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ABSTRACT

Objective: Molecular imaging methods are gaining popularity in clinical and preclinical fields.
There are many different imaging methods such as computed tomography (CT), magnetic resonance
imaging (MRI), positron emission tomography (PET), single photon emission computed tomography
(SPECT) and Near-infrared fluorescence (NIRF), and each has different advantages and
disadvantages. Multimodal imaging methods, a combination of two or more molecular imaging
modalities, have been developed to overcome the disadvantages of these molecular imaging
methods. However, these imaging methods are conjugated with different vectors to improve the
multimodal imaging methods used. In this field, drug delivery systems, peptides, proteins, antibodies
and aptamers have been widely used for conjugation of multimodal imaging modalities to overcome
some of the disadvantages that come from imaging modalities. In this review, PET and NIRF
combination imaging modalities were explained and more specifically PET and NIRF nanoparticle
dual imaging modalities with their pros and cons were investigated.

Result and Discussion: Dual imaging modalities overcome to limitations of single imaging
modalities and provide a better understanding of biological, anatomical, and physiological
processes. Multimodal imaging modalities offer higher sensitivity, resolution, and specificity with
lower cost and toxicity although have several disadvantages.
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oz

Amacg: Molekiiler goriintiileme yontemleri klinik ve preklinik alanlarda popiilerlik kazanmaktadir.
Bilgisayarli tomografi (BT), pozitron emisyon tomografisi (PET), tek foton emisyon tomografisi
(SPECT), manyetik rezonans (MRI) ve yakin kizilotesi floresans (NIRF) géoriintiileme gibi bir¢ok
farkly goriintiileme yontemi vardir ve her birinin farkli avantaj ve dezavantajlari vardir. Bu
molekiiler goriintiileme yontemlerinin dezavantajlarinin iistesinden gelmek icin iki veya daha fazla
molekiiler goriintiileme yonteminin bir kombinasyonu olan multimodal gériintiileme yontemleri
gelistivilmistir. Bununla birlikte, bu goriintiileme yéntemleri, kullanilan multimodal goriintiileme
yontemlerini gelistirmek icin farkli vektorlerle konjuge edilmistir. Bu alanda gériintiileme
yéntemlerinden kaynaklanan bazi dezavantajlarmn iistesinden gelmek icin multimodal goriintiileme
yontemlerinin konjugasyonunda ila¢ tasyrici sistemler, peptitler, proteinler, antikorlar ve
aptamerler yaygin olarak kullanilmaktadir. Bu derlemede PET ve NIRF kombinasyonlu
gortintiileme modaliteleri anlatilmis ve daha spesifik olarak PET ve NIRF nanopar¢acik ikili
gortintiileme yontemleri artilar: ve eksileri ile incelenmigtir.
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Sonu¢ ve Tartisma: Ikili goriintiileme yontemleri, tek gériintiileme yéontemlerinin simrlarin
ortadan kaldirir ve biyolojik, anatomik ve fizyolojik siireglerin daha iyi anlasilmasini saglar. Coklu
goriintiileme yontemleri birkag¢ dezavantaji olmasina ragmen, diigiik maliyet ve toksisite ile birlikte
daha yiiksek hassasiyet, ¢oziiniirliik ve ozgiilliik sunar.

Anahtar Kelimeler: Floresan goriintiileme, ikili goriintiileme, Kuantum noktalari, nanopartikiil,
PET

INTRODUCTION

Molecular imaging mainly provides the investigation of molecular abnormalities of diseases, not
only the differences in the molecular stage. It was defined as an in vivo characterization and biological
process measurements at a molecular level by Weissleder and Mahmood. Biomarkers, essential for
molecular imaging, are used for targeting biological systems and provide high specificity and sensitivity
[1,2]. Molecular imaging modalities such as CT, MRI, PET, SPECT, and optical imaging are showing
increasing popularity in both clinical and preclinical areas [3]. Especially multimodal imaging, which
combines two or three molecular imaging methods, has gained significant importance due to
overcoming individual limitations [3,4]. Multimodal imaging techniques have been used to monitor
structural, functional, and molecular changes, quantify, and identify biological processes at cellular and
molecular levels in living organisms [4]. The limitation of each imaging modality can be overcome by
combining different imaging techniques and providing better images in preclinic and clinic applications
(Table 1).

Table 1. Molecular imaging modalities [5-7]

PET SPECT CT MRI NIRF
Form of Energy | Annihilation | Gamma rays X-rays Radio frequency | Infrared light
photons ways
Spatial 1-5 0.5-15 0.5-1 0.01-0.1 <1
Resolution (mm)
Temporal min s-min s-min min-h s-min
Resolution
Penetration unlimited unlimited unlimited unlimited <2cm
Depth
Sensitivity 101102 M | 101%-101' M 10°M 103-10°M 10°-102M
Cost High Medium-high Medium High Low

CT is the technique that produces images depending on the different attenuation of X-rays by
tissues. It is a common method used in clinical and shows high resolution, penetration, and fast
acquisition time with low cost. However, high radiation doses and low quality of soft tissues are the
main limitations of this imaging technique [4].

MRI is the common imaging method in radiology and provides good detection and
characterization for soft tissue, unlike CT. This method shows high spatial resolution with high cost and
low sensitivity [8,7]. MRI and CT imaging modalities provide better anatomic images and molecular
changes [9].

Nuclear imaging techniques, PET and SPECT imaging, are the most common imaging modalities.
SPECT is based on the detection of gamma rays decaying from gamma-emitting radionuclides. PET
imaging method detects gamma rays from the two gamma photons (180°C direction) after the
annihilation reaction between the electrons and positrons of PET radionuclides. These nuclear imaging
methods show high sensitivity and quantification but also have a poor resolution [5]. PET and SPECT
are also essential imaging modalities for personalized medicine and imaging models. They are the most
common modalities for detecting diseases and monitoring treatments [4].

The optical imaging method is based on the detection of fluorophores, emitting the fluorescence
after optical excitation by an optical microscope. This method shows high sensitivity and multiplexed
imaging with low or medium-high costs, although the energies of fluorescence imaging are limited to
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penetrate the tissues [7].

Nanotechnology, which is generally smaller than 100 nm, has been showing great importance for
several decades. It is also one of the research subjects used as a medicine for diagnostic, therapeutic,
and theranostic purposes. Nanotechnology applications in medicine provide the elimination of some
deficiencies in conventional drug applications [10]. Organic and inorganic nanoparticles have been used
in several imaging modalities [11].

In this paper, dual imaging modality (PET and fluorescence imaging combination) by using nano-
size delivery systems and their advantages and disadvantages are reviewed.

Fluorescence Imaging

NIRF imaging, the most common optical imaging technique, is using for shallow lesion and
superficial object imaging [12]. Fluorescent dyes emitting in the NIRF area are mainly divided into two
regions: NIRF first window (NIRF-I: 700-900 nm) and NIRF second window (NIRF-I1: 2000-1800 nm)
[13,14]. The excitation photon travels and reaches the NIRF agents, and in the end, photon absorbance
occurs depending on the absorbing components of tissues and organs [15]. The main absorbing
components are water, lipids, oxy, and deoxy hemoglobins [16]. Also, the NIRF imaging method
depends on many parameters such as dye properties, excitation light properties, biodistribution and
pharmacokinetic properties of the imaging system, targeting tissue and cell properties, etc. [16]. The
most common fluorophores are fluorescein isothiocyanate (FITC), cyanine and cyanine derivatives,
pacific blue and alexa fluor. However, new dyes are investigated by researchers due to their limited
photostability [17]. Rhodamines, fluorescein, boron-dipyrromethene, and cyanine dyes are commercial
fluorescent dyes, and they are currently on the market [17].

NIRF imaging technique is getting more attention day by day due to their high sensitivity, high
spatial and temporal resolution, low optical absorption, and scattering features [18]. Also, fluorescence
imaging properties provide some functional features about the activity of molecules [19]. However deep
tissue penetration is the main obstacle to clinical use [20]. The main problem of fluorescence imaging
is the instability of the fluorophores [21]. Their stability problem affects the fluorescence signal in
imaging techniques. Also, this technique faces some difficulty in imaging living organisms due to a lack
of deep tissue penetration (Table 2) [11].

Table 2. Advantages and disadvantages of fluorescence imaging technique

Advantages Disadvantages

Deep penetration in tissues and organs Instability of fluorescent dyes
High sensitivity Non-specific adsorption to proteins
High resolution Rapid degradation

Drug delivery systems have been used for NIRF imaging to overcome these disadvantages. These
systems could help to overcome the instability of the fluorescent dyes and the rapid degradation of these
dyes. Another advantage of drug delivery systems in NIR imaging is higher loading capacity, providing
better resolution [22].

Fluorescent dyes are generally placed in the core of nanoparticles which is protected by the shell
from photobleaching. Quantum dots (QDs), carbon-based nanoparticles, silica nanoparticles,
fluorescent dyes encapsulated nanoparticles, liposomes, and other drug delivery systems are mainly used
for fluorescence imaging [23,24].

Pet Imaging

PET imaging is one of the nuclear medicine imaging modalities based on PET radionuclides,
which are traditional radionuclides such as *8F, 3N, %0, and radiometals such as Gallium-68 (*®Ga),
Zirconium-89 (3°Zr), Cupper-64 (%*Cu), etc. [25]. The positron, which is emitted from positron-emitting
radionuclides, travels and is annihilated with electron [25]. After this annihilation reaction, two 511 keV
gamma rays occurred in the opposite direction (180°C apart) and were detected by the PET scanner
(Figure 1). [26]
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Figure 1. PET imaging principle [26]

PET imaging modality provides some advantages such as better resolution and high sensitivity;
however, spatial resolution is the limitation due to the physical characteristics of the scanners (Table 3)
[26,27]. Also, the sensitivity is highest among all imaging modalities without any depth limitation [27].

Table 3. Advantages and disadvantages of PET imaging technique

Advantages Disadvantages

High sensitivity Expensive method

High resolution Low spatial resolution (about 5mm)
Three dimensional functional method

The gold standard PET radiopharmaceutical, ®F- fluorodeoxyglucose (FDG), a glucose analog,
provides higher tumor uptake depending on the tumor tissue and overexpression on tumor area [9]. FDG
PET scans all body with a single injection dose with 96% sensitivity and 77% specificity [28]. This
imaging modality is used to detect dynamic changes in the body. It can also be used for basic
physiological and molecular mechanisms [29]. Drug delivery systems can be radiolabelled with different
radionuclides for many applications besides conventional PET imaging radiopharmaceuticals[30].
Nanoparticles can be radiolabelled with different methods (direct and indirect radiolabelling methods)
depending on the various parameters such as half-lives of nanoparticles and radionuclides, energies of
radionuclides, and properties of both nanoparticles and radionuclides [30].

Direct radiolabelling methods occurred attachment, incorporation, or encapsulation of
radionuclides to nanoparticles. The interactions between nanoparticles and radionuclides can happen
with physical interactions such as electrostatic interaction. This method is used mostly for nonmetallic
PET radionuclides. Indirect radiolabelling methods, generally preferred ones, require chelators. These
chelators act as a bridge between nanoparticles and radionuclides [30,31]. The chelators, also called
bifunctional chelators, bind the radionuclides and nanoparticles; because of this, chelator choice is one
of the most critical steps [30]. The most common bifunctional chelators for PET radionuclides are
2,2°,2°,2°”’-(1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetrayl)tetraacetic  acid (DOTA), 1,4,7-
triazacyclononane-N,N’,N”’-triacetic acid (NOTA), diethylenetriamine-N,N,N’,N-pentaacetic acid
(DTPA) and desferrioxamine (DFO) [30].

Combination of PET and NIRF Imaging

Dual imaging modalities, especially for diagnosing and monitoring diseases, provide many
advantages due to taking advantage of each modality. NIRF imaging modalities have been frequently
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used for dual imaging due to their complementary properties (Figure 2) [32]. NIRF's main principle is
the selective and repeated activation of dyes with excitation light, while PET imaging is based on the
detection of 511 keV gamma energies by the camera [21].

The combination of NIRF and PET imaging is improved the imaging quality and provides better
sensitivity, specificity, and real-time visualization for preclinical and clinical applications [33]. These
combination imaging agents can be used for surgical planning of whole-body imaging and molecular
guiding for surgery, and also provide the correlation between these two imaging, which are for surgical
planning and guiding [34].

PET-NIRF dual imaging agents can be synthesis different methods such as coupling and
conjugation reactions, and several points should be considered before the synthesis studies:

1. Reaction times should be short if the short-lived radionuclides are used,

2. Reaction should result in as high a yield as possible due to expenses of materials and limited
radioactivity,

3. Radiolabelling steps should be controlled because any reaction may occur that cause stability
problem for fluorescent dyes.

The stability and optical properties of NIRF dyes can affect the quality and sensitivity of dual
imaging, including PET radionuclides and NIRF dyes. Thus, researchers should pay attention to the
radiolabelling steps and conditions; and the factors such as radiolabelling conditions, radiolysis, and
interactions between the radionuclides and fluorescent dyes should be considered [35].

a PET
scann
A\
hv o
o hv =
e i
..’n
@
Antibody,
Protein, or
Peptide
b § Scattered
‘..\‘ fluorescent light

eeeeeee

LS

Scattered

excitation light
14-16ev -

Figure 2. Schematic representation of PET imaging (a) and NIRF imaging (b) modalities [34]
[Addepted from Azhdarinia et al. (2011)]

Nanoparticles with PET and NIRF Imaging

Dual imaging modalities with nanoparticles provide deep tissue detection of disease for image-
guided surgery owing to PET imaging and also provide tissue resection owing to NIRF imaging [36].
Nanoparticles radiolabelled with PET radionuclides and conjugated or encapsulated fluorescent dyes
can be used for tracking macrophages and detecting diseases [36].

Avriztia and co-workers explained the synthesis methods of PET and Fluorescence dual imaging
agents with nanoparticles. Synthesis methods were divided into three main categories: 1. Dye approach;
2. Iterative approach; 3. Simultaneous approach (Figure 3) [27].
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Dye Approach; This approach is not commonly used because radionuclides-bifunctional agent-
fluorescent dyes synthesis is challenging. The radionuclides and fluorescent dye conjugation is in the
first step and then followed by the conjugation of this dual imaging and nanoparticles. However, if
radiometals will use for PET imaging, radiolabelling process is completed after fluorescent dyes-
nanoparticles conjugation [27].

Iterative Approach; This approach is the most commonly used method for the dual imaging agent
with radiometals. This strategy allows the radiolabelling in different steps. Thus, this convenience
provides the prevention of chemical degradation and instability [27].
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Simultaneous Approach; Covalent and non-covalent binding plays the primary role in this
approach. Briefly, fluorescent dyes and bifunctional agents directly bind the surface of nanoparticles
with covalent bind. This approach can only be used for radiometals and nanoparticles [27].

Imaging with contrast agents is essential in diagnosis, monitoring, and therapy for distinguishing
physiological processes from anatomical processes. Although it has not yet had an Food and Drug
Administration (FDA) approved agent, this imaging method is promising, and many preclinical studies
have been reported in the literature [17]. PET/NIRF dual imaging combination in nano-size also has
promising applications.

Recent studies show nanocrystals have a great potential for optical imaging [37]. QDs are
fluorescent nanocrystals between 1-10 nm in size. They have optical and electrical properties and show
better stability than other NIRF imaging nanoparticles. QDs consist of an inorganic core and inorganic
shell structure [24,16]. They are not water-soluble due to their hydrophobic nature, and surface
conjugation should be necessary to make them water-soluble probes[38]. Different types of molecules
such as peptides[39], folates[40], dextrans[41,42], aptamer[43], antibodies[44], monoclonal antibodies
(mAbs)[45] and commonly polyethylene glycol (PEG) can be conjugated [43,46].
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Many studies have been conducted combining QDs with many different imaging methods [47].
NIRF with QDs and PET imaging combination could provide more information about the
pharmacokinetics of NIRF QDs [33]. One of the main concerns of QDs imaging agents is the toxicity
due to Cadmium (Cd) in QDs. Dual imaging could also solve this problem and decrease the toxicity of
QDs [48]. %Cu radiolabelled PET/NIRF QDs showed significantly lower toxicity potential compared
with the NIRF QDs. PET/NIRF imaging agents QDs require smaller amount for tumour imaging due to
PET radionuclides, thus, the potential of toxicity decreases [33,49]. The toxicity levels of QDs depend
on their size, charge, concentration, other bound groups or coats, and their stability [50,51]. Smaller
QDs could be prepared with the combination of PET and NIRF imaging, which provide lower toxicity
and reticuloendothelial system (RES) uptake herewith better imaging quality [52]. 21 nm (large) and 12
nm (small) size QDs biodistribution studies did not show any significant biodistribution differences
between them. On the other hand, Cd, the reason for the toxicity of QDs, was not detected in ex-vivo
studies of 8F radiolabelled PEGylated QDs [53].

Studies showed that QDs can be radiolabelled with successful and high yield. Cai and co-workers
(2007) radiolabelled the QD s with ®Cu more than 90% yield. %Cu radiolabelled QDs were compared
(in large and small sizes) with and without PEGylation. Both non-PEGylated QDs showed rapid uptake
(2 mins) into the liver and spleen, unlike PEGylated QDs (6 mins). QDs size did not affect the
biodistribution in their study, which is an unexpected result. However, size can be helpful in RES
clearance, and smaller size QDs can affect the RES clearance and can help improve the NIRF image
quality [33,38].

Peptide modified ®F labelled QDs (*3F-Fluoropropionly (FP)-QD-arginine-glycine-aspartate acid
(RGD)-bombesine (BBN)) were evaluated in vitro and in vivo for tumour detection/accumulation,
imaging, biodistribution and compared with same QDs without ®F-labelling (QD-RGD-BBN). 8F-FP-
QD-RGD-BBN showed higher uptake in kidney, liver and bladder unlike QDs due to metabolic stability
of QD-RGD-BBN. **F-FP-QD-RGD-BBN dual imaging agent showed reduced toxicity and lower tissue
penetration [49].

Radiolabelled QDs can also be used for in vitro and in vivo imaging. However, only a few in vivo
imaging studies have been published. QDs show high photostability and brightness with changeable size
and fluorescence wavelengths but for in vivo imaging, QDs should be more specific and effective to the
targeted areas and organs [33]. The shortcomings in the acquired images have increased the search for
dual imaging modalities for QDs. Also, tracking and quantification and, consequently, the
biodistribution studies of the QDs in vivo by NIRF imaging are very limited due to their deep tissue
penetration problems. However, due to the heavy metal toxicity of QDs, silica and carbon-based
nanoparticles have been developed. Moreover, other nanoparticles may be more advantageous than QDs
because their size can be adjusted easily, they can be formed from different materials, and they can be
conjugated easily with different groups, which are helpful for desired circulation time [54].

NIRF dye encapsulated nanoparticles are also photostable systems that can overcome the stability
problems of NIRF dyes. Moreover, prolonging the circulation half-life of NIRF dyes is the other primary
advantage of this system [23]. Lee and co-workers developed the glycol chitosan-based nanoparticles
for NIRF and PET dual imaging. Researchers indicated that the dual imaging agent developed by them
provides biological features of the tumor as well as quantitative information on tumor targeting [19].
Moreover, dual imaging nanopartics provide better description for biodistribution for tumuors. PET
images show better signal to noise ratio compared to NIRF images, however, NIRF provides in vivo and
ex vivo visualization [55].

Silica-based nanoparticles show great potential for clinical applications in the future due to their
biocompatibility. FDA also indicated silica-based nanoparticles as “Generally Recognized As Safe”.
Silica nanoparticles, dense silica nanoparticles (dSiO), new generation dSiO; based Cornell prime dots
(C’ dots), mesoporous silica nanoparticles (MSN), and hollow mesoporous silica nanoparticles (HMSN)
are considered as a silica-based nanoparticles and are widely investigated for imaging properties. Several
studies in radiolabelling silica-based nanoparticles with different radionuclides have been reported [56-
59]. They can also be used for NIRF imaging by entrapment of fluorescence dyes [60]. This is an ideal
drug delivery system for fluorescence dyes because it is photochemically inert and allows for the
excitation and emission of light [23]. Other advantages of this drug delivery system are the water-
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dispersible and microbial-resistant features. Their silica matrix allows the light to pass through and also
protects the dyes from degradation [61]. Silica nanoparticles are biocompatibility, non-toxic
characteristics, and easy modification with other molecules [22]. Different types of dual imaging with
silica nanoparticles tagged/loaded with varying types of materials for targeting purposes are been
investigated for primer or metastatic tumours. Many studies about aptamer, protein, and antibody
conjugated silica nanoparticles for multimodal imaging using PET and NIRF systems have been
reported for cancer imaging/therapy. One of them about aptamer-functionalized **Cu radiolabelled silica
nanoparticles, was reported by Tang and co-workers (2012). Mono-disperse aptamer conjugated silica
nanoparticles with 20 nm size for PET/NIRF imaging showed advantages for lymphatic imaging.
Overcoming the depth insensitivity and low spatial resolution of each imaging modality with dual
imaging showed potential for resection of metastatic lymph nodes [62].

MSNs have been widely investigated for drug and gene delivery systems, bioimaging, and cell
markers due to their high drug-loading capacity, large surface area/high-surface modification, low
toxicity and high stability [63]. MSNs are quite popular system for PET/NIRF imaging [64,65]. “Cu
(PET radionuclide) and 800 CW (fluorescent dye) labelled targeted MSN were synthesized successfully
and pharmacokinetics and targeting efficacy were evaluated in vitro and in vivo by using dual imaging
modalities. Results showed that PET/NIRF MSN as a dual imaging agent could be a promising agent
for imaging and also could be used for providing more information about accumulation,
pharmacokinetics and targeting efficacy of agents [66].

MSN also have appropriate shell-thickness and size with protection for drugs. Hence, %Cu
radiolabelled CuS@MSN nanoparticles tagged with TRC105 were synthesized for theranostic purposes.
CuS nanoparticles were coated with MSN and after that, the anticancer drug was loaded into the
CuS@MSN. It was followed by ®*Cu radiolabelling procedures for the purpose of the evaluation of their
biodistribution and pharmacokinetics. Chen and co-workers (2015), mentioned that Cu-CuS@MSN
with a TRC105 tag was evaluated as a unique theranostic nanoparticle which provides in vivo active
tumour targeting [67].

HMSN, which show a large drug loading capacity compared with mesoporous silica
nanoparticles, were also used for dual imaging modalities [68]. Chen et al. (2014) reported the
successfully prepared HMSN for PET and NIRF dual imaging purposes [68]. The chimeric antigen
receptor (CAR) T cells tagged PET/NIRF silica nanoparticles were synthesized with success by
Harmsen and co-workers (2021). 39Zr radiolabelled NIRF silica (CF680R loaded) nanoparticles, were
investigated for long-term whole-body CAR T cell tracking to provide a better understanding of CAR-
T cell therapy and its limitations. CAR-T cell-tagged PET/NIRF nanoparticles provided whole-body
tracking for 1 week. However, PET/NIRF nanoparticles were released from CAR-T cells after a week
post-administration [69].

C’dots, inorganic silica nanoparticles, are Cy5 containing systems which can be used for NIRF
images. One of the C’dots type which is 12*I-cyclic arginine-glycine-aspartic acid (CRGDY)-PEG-C’dots
has been already approved by FDA Investigational New Drug for integrin-expressed cancer imaging
This ultra small size nanoparticles evaluated as a bulk renal clearance, appropriate pharmacokinetics,
excellent dual imaging modality without acute toxicity [70]. Following that, cRGDY-PEG-C’dots
labelling studies with different radionuclides such as #2Zr, 13| etc. have been performed [70,57]. 1#I-
CRGDY-PEG-C’dots were evaluated in-vitro and in-vivo by Benezra et al. (2011). In this study, Benezra
and co-workers successfully obtained the binding affinity and levels of receptor expression,
pharmacokinetic and clearance profiles, dosimetry and blood/tissue ratio of 24I-cRGDY-PEG-C’dots.
Results proved that ?*I-cRGDY-PEG-C’dots showed advantages in metastatic cancers [71]. I-
CRGDY-PEG-C’dots were also studied by Phillips and coworkers and this study were describes as a
first-in-human trial of C’dots [72]. Phillips and co-workers investigated its safety profiles and also
pharmacokinetics by using PET imaging. 1241-cRGDY-PEG-C’dots showed accumulation at tumour
site with different pharmacokinetic with good clearance without RES uptake [72]. cRGDY-PEG-C’dots
have already been labelled with 89Zr to evaluate as an agent for cancer detection and compare
radiolabelling strategies by in vitro and in vivo. Results proved that 3Zr-cRGDY-PEG-C’dots showed
a great potential for clinical studies [57].
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Liposomes are unilamellar lipid bilayer drug delivery systems that can trap the hydrophilic and
lipophilic molecules in the central core and lipid bilayer [73]. This system is commonly used and
preferred because of its bio-compatible, non-toxic, and biodegradable features [18]. Also, their
encapsulation ability, modification property, and transportation ability into the tumor are the other
reasons for common use [74]. Due to these features, many liposomes have been approved by FDA, and
many of them are also available in the market [75]. Liposomes are suitable systems for dual imaging
due to their encapsulation and/or attachment capability of different types of molecules [18,76]. Perez-
Medina and co-workers developed dual imaging agents, 8Zr radiolabelled Cy5 dyes encapsulated
liposomes. Mainly, two different radiolabelling chemistry were investigated, and after that, NIRF dyes
were encapsulated into the lipid bilayer. Results proved that dual imaging agents could be prepared with
high stability [74].

Table 4. PET/NIRF dual imaging nanoparticles mentioned in this article

PET S
radionuclides NIRF dyes Dual imaging agent Reference
%Cu - ®4Cu-labeled DOTA-QD [33]
64Cu-DOTA-QD525
®4Cu-DOTA-QD800
64 -
QDs Cu #Cu-DOTA-QD525PEG [38]
#4Cu-DOTA-QDS800PEG
18F - 18F-FP-QD-RGD-BBN [49]
= ; 18F-QDs [53]
NC200 84Cu-NC200 silica nanoparticle [62]
4Cu NC20 84Cu-NC20 silica nanoparticle
sili 84Cu 800CW 4Cu-800CW-MSN [66]
ilica
Nanoparticles 4Cu Cus 64CU-CUS@MSN-TRC1O5 [67]
8Cu ZW800 64Cu-HMSN-ZW800-TRC105 [68]
897r CF680R 897Zr-silica nanoparticle [69]
Chitosan 64 64 e i
Nanoparticles Cu Cy5.5 Cu-DOTA-Lys-PEG4-DBCO [19]
124
- Cy5 CRGDY-PEG-Cy5-C’dots [70]
C’dots 897y Cy5 87r-DFO- cRGDY-PEG-C’dots [57]
124| 124|
CyS -cCRGDY-PEG-Cy5-C’dots [71,72]
DilC@DFO-L
89Zr (Cy5 analog 1,1-
diododecyl-3,3,3,3- 89Zr-liposomes [74]
Liposomes tetramethyl-
indodicarbocyanine-
5,5-disulfonic acid)
%Cu IRDye800CW Liposome-DOX- 54Cu/800CW [78]

PET and NIRF imaging systems can also be very attractive dual imaging modalities to evaluate
in different ways the therapy of drug delivery systems. Lobatto and co-workers used dual imaging
modalities to understand the atherosclerosis therapy success of liposomes. Biodistribution and vessel
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wall targeting of liposomes were evaluated by PET/CT images, while vascular permeability was
evaluated by NIRF imaging. In the clinics, PET/CT imaging systems are used to provide a better
understanding of in vivo behavior of drug delivery systems [77]. Du and co-workers (2017) studied PD-
1 specific doxorubicin loaded, NIRF dye, and ®Cu labeled liposomes to evaluate the tumor detection
sensitivity and also therapy approach. Researchers aim to monitor the pharmacokinetics of this agent
and also to understand the antitumor activity of the PD-1 targeted doxorubicin-loaded liposomes. The
reason for using PET and NIRF combination imaging is the advantages of using both imaging modalities
to understand tumor therapy (Table 4) [78].

RESULT AND DISCUSSION

Multimodal imaging modalities have been widely investigated in different combinations such as
PET/MRI, SPECT/MRI, PET/optical imaging, etc. The limitations of single imaging modalities can be
overcome with these combinations and provide a better understanding of biological, anatomical, and
physiological processes. Multimodal imaging modalities offer higher sensitivity, resolution, and
specificity with lower cost and toxicity. However, some limitations still exist or still need to develop.
Drug delivery systems in nanosize have important advantages in multimodal imaging due to their large
surface area, high loading and modification capability, and extended circulation half-life properties.
Also, some nanoparticles provide better stability results for NIRF imaging dyes. The combination of
PET and NIRF imaging has shown important advantages compared to single imaging modalities and
also could be promising properties for clinical application. Moreover, nanoparticles in PET/NIRF dual
imaging provide many benefits in preclinical and clinical stages and overcome many of the
disadvantages that come from PET/NIRF imaging modalities, such as better stability and blood
circulation times, and better images.

Nanoparticles in PET/NIRF, dual imaging modalities, have been found as a promising research
area and have an excellent potential for preclinical and clinical applications. However, more research
should be done in this field, especially radiolabelled and fluorescent dyes encapsulated nanoparticles
should be investigated due to their biocompatible features.
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