensitivity. It was also reported that the GNPs based imaging agents 
increased the specificity for apoptotic macrophages and reflects the 
exact pathologic condition of the examined specimen (Li et al., 2016). In 
another study, dual-functional quantum dot nanoprobes were utilized 
for quantitative evaluation of in− vivo pharmacokinetics and 
tumour− targeting efficacy studies using both PET and NIRF imaging 
(Cai et al., 2007). 

Radionuclides emitting positrons can be conjugated or even inserted 
into carbon nanotubes for PET imaging. For instance, it was reported 
that 86Y− Carbon nanotubes were synthesized from amine- 
functionalized and water-soluble carbon nanotubes by covalently 
attaching multiple copies of DOTA chelates and then radiolabelling with 
the positron-emitting metal-ion, yttrium− 86 (McDevitt et al., 2007). 
Nahrendorf et al. developed a dextranated 20− nm nanoparticle labelled 
with 64Cu to yield a PET, MR, and optically detectable imaging agent 
(Nahrendorf et al., 2008). Recently, 18O− enriched aluminium oxide 
(Al2O3) NPs were developed by irradiation with protons to yield 
18F-labeled NPs via the 18O (p,n)18F nuclear reaction(Pérez-Campaña 
et al., 2012). 

5.5. Multimodal imaging using nanoparticles 

Multifunctional nanoplatforms with multimodal imaging and cancer 
therapeutic abilities have gained attention in biomedical applications. 
Molecular imaging techniques such as OI, MRI and CT play a vital role 
for diagnosis in medical field (Gao et al., 2010). Nevertheless, unimodal 
molecular imaging techniques provide inadequate information in clin
ical diagnosis and scientific research (Dai et al., 2013). OI with increased 
sensitivity is limited owing to their relatively unsatisfactory spatial 
resolution (Ma et al., 2012). Also, as a non-invasive imaging method, 
MRI possess high spatial resolution and soft tissue contrast without any 

damage due to radiation; however, it sometimes shows insufficient 
sensitivity resulting in false images (Zhou et al., 2012). To counteract 
these difficulties, multimodal imaging methods have gained attention as 
they prove to be more efficient and provide exact information about 
physical and biological structures and their physiological functions (Lv 
et al., 2015). 

The fabrication of imaging probes is crucial to the advancement of 
multimodal imaging. Many multimodal imaging nanoprobes have 
coupled optical and MR imaging such as in Gd/Fe− based QDs (Liu et al., 
2011; Liu et al., 2011), Gd− based carbon dots (Chen et al., 2016) etc. 
The ideal candidate for optical and MR multimodal probe is Gd3+ ions, 
due to their minimal quenching efficiency and strong MRI signals. Due 
to the exceptional optical imaging properties, luminescent nanoprobes 
based on near infrared luminescence have proved to be one of the best 
candidates. In a study, a novel multimodal imaging nanoprobe based on 
near infrared luminescence nanoparticles functionalised with gadolin
ium complex for in-vivo MRI and NIR persistent luminescence imaging 
(Abdukayum et al., 2014). In another study, Maldiney et al., 2015 
synthesized a multimodal bioimaging nanoprobe via Gd3+ co− doping 
into near infrared luminescence nanoparticles for MR Imaging (Maldi
ney et al., 2015). Apart from these near infrared luminescence nanop
robes, metallic nanoparticles like fluorescent copper sulphide 
nanoparticles enable both non-invasive multimodality imaging and 
targeting photothermal therapy of metastatic gastric cancer cells in 
lymph nodes examined in mice models (Shi et al., 2018). 

5.6. Nanoparticles in ultrasound imaging 

USI is one among the most often used diagnostic modalities in clinics, 
with various advantages over other imaging techniques, including quick 
and real-time imaging, excellent temporal and spatial resolution, low 
cost, no radiation risk, and easy patient access (Kang et al., 2010; Son 
et al., 2014). USI is most commonly utilised to perform morphological 
and functional examinations of soft tissues and the abdomen without the 
need for contrast agents. However, the assistance of contrast agents 
proves to provide more exact and clear USI of organs in various disease 
diagnosis. 

The ketalized maltodextrin nanoparticles for contrast enhanced USI 
and therapy of acute liver failure. The synthesized nanoparticles were 
capable of delivering therapeutic and imaging functions simultaneously 
to the acidic conditions found in the site of inflammation (Go et al., 
2018). In another study, Min et al., 2015 developed gas generating 
pH-controlled calcium carbonate (CaCO3) nanoparticles as diagnostic 
and therapeutic agents for USI and cancer therapy. The mechanism of 
action of mineralized nanoparticles involved acid triggered dissolution 
of CaCO3 and subsequent CO2 generation. The hybrid nanoparticles 
were reported to quicken drug release at the acidic tumour site, leading 
to targeted drug delivery (Min et al., 2015). Magnetic nanoparticles also 
play a vital role in medical diagnosis where they mostly served as im
aging contrast agents. Magneto− motive ultrasound is one such imaging 
technique where superparamagnetic NPs are used as contrast agent. A 
facile and economical coprecipitation method for the synthesis of 
Zn− substituted magnetite nanoparticles was reported. The study 
showed a marked increase in magnetic properties of magnetite nano
particles by zinc which makes it a good candidate not only as contrast 
agent in USI but also as a therapeutic agent in magnetic hyperthermia. 
GNPs that have been explored widely in biomedical research also proved 
to have a profound efficacy in USI. In a study, nanomolecular probe 
encapsulating liquid perfluoro hexane and gold nanorods targeted to
wards melanoma associated antigens were found to enhance USI at 
tumour sites (Hadadian et al., 2018). 

6. Biocompatibility of nanomaterials 

Biocompatibility of nanomaterials is an important aspect for the 
evolution of nanomaterials from laboratory to medicinal use. 
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Nanotoxicology is a growing paradigm that attempts to evaluate the 
effects of nanoparticles in order to determine out the structure and 
functional link between nanomaterials and toxicity. Toxicology testing 
and assessment are, nonetheless, a significant aspect of pre− clinical 
safety testing of novel medications, which is required before beginning 
human Phase I/II clinical trials (Ashokan et al., 2017). 

Nanomaterials, particularly gold is known to be highly compatible 
with the human body and is regarded as safe. However, there exist 
various concerns on its repeated and long− term exposure. In a study, 
Suganya et al., 2017 reported the biocompatibility of pectin derived 
GNPs in-vivo at acute and sub-acute level. The results proved the 
biocompatibility of GNPs with no lethal effects on tested animals 
(Suganya et al., 2017). Various reports have reported the use of gra
phene− based nanomaterials for medical applications. Covalent func
tionalization of graphene oxide with amino acids based on amidation 
has proved to be biocompatible on in− vitro evaluation on human em
bryonic kidney cells. The fabricated graphene− L− methionine nano
material has also shown to be a potential target for drug delivery upon 
binding with human serum albumin (Abdelhalim et al., 2020). Carbon 
nanomaterials have been used in a vast array and it was of interest to 
investigate its biocompatibility to be used for medical applications. The 
importance of particle shape in toxicity was demonstrated in a study 
where multi-walled carbon nanotube were found to be more toxic 
compared to multi− walled nano− onions to human skin fibroblasts 
(Ding et al., 2005). In a study, where the role of dimension of carbon 
nanotubes were considered in dermal toxicity, the results suggested that 
considering multiple physicochemical parameters when evaluating 
cellular toxicity of carbon nanomaterials will provide accurate results on 
its biocompatibility (Grabinski et al., 2007). Among various nano
materials, biodegradable polymeric nanoparticles serve as a possible 
alternative for drug delivery (Mattu et al., 2013), to deliver drugs, genes 
and proteins (Hu et al., 2013). Commonly used polymeric nanoparticles 
include PLGA and PLA nanoparticles which were approved by US Food 
and Drug Administration (FDA). It is well established that several 
nanomaterials are able to cross blood− brain barrier reaching several 
regions in the central nervous system. While some nanomaterials possess 
the ability to cause neuronal toxicity, inflammation and cognitive defi
cits, there are reports on the biocompatibility of polymeric nanoparticles 
to the CNS and biodegradable properties which are the important 
characteristics when developing efficient nanocarriers for drug delivery 
(Leite et al., 2015). 

The most worrying concerns with regard to phosphorus-based 
nanoparticles and possible clinical use are their biosafety and in vivo 
metabolism. The most widely utilised phosphorus-containing den
drimers, polyphosphazenes and polyphosphoesters, have the potential 
to breakdown into non-toxic compounds (Jing et al., 2019). 

7. Toxicity of nanomaterials 

Most nanomaterials used in biomedical applications for imaging di
agnostics and theranostics are associated with toxic effects if not used 
with caution. Most nanomaterials enter the environment through air, 
water and soil. The benefits of NPs, such as their small size, strong 
reactivity, and great capacity, could turn into potential hazards by 
causing adverse toxicity in cells and thus leading to lethality. Studies 
have also shown that NPs can enter living organisms by inhalation or 
ingestion, and they possess the ability to translocate around the body to 
different organs and tissues where they may exert their reactivity and 
bioaccumulate (Khan et al., 2019). Also, the relatively small size of 
nanomaterials makes it easier for the smaller organisms to ingest or 
uptake the nanomaterials, which over time has detrimental conse
quences on the organisms. The increased manufacturing and application 
of nanomaterials, combined with a lack of a dedicated waste manage
ment infrastructure, cause them to become a discharge. Since nano
particles are influenced by physicochemical and other elements 
including the pH of the surroundings, surface charge of the material, 

biomass concentration, and chemical composition of the environment, 
environmental transformation is crucial for determining the toxicity of 
nanoparticles (Jadhav et al., 2021). Thus an ecotoxicological evaluation 
of the fate and persistence of nanoparticles becomes a crucial compo
nent of the toxicity assessments (Vineeth Kumar et al., 2022). Inorganic 
nanoparticles undergo a series of changes that significantly impact 
ecosystem’s lower-level organisms. On rare instances, particle aggre
gation may be caused by increased surface area and charge. Metal oxide 
nanoparticles go through a number of transformation processes when 
they are discharged into an aqueous environment, including aggregation 
(including homogeneous and heterogeneous aggregation), adsorption, 
dissolution, and redox reactions. Linkages to macromolecules can 
happen due to numerous processes, including hydrophobic interaction, 
electrostatic interaction, van der Waals interaction, chelation, and 
ligand exchange (Wang et al., 2019). 

8. Conclusion 

Nano− imaging agents integrate diagnostics with therapeutics in the 
same platform, termed nano− theragnostic. Nanoparticles as carriers 
have humongous potential to incorporate various imaging and thera
peutic agents to specific locations for biomedical imaging. Many cate
gories of inorganic and organic nanoparticles have been used for 
biomedical imaging purposes. Most of these have been applied in 
tumour research. To ensure maximum bench to bedside translation of 
nanoparticle research, all aspects of nanoparticles, including shape, 
composition, surface area and charge, hydrodynamic diameter, 
composition, stability, solubility, delivery method, distribution, meta
bolism, clearance, accumulation, and potential hazardous effect, should 
be thoroughly studied (Choi and Frangioni, 2011). The conduct of 
thorough studies for efficacy and safety in well− designed clinical trials 
will be the most crucial and challenging component of this nanomaterial 
evolution. Improving target specificity with elongated fluorescence and 
minimal toxicity should be focussed on (Hua et al., 2018; Min et al., 
2016). Moreover, the increasing significance of translational potential 
with relevant animal models cannot be exaggerated, without under
standing the specific pharmacokinetic and pharmacodynamic profile of 
these agents in humans. Despite these challenges, nanoparticles possess 
remarkable capability as novel imaging agents for a variety of clinical 
applications (Sanna and Sechi, 2020; Van Norman, 2016). Further 
clinical translation is also hampered by the paucity of knowledge on the 
metabolism of nanomaterials in vivo. The current issues encourage 
future study of nanoparticles in imaging, PTT and PDT. For example, 
surface modification or the addition of liposome, erythrosome, and 
exosome for the encapsulation of phosphorus-based nanomaterials may 
significantly improve their biosafety and benefit their metabolism 
(Boorn et al., 2011; Fan et al., 2018). However, further research into the 
biosafety, cost-effectiveness, and controlled synthesis of high-quality 
few-layer nanomaterials with much increased efficiency, controlled 
size/thickness, and reduced adverse effects is imperative to finally 
realise clinical and translational applications of nanomaterials for 
therapeutic, diagnostic, or clinical applications. 
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Högemann, D., Basilion, J.P., 2002. “Seeing inside the body”: MR imaging of gene 
expression. Eur. J. Nucl. Med. Mol. Imaging 29, 400–408. https://doi.org/10.1007/ 
s00259-002-0765-x. 

Hu, Q., Gao, X., Gu, G., Kang, T., Tu, Y., Liu, Z., Song, Q., Yao, L., Pang, Z., Jiang, X., 
Chen, H., Chen, J., 2013. Glioma therapy using tumor homing and penetrating 
peptide-functionalized PEG-PLA nanoparticles loaded with paclitaxel. Biomaterials 
34, 5640–5650. https://doi.org/10.1016/j.biomaterials.2013.04.025. 

Hua, S., Matos, M.B.C., De, Metselaar, J.M., Storm, G., Hua, S., 2018. Current trends and 
challenges in the clinical translation of nanoparticulate nanomedicines: pathways for 
translational development and commercialization. Front. Pharmacol. 9, 1–14. 
https://doi.org/10.3389/fphar.2018.00790. 

Huang, J., Li, Y., Orza, A., Lu, Q., Guo, P., Wang, L., Yang, L., Mao, H., 2016. Magnetic 
nanoparticle facilitated drug delivery for cancer therapy with targeted and image- 
guided approaches. Adv. Funct. Mater. 26, 3818–3836. https://doi.org/10.1002/ 
adfm.201504185. 

Jadhav, P., Muhammad, N., Bhuyar, P., Krishnan, S., Razak, A.S.A., Zularisam, A.W., 
Nasrullah, M., 2021. A review on the impact of conductive nanoparticles (CNPs) in 
anaerobic digestion: applications and limitations. Environ. Technol. Innov. 23, 
101526 https://doi.org/10.1016/j.eti.2021.101526. 

Jaiswal, J.K., Mattoussi, H., Mauro, J.M., Simon, S.M., 2003. Long-term multiple color 
imaging of live cells using quantum dot bioconjugates. Nat. Biotechnol. 21, 47–51. 
https://doi.org/10.1038/nbt767. 

Jeong, K., Kim, Y., Kang, C.S., Cho, H.-J., Lee, Y.-D., Kwon, I.C., Kim, S., 2016. 
Nanoprobes for optical bioimaging. Opt. Mater. Express 6, 1262. https://doi.org/ 
10.1364/ome.6.001262. 

Jing, X., Zhi, Z., Jin, L., Wang, F., Wu, Y., Wang, D., Yan, K., Shao, Y., Meng, L., 2019. 
PH/redox dual-stimuli-responsive cross-linked polyphosphazene nanoparticles for 
multimodal imaging-guided chemo-photodynamic therapy. Nanoscale 11, 
9457–9467. https://doi.org/10.1039/c9nr01194c. 

Kamkaew, A., Chen, F., Zhan, Y., Majewski, R.L., Cai, W., 2016. Scintillating 
nanoparticles as energy mediators for enhanced photodynamic therapy. ACS Nano 
10, 3918–3935. https://doi.org/10.1021/acsnano.6b01401. 

Kang, E., Min, H., Lee, J., Han, M., Ahn, H., Yoon, I.-C., Choi, K., Kim, K., Park, K., 
Kwon, I., 2010. Nanobubbles from gas-generating polymeric nanoparticles: 
ultrasound imaging of living subjects. Angew. Chem. 122, 534–538. https://doi.org/ 
10.1002/ange.200903841. 

Kang, M.S., Lee, S.Y., Kim, K.S., Han, D.W., 2020. State of the art biocompatible gold 
nanoparticles for cancer theragnosis. Pharmaceutics 12, 1–22. https://doi.org/ 
10.3390/pharmaceutics12080701. 

Kang, T.Y., Park, K., Kwon, S.H., Chae, W.S., 2020. Surface-engineered nanoporous gold 
nanoparticles for light-triggered drug release. Opt. Mater. 106, 109985 https://doi. 
org/10.1016/j.optmat.2020.109985. 

Khan, Ibrahim, Saeed, K., Khan, Idrees, 2017. Nanoparticles: properties, applications and 
toxicities. Arab. J. Chem. https://doi.org/10.1016/j.arabjc.2017.05.011. 

Khan, Ibrahim, Saeed, K., Khan, Idrees, 2019. Nanoparticles: properties, applications and 
toxicities. Arab. J. Chem. 12, 908–931. https://doi.org/10.1016/j. 
arabjc.2017.05.011. 

Kim, C., Favazza, C., Wang, L.V., 2010. In vivo photoacoustic tomography of chemicals: 
high-resolution functional and molecular optical imaging at new depths. Chem. Rev. 
110, 2756–2782. https://doi.org/10.1021/cr900266s. 

Kim, S., Lim, Y.T., Soltesz, E.G., De Grand, A.M., Lee, J., Nakayama, A., Parker, J.A., 
Mihaljevic, T., Laurence, R.G., Dor, D.M., Cohn, L.H., Bawendi, M.G., Frangioni, J.V., 
2004. Near-infrared fluorescent type II quantum dots for sentinel lymph node 
mapping. Nat. Biotechnol. 22, 93–97. https://doi.org/10.1038/nbt920. 

Kinsella, J.M., Jimenez, R.E., Karmali, P.P., Rush, A.M., Kotamraju, V.R., Gianneschi, N. 
C., Ruoslahti, E., Stupack, D., Sailor, M.J., 2011. X-ray computed tomography 
imaging of breast cancer by using targeted peptide-labeled bismuth sulfide 
nanoparticles. Angew. Chem. Int. Ed. 50, 12308–12311. https://doi.org/10.1002/ 
anie.201104507. 

Kircher, M.F., Mahmood, U., King, R.S., Weissleder, R., Josephson, L., 2003. 
A multimodal nanoparticle for preoperative magnetic resonance imaging and 
intraoperative optical brain tumor delineation. Cancer Res. 63, 8122–8125. 

Kollenda, S.A., Klose, J., Knuschke, T., Sokolova, V., Schmitz, J., Staniszewska, M., 
Costa, P.F., Herrmann, K., Westendorf, A.M., Fendler, W.P., Epple, M., 2020. In vivo 
biodistribution of calcium phosphate nanoparticles after intravascular, 
intramuscular, intratumoral, and soft tissue administration in mice investigated by 

small animal PET/CT. Acta Biomater. 109, 244–253. https://doi.org/10.1016/j. 
actbio.2020.03.031. 

Kumar, C.M.V., Karthick, V., Kumar, V.G., Inbakandan, D., Rene, E.R., Suganya, K.S.U., 
Embrandiri, A., Dhas, T.S., Ravi, M., Sowmiya, P., 2022. The impact of engineered 
nanomaterials on the environment: release mechanism, toxicity, transformation, and 
remediation. Environ. Res. 212, 113202 https://doi.org/10.1016/j. 
envres.2022.113202. 

Lee, G.Y., Kim, J.H., Choi, K.Y., Yoon, H.Y., Kim, K., Kwon, I.C., Choi, K., Lee, B.H., 
Park, J.H., Kim, I.S., 2015. Hyaluronic acid nanoparticles for active targeting 
atherosclerosis. Biomaterials 53, 341–348. https://doi.org/10.1016/j. 
biomaterials.2015.02.089. 

Lee, H.U., Park, S.Y., Lee, S.C., Choi, S., Seo, S., Kim, H., Won, J., Choi, K., Kang, K.S., 
Park, H.G., Kim, H.S., An, H.R., Jeong, K.H., Lee, Y.C., Lee, J., 2016. Black 
phosphorus (BP) nanodots for potential biomedical applications. Small 12, 214–219. 
https://doi.org/10.1002/smll.201502756. 

Lee, N., Yoo, D., Ling, D., Cho, M.H., Hyeon, T., Cheon, J., 2015. Iron oxide based 
nanoparticles for multimodal imaging and magnetoresponsive therapy. Chem. Rev. 
115, 10637–10689. https://doi.org/10.1021/acs.chemrev.5b00112. 

Leite, P.E.C., Pereira, M.R., Granjeiro, J.M., 2015. Hazard effects of nanoparticles in 
central nervous system: searching for biocompatible nanomaterials for drug 
delivery. Toxicol. In Vitro 29, 1653–1660. https://doi.org/10.1016/j. 
tiv.2015.06.023. 

Li, N., Liang, X., Wang, L., Li, Z.H., Li, P., Zhu, Y., Song, J., 2012. Biodistribution study of 
carbogenic dots in cells and in vivo for optical imaging. J. Nanopart. Res. 14. https:// 
doi.org/10.1007/s11051-012-1177-x. 

Li, X., Wang, C., Tan, H., Cheng, L., Liu, G., Yang, Y., Zhao, Y., Zhang, Y., Li, Y., 
Zhang, C., Xiu, Y., Cheng, D., Shi, H., 2016. Gold nanoparticles-based SPECT/CT 
imaging probe targeting for vulnerable atherosclerosis plaques. Biomaterials 108, 
71–80. https://doi.org/10.1016/j.biomaterials.2016.08.048. 

Li, Z., Barnes, J.C., Bosoy, A., Stoddart, J.F., Zink, J.I., 2012. Mesoporous silica 
nanoparticles in biomedical applications. Chem. Soc. Rev. 41, 2590–2605. https:// 
doi.org/10.1039/c1cs15246g. 

Licha, K., Hessenius, C., Becker, A., Henklein, P., Bauer, M., Wisniewski, S., 
Wiedenmann, B., Semmler, W., 2001. Synthesis, characterization, and biological 
properties of cyanine-labeled somatostatin analogues as receptor-targeted 
fluorescent probes. Bioconjug. Chem. 12, 44–50. https://doi.org/10.1021/ 
bc000040s. 

Licha, K., Olbrich, C., 2005. Optical imaging in drug discovery and diagnostic 
applications. Adv. Drug Deliv. Rev. 57, 1087–1108. https://doi.org/10.1016/j. 
addr.2005.01.021. 

Lim, E., Kim, T., Paik, S., Haam, S., Huh, Y., Lee, K., 2012. Nanomaterials for 
theranostics: recent advances and future challenges. Chem. Rev. 115, 327–394. 

Lin, X., Weissleder, R., Tung, C.H., 2003. Synthesis and properties of sulfhydryl-reactive 
near-infrared cyanine fluorochromes for fluorescence imaging. Mol. Imaging 2, 
87–92. https://doi.org/10.1162/153535003322331975. 

Liu, L., Jin, S., Hu, Y., Gu, Z., Wu, H.C., 2011. Application of quantum dots in biological 
imaging. J. Nanomater. 2011. https://doi.org/10.1155/2011/834139. 

Liu, Y., Ai, K., Yuan, Q., Lu, L., 2011. Fluorescence-enhanced gadolinium-doped zinc 
oxide quantum dots for magnetic resonance and fluorescence imaging. Biomaterials 
32, 1185–1192. https://doi.org/10.1016/j.biomaterials.2010.10.022. 

Lu, J., Liong, M., Zink, J.I., Tamanoi, F., 2007. Mesoporous silica nanoparticles as a 
delivery system for hydrophobic anticancer drugs. Small 3, 1341–1346. https://doi. 
org/10.1002/smll.200700005. 

Lu, J., Liong, M., Li, Z., Zink, J.I., Tamanoi, F., 2010. Biocompatibility, biodistribution, 
and drug-delivery efficiency of mesoporous silica nanoparticles for cancer therapy in 
animals. Small 6, 1794–1805. https://doi.org/10.1002/smll.201000538. 

Lv, R., Yang, P., He, F., Gai, S., Li, C., Dai, Y., Yang, G., Lin, J., 2015. A yolk-like 
multifunctional platform for multimodal imaging and synergistic therapy triggered 
by a single near-infrared light. ACS Nano 9, 1630–1647. https://doi.org/10.1021/ 
nn5063613. 

Lyons, A.B., Parish, C.R., 1994. Determination of lymphocyte division by flow cytometry. 
J. Immunol. Methods 171, 131–137. https://doi.org/10.1016/0022-1759(94) 
90236-4. 

Ma, J., Huang, P., He, M., Pan, L., Zhou, Z., Feng, L., Gao, G., Cui, D., 2012. Folic acid- 
conjugated LaF3:Yb,Tm@SiO2 nanoprobes for targeting dual-modality imaging of 
upconversion luminescence and X-ray computed tomography. J. Phys. Chem. B 116, 
14062–14070. https://doi.org/10.1021/jp309059u. 

Mahmood, U., 2004. Near infrared optical applications in molecular imaging ©1995. 
IEEE Eng. Med Biol. Mag. 58–66. 

Maity, D., Agrawal, D.C., 2007. Synthesis of iron oxide nanoparticles under oxidizing 
environment and their stabilization in aqueous and non-aqueous media. J. Magn. 
Magn. Mater. 308, 46–55. https://doi.org/10.1016/j.jmmm.2006.05.001. 

Maldiney, T., Doan, B.T., Alloyeau, D., Bessodes, M., Scherman, D., Richard, C., 2015. 
Gadolinium-doped persistent nanophosphors as versatile tool for multimodal in vivo 
imaging. Adv. Funct. Mater. 25, 331–338. https://doi.org/10.1002/ 
adfm.201401612. 

Margolese, D., Melero, J.A., Christiansen, S.C., Chmelka, B.F., Stucky, G.D., 2000. Direct 
syntheses of ordered SBA-15 mesoporous silica containing sulfonic acid groups. 
Chem. Mater. 12, 2448–2459. https://doi.org/10.1021/cm0010304. 

Mattu, C., Pabari, R.M., Boffito, M., Sartori, S., Ciardelli, G., Ramtoola, Z., 2013. 
Comparative evaluation of novel biodegradable nanoparticles for the drug targeting 
to breast cancer cells. Eur. J. Pharm. Biopharm. 85, 463–472. https://doi.org/ 
10.1016/j.ejpb.2013.07.016. 

McDevitt, M.R., Chattopadhyay, D., Jaggi, J.S., Finn, R.D., Zanzonico, P.B., Villa, C., 
Rey, D., Mendenhall, J., Batt, C.A., Njardarson, J.T., Scheinberg, D.A., 2007. PET 

P. Sowmiya et al.                                                                                                                                                                                                                               

http://refhub.elsevier.com/S0968-4328(23)00084-7/sbref44
http://refhub.elsevier.com/S0968-4328(23)00084-7/sbref44
https://doi.org/10.1118/1.1568977
https://doi.org/10.1117/1.1993427
https://doi.org/10.1117/1.1993427
https://doi.org/10.1021/acsbiomaterials.8b00495
https://doi.org/10.1016/j.jmmm.2018.05.069
https://doi.org/10.1039/c8nr07769j
https://doi.org/10.1007/s00259-002-0765-x
https://doi.org/10.1007/s00259-002-0765-x
https://doi.org/10.1016/j.biomaterials.2013.04.025
https://doi.org/10.3389/fphar.2018.00790
https://doi.org/10.1002/adfm.201504185
https://doi.org/10.1002/adfm.201504185
https://doi.org/10.1016/j.eti.2021.101526
https://doi.org/10.1038/nbt767
https://doi.org/10.1364/ome.6.001262
https://doi.org/10.1364/ome.6.001262
https://doi.org/10.1039/c9nr01194c
https://doi.org/10.1021/acsnano.6b01401
https://doi.org/10.1002/ange.200903841
https://doi.org/10.1002/ange.200903841
https://doi.org/10.3390/pharmaceutics12080701
https://doi.org/10.3390/pharmaceutics12080701
https://doi.org/10.1016/j.optmat.2020.109985
https://doi.org/10.1016/j.optmat.2020.109985
https://doi.org/10.1016/j.arabjc.2017.05.011
https://doi.org/10.1016/j.arabjc.2017.05.011
https://doi.org/10.1016/j.arabjc.2017.05.011
https://doi.org/10.1021/cr900266s
https://doi.org/10.1038/nbt920
https://doi.org/10.1002/anie.201104507
https://doi.org/10.1002/anie.201104507
http://refhub.elsevier.com/S0968-4328(23)00084-7/sbref67
http://refhub.elsevier.com/S0968-4328(23)00084-7/sbref67
http://refhub.elsevier.com/S0968-4328(23)00084-7/sbref67
https://doi.org/10.1016/j.actbio.2020.03.031
https://doi.org/10.1016/j.actbio.2020.03.031
https://doi.org/10.1016/j.envres.2022.113202
https://doi.org/10.1016/j.envres.2022.113202
https://doi.org/10.1016/j.biomaterials.2015.02.089
https://doi.org/10.1016/j.biomaterials.2015.02.089
https://doi.org/10.1002/smll.201502756
https://doi.org/10.1021/acs.chemrev.5b00112
https://doi.org/10.1016/j.tiv.2015.06.023
https://doi.org/10.1016/j.tiv.2015.06.023
https://doi.org/10.1007/s11051-012-1177-x
https://doi.org/10.1007/s11051-012-1177-x
https://doi.org/10.1016/j.biomaterials.2016.08.048
https://doi.org/10.1039/c1cs15246g
https://doi.org/10.1039/c1cs15246g
https://doi.org/10.1021/bc000040s
https://doi.org/10.1021/bc000040s
https://doi.org/10.1016/j.addr.2005.01.021
https://doi.org/10.1016/j.addr.2005.01.021
http://refhub.elsevier.com/S0968-4328(23)00084-7/sbref79
http://refhub.elsevier.com/S0968-4328(23)00084-7/sbref79
https://doi.org/10.1162/153535003322331975
https://doi.org/10.1155/2011/834139
https://doi.org/10.1016/j.biomaterials.2010.10.022
https://doi.org/10.1002/smll.200700005
https://doi.org/10.1002/smll.200700005
https://doi.org/10.1002/smll.201000538
https://doi.org/10.1021/nn5063613
https://doi.org/10.1021/nn5063613
https://doi.org/10.1016/0022-1759(94)90236-4
https://doi.org/10.1016/0022-1759(94)90236-4
https://doi.org/10.1021/jp309059u
http://refhub.elsevier.com/S0968-4328(23)00084-7/sbref88
http://refhub.elsevier.com/S0968-4328(23)00084-7/sbref88
https://doi.org/10.1016/j.jmmm.2006.05.001
https://doi.org/10.1002/adfm.201401612
https://doi.org/10.1002/adfm.201401612
https://doi.org/10.1021/cm0010304
https://doi.org/10.1016/j.ejpb.2013.07.016
https://doi.org/10.1016/j.ejpb.2013.07.016


Micron 172 (2023) 103486

13

imaging of soluble yttrium-86-labeled carbon nanotubes in mice. PLoS One 2. 
https://doi.org/10.1371/journal.pone.0000907. 

McDonald, R.J., McDonald, J.S., Kallmes, D.F., Jentoft, M.E., Murray, D.L., Thielen, K.R., 
Williamson, E.E., Eckel, L.J., 2015. Intracranial gadolinium deposition after contrast- 
enhanced MR imaging. Radiology 275, 772–782. https://doi.org/10.1148/ 
radiol.15150025. 

Meir, R., Popovtzer, R., 2018. Cell tracking using gold nanoparticles and computed 
tomography imaging. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 10. 
https://doi.org/10.1002/wnan.1480. 

Meng, H., Liong, M., Xia, T., Li, Z., Ji, Z., Zink, J.I., Nel, A.E., 2010. Engineered design of 
mesoporous silica nanoparticles to deliver doxorubicin and p-glycoprotein siRNA to 
overcome drug resistance in a cancer cell line. ACS Nano 4, 4539–4550. https://doi. 
org/10.1021/nn100690m. 

Min, K.H., Min, H.S., Lee, H.J., Park, D.J., Yhee, J.Y., Kim, K., Kwon, I.C., Jeong, S.Y., 
Silvestre, O.F., Chen, X., Hwang, Y.S., Kim, E.C., Lee, S.C., 2015. PH-controlled gas- 
generating mineralized nanoparticles: a theranostic agent for ultrasound imaging 
and therapy of cancers. ACS Nano 9, 134–145. https://doi.org/10.1021/nn506210a. 

Min, Y., Caster, J.M., Eblan, M.J., Wang, A.Z., 2016. Clinical translation of 
nanomedicine. Chem. Rev. 115, 11147–11190. https://doi.org/10.1021/acs. 
chemrev.5b00116. 

Moats, R.A., Fraser, S.E., Meade, T.J., 1997. A “Smart” magnetic resonance imaging 
agent that reportss on specific enzyme activity.pdf. Angew. Chem. Int. Ed. Engl. 36, 
725–728. 

Munirathnappa, A.K., Maurya, S.K., Kumar, K., Navada, K.K., Kulal, A., Sundaram, N.G., 
2020. Scheelite like NaTb(WO4)2 nanoparticles: green fluorescence and in vitro cell 
imaging applications. Mater. Sci. Eng. C 106, 110182. https://doi.org/10.1016/j. 
msec.2019.110182. 

Murata, Y., Jo, J.-I., Tabata, Y., 2017. Preparation of gelatin nanospheres incorporating 
quantum dots and iron oxide nanoparticles for multimodal cell imaging. J. Biomater. 
Sci. Polym. Ed. 28, 555–568. https://doi.org/10.1080/09205063.2017.1286185. 

Murray, C.B., Kagan, C.R., Bawendi, M.G., 2000. Synthesis and characterization of 
monodisperse nanocrystals and close-packed nanocrystal assemblies. Annu. Rev. 
Mater. Sci. 30, 545–610. https://doi.org/10.1146/annurev.matsci.30.1.545. 

Naha, P.C., Zaki, A., Al, Hecht, E., Chorny, M., Chhour, P., Yates, D.M., Witschey, W.R.T., 
Litt, H.I., Cormode, D.P., 2015. NIH Public Access 2, 8239–8248. https://doi.org/ 
10.1039/C4TB01159G.Dextran. 

Nahrendorf, M., Zhang, H., Hembrador, S., Panizzi, P., Sosnovik, D.E., Aikawa, E., 
Libby, P., Swirski, F.K., Weissleder, R., 2008. Nanoparticle PET-CT imaging of 
macrophages in inflammatory atherosclerosis. Circulation 117, 379–387. https:// 
doi.org/10.1161/CIRCULATIONAHA.107.741181. 

Ntziachristos, V., Schellenberger, E.A., Ripoll, J., Yessayan, D., Graves, E., Bogdanov, A., 
Josephson, L., Weissleder, R., 2004. Visualization of antitumor treatment by means 
of fluorescence molecular tomography with an annexin V-Cy5.5 conjugate. Proc. 
Natl. Acad. Sci. USA 101, 12294–12299. https://doi.org/10.1073/ 
pnas.0401137101. 

Ntziachristos, V., Ripoll, J., Wang, L.V., Weissleder, R., 2005. Looking and listening to 
light: the evolution of whole-body photonic imaging. Nat. Biotechnol. 23, 313–320. 
https://doi.org/10.1038/nbt1074. 

Pan, D., Pramanik, M., Senpan, A., Allen, J.S., Zhang, H., Wickline, S.A., Wang, L.V., 
Lanza, G.M., 2011. Molecular photoacoustic imaging of angiogenesis with integrin- 
targeted gold nanobeacons. FASEB J. 25, 875–882. https://doi.org/10.1096/fj.10- 
171728. 

Pan, D., Pramanik, M., Senpan, A., Ghosh, S., Wickline, S.A., Wang, L.V., Lanza, G.M., 
2010. Near infrared photoacoustic detection of sentinel lymph nodes with gold 
nanobeacons. Biomaterials 31, 4088–4093. https://doi.org/10.1016/j. 
biomaterials.2010.01.136. 

Peng, K., Lv, F., Lu, H., Wang, J., Zhao, H., Liu, L., Wang, S., 2020. Conjugated polymer 
nanoparticles as fluorescence switch for selective cell imaging. Chin. Chem. Lett. 31, 
755–758. https://doi.org/10.1016/j.cclet.2019.09.019. 
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