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Abstract 

Nanomedicines (NMs) have emerged as an efficient approach for developing novel treatment strategies against a 
variety of diseases. Over the past few decades, NM formulations have received great attention, and a large number 
of studies have been performed in this field. Despite this, only about 60 nano-formulations have received industrial 
acceptance and are currently available for clinical use. Their in vivo pharmaceutical behavior is considered one of the 
main challenges and hurdles for the effective clinical translation of NMs, because it is difficult to monitor the phar‑
maceutic fate of NMs in the biological environment using conventional pharmaceutical evaluations. In this context, 
non-invasive imaging modalities offer attractive solutions, providing the direct monitoring and quantification of the 
pharmacokinetic and pharmacodynamic behavior of labeled NMs in a real-time manner. Imaging evaluations have 
great potential for revealing the relationship between the physicochemical properties of NMs and their pharmaceuti‑
cal profiles in living subjects. In this review, we introduced imaging techniques that can be used for in vivo NM evalua‑
tions. We also provided an overview of various studies on the influence of key parameters on the in vivo pharmaceuti‑
cal behavior of NMs that had been visualized in a non-invasive and real-time manner.
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Introduction
In alignment with rapid advances in biomedical and phar-
maceutical sciences in the last few decades, the unprec-
edented development of nanotechnological approaches 
has greatly promoted the emergence of nanomedicines 
(NMs) exhibiting high diagnostic/therapeutic efficacy 
and improved safety profiles [1]. NMs are intended to 
maximize therapeutic/diagnostic efficacy while avoid-
ing off-target and accumulation-related adverse effects 
by delivering therapeutic or imaging agents (passively or 
actively) to the tissue of interest [2]. Therapeutic agents in 
the nanoscale size range have found wide applications in 
the treatment of ailments such as cancer, chronic inflam-
mation, or vascular diseases [3–5]. Due to the small size 
and high surface-area-to-volume ratio, the NMs exhibit 
remarkable differences in chemical reactivity, fluores-
cence, magnetic permeability, and electrical conductivity 
compared with conventional bulk chemical equivalents 
[6]. These unique properties can greatly enhance the 
range of possibilities in the development of innovative 
drugs. However, these properties can also bring about 
additional challenges and limitations related to the qual-
ity, safety, and efficacy of the nanoscaled products. The 

physicochemical properties of the NMs can alter pharma-
cokinetic profiles, changing their absorption, distribution, 
metabolism, and elimination, which results in general 
concerns on the application of NMs [7]. The interaction 
of NMs with their biological surroundings (at molecular, 
cellular, and organ levels) greatly depends on the complex 
interplay of the controllable properties of the nanoparti-
cles and the largely uncontrollable properties of their sur-
roundings. Particle size, shape, and surface chemistry are 
key factors governing the performance criteria, includ-
ing the degree of protein adsorption, cellular uptake, 
biodistribution patterns, and clearance mechanisms [8]. 
NMs have the potential to be precisely designed by tun-
ing these factors to achieve individualized and more 
efficient treatment and diagnostic agents while minimiz-
ing potential side effects [9, 10]. As the NMs landscape 
evolves, it is increasingly important to understand the 
intrinsic connection between the structural and func-
tional relationship, which allows the further optimization 
and manipulation of fine nanostructures to meet general 
standards, applicable to medicinal compounds.

Along with traditional and biological drugs, the 
approval process of NMs is regulated by the Food and 
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Drug Administration (FDA) in the USA. Therefore, NMs 
are usually subjected to the standard range of preclini-
cal and clinical validation. Following the discovery of the 
material, the preclinical phase of testing generally involves 
animal studies that investigate efficacy, safety, and toxic-
ity profiles, as well as appropriate dose ranges [11]. When 
dealing with NMs, it is of great importance to achieve a 
comprehensive understanding of their physicochemical 
characteristics, and significant research is still required 
to evaluate their behavior in biological systems, including 
the use of both new assays and existing methods. Despite 
numerous research activities in academia and clinics, 
there are very limited NMs approved for clinical usage, 
whereas more than 400 nano-engineered products are 
currently in ongoing clinical trials. The pharmaceutical 
evaluation of NMs remains a key issue in several guidance 
documents published by the FDA over the past few years, 
which is also an important aspect of research and devel-
opment [12]. Thus, the translation of novel concepts like 
NMs into commercially viable products for clinical appli-
cation requires rigorous evaluation on the basis of regula-
tory guidance regarding their quality, safety, and efficacy.

Due to the physicochemical complexity of NMs related 
to their size, shape distribution, surface chemistry, 

single/multiphasic composition, and presence of cogni-
tive groups, it remains a formidable challenge to inves-
tigate their pharmaceutical profiles in a biological 
environment using conventional pharmaceutical evalu-
ations. To address this challenge, various efforts have 
been made to perform in situ visualization of metabolic 
behaviors of systemically administrated NMs with newly-
developed imaging modalities and technologies [13–17]. 
The ability to account for the total dose administered and 
its fate is of great importance in providing efficiency and 
safety. Current methods of in vivo imaging mainly include 
introducing chemical tags – fluorescent probes, isotope 
labels, and photoacoustic (PA) agents, amongst others – 
into NMs for tracing. Unlike conventional methods used 
for pharmaceutical evaluations, the non-invasive nature 
of biomedical imaging modalities (e.g., magnetic reso-
nance imaging, positron emission tomography, computed 
tomography) allows for direct monitoring and quanti-
fication of the pharmacokinetic and pharmacodynamic 
behavior of labeled NMs in a real-time manner. The use 
of in vivo imaging methods in pharmaceutical evaluation 
can significantly improve the efficiency of NMs and the 
commercialization of innovations, taking them from lab-
oratory concept to clinical practice (Fig. 1). In this review, 

Fig. 1  Non-invasive imaging modalities can provide real-time monitoring of NMs fate in vivo and facilitate their clinical translation. Created with 
BioRender
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we have discussed the influence of key parameters of 
NMs on their in vivo behavior that had been monitored 
in a non-invasive and real-time manner.

Clinical translation status of NMs
The use of NMs has great potential to make signifi-
cant impacts on human health through the prevention, 
diagnosis, and treatment of diseases. NMs have shown 
various advantages, such as crossing or penetrating bio-
logical barriers and delivering hydrophobic and biologi-
cal drugs with high efficiency at the target site. The first 
NM approved by FDA for clinic application was named 
Doxil®, which exhibited prolonged drug half-life and 
minimized uptake by the mononuclear phagocyte system 
(MPS) due to the use of PEGylated liposomes [18]. After-
ward, more than 60 NMs have received FDA approval for 
clinical applications (Fig.  2A). These marketed NMs are 
used for treatments of various diseases, including can-
cer, fungal disease, iron-replacement therapies, macular 
degeneration, anesthetics, and rare genetic diseases [19–
21]. The majority of clinically approved classes of NMs 
involve nanocrystals, lipid-based, polymer-based, pro-
tein-based, and inorganic nanoparticles (NPs) (Fig.  2B). 
Given the large number of clinical trials of NMs in pro-
gress – over 400 NMs and increasing approved new gen-
erations of NMs will enter the market in the near future 
[22]. Although the ongoing clinical trials are mainly 

focused on cancer treatment, other clinical uses of NMs 
related to infectious diseases, pain treatment, vaccina-
tion, and imaging are also being tested for clinical intro-
duction (Fig. 2C). Furthermore, new areas for treatment 
are emerging and encompass disorders associated with 
neural system diseases, eye diseases, and genetic diseases 
[22].

Despite the enormous amount of research reports, the 
commercially available NMs are still very limited. There 
exists a major gap between laboratory research and the 
clinical practice of NMs due to various challenges that 
arise throughout the whole stages of development. Sev-
eral shortcomings have been identified as key scientific 
issues related to delivering NMs to patients, includ-
ing the analysis and characterization of NMs, biological 
challenges, large-scale manufacturing, biocompatibil-
ity, and safety [23]. One of the major concerns for the 
translation of NMs to the clinic is the deficient under-
standing of NMs’ in vivo behavior. Compared with con-
ventional pharmaceutical formulations, NMs have more 
complicated physicochemical features, including size 
distribution, morphology, surface properties, chemical 
composition, and stability. Thus, it is highly challenging 
to analyze the relationship between their physicochemi-
cal properties and their behavior in biological systems. 
For instance, even if NMs with similar average-sized 
particles have different polydispersities, it may cause 

Fig. 2  Clinical translation status of NMs. A Timeline of the development of major NMs. B clinically approved NMs categorized by particle type. C 
categorization of current clinical trials of NMs based on indications. D сhronological NMs approvals categorized by particle type
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dramatic alternations to in vivo behaviors such as biodis-
tribution, targeting ability, drug release rate, and toxicity 
[24, 25]. Typically, the development of a nanoengineered 
product is based on a fabrication-driven approach, where 
a novel NM is first designed and characterized from a 
physicochemical perspective. Limitations in the clinical 
translation are revealed only when attempting to align 
the newly developed medicines with their biological 
applications. The key determinants of the successful clin-
ical translation of NMs are their distribution, accumula-
tion in the target tissues, retention, and efficacy as well 
as the correlation between NMs’ physicochemical char-
acteristics and in vivo fate in an animal model compared 
to humans. From the design of NMs, it is essential to 
consider the physicochemical features of various NMs in 
overcoming biological barriers in order to ensure highly 
efficient targeting of the region of interest and reduced 
accumulation in unwanted sites [26]. Evaluations of 
in  vivo behavior of NMs in different preclinical animal 
models, which represent aspects of specific diseases, are 
preferred for gaining a comprehensive understanding of 
the intrinsic structure-function correlation.

Biomedical imaging used for in vivo 
pharmaceutical evaluations of NMs
The characterization of NMs requires a combination of 
various techniques to understand their physicochemi-
cal features and behavior in biological systems [19, 27]. 
From a regulatory perspective, conventional medicines 
are analyzed with well-established assay systems, while 
NMs should follow their own framework that accounts 
for their complexity to establish new guidelines defining 
properties specific to nanomaterials. Since most of the 
challenges associated with the pharmaceutical evaluation 
of NMs arise from their structural and physicochemical 
complexity (e.g., size, shape, coatings, payload release) 
traditional approaches for drug regulation cannot be 
applied without a substantial adaptation to the nature of 
nanotechnology-related products. Pharmacological and 
toxicological profiling require a systematic assessment of 
the NMs’ behavior in different kinds of in  vivo systems 
depending on their physicochemical properties. There-
fore, the combination of physicochemical characteristics 
and physiological conditions determines the biological 
application of NMs.

To provide fundamental insights and to ensure more 
accurate delivery of drugs to various pathological sites, it 
is crucial to monitor multiple aspects of the drug delivery 
process quantitatively, including its biodistribution, phar-
macokinetics, target site accumulation, localization in the 
target site, distribution to healthy organs, drug release 
kinetics, and therapeutic efficacy. In this context, there 
is growing interest in the use of non-invasive imaging 

modalities – e.g., magnetic resonance imaging (MRI), 
fluorescence imaging (FLI), positron emission tomogra-
phy (PET), single photon emission computed tomogra-
phy (SPECT), and computed tomography (CT)–for the 
real-time monitoring of NMs’ biodistribution, pharma-
cokinetics, drug release, and therapeutic efficacy [28]. 
An overview of these imaging modalities is presented in 
Fig. 3. The increasing use of these techniques for pharma-
ceutical assessment has led to the development of mate-
rials that serve as contrast agents for imaging modalities. 
Below, we have briefly described commonly used imaging 
modalities and materials serving as imaging probes that 
can be used for in  vivo visualization and that possess a 
great potential for pharmaceutical evaluations.

Magnetic resonance imaging
Magnetic resonance imaging (MRI) is a non-invasive 
imaging technique that provides detailed physiologi-
cal and anatomical information within living tissues. 
It is based on the same principle as chemical nuclear 
magnetic resonance (NMR), detecting the spinning and 
rotation of particular atomic nuclei inside the organ-
ism. Generally, the MRI signal is derived from endog-
enous mobile water protons, which are presented in the 
subject’s body. When the strong static magnetic field is 
applied to a subject, the magnetic moment associated 
with protons tends to align with the direction of the mag-
netic field, and the nuclei of the protons are brought out 
of this equilibrium by pulsed radio-frequency (RF) radi-
ation. After the RF radiation is removed, the nuclei are 
returned to equilibrium and induce a transient voltage, 
generating the NMR signal in the receiver antenna. The 
alignment of the nuclei along the direction of the mag-
netic field does not occur instantly, but gradually over a 
period of time parameterized by spin–lattice relaxation 
time (T1). Spin–spin relaxation time (T2) is the time con-
stant that characterizes the period of time during which 
nuclei remain in ‘phase’ with each other. The amount of 
available signal is intensely dependent on the physical 
characteristics of a specific region, such as nuclei den-
sity [35]. MRI is able to provide more specific details that 
other imaging methods are not able to access because its 
penetration depth is adequate to view the entire body, 
with a spatial resolution of up to 10 μm [36]. Despite its 
widespread use for the diagnosis of disease and moni-
toring of therapy, MRI is also commonly applied in the 
research of NMs to analyze biodistribution and pharma-
cokinetic profiles [37]. The standard MRI, however, has 
low sensitivity since it is often used for anatomical rea-
sons without contrast. The low sensitivity is related to the 
typical signal detection mechanism of the relaxation rates 
of protons contained in the water and fat within tissues 
[38]. If one desires to enhance the detection levels and 
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obtain molecular information, contrast agents (includ-
ing nanomaterials) can be used in micromolar and even 
in nanomolar concentrations to modify the water proton 
relaxation rates [39, 40].

MRI imaging probes
MRI contrast agents are typically divided into two groups 
based on the physical mechanism. This process enables 
the MRI contrast agents to generate signal: T1 (longi-
tudinal relaxation time) and T2 (transverse relaxation 
time). T1 contrast agents are typically paramagnetic spe-
cies that shorten longitudinal relaxation time leading to 
brightening on T1-weighted MR images on T1-weighted 
MR images and represent the ‘positive’ contrasts. These 
contrasts emerge from the magnetically non-linear spin 
layers that present mainly on the surfaces of magnetic 
objects. At these surfaces, many unpaired electrons are 
retained by metal ions that help accelerate T1 relaxation 
[41]. One of the most commonly exploited T1 contrast 
agent is Gadolinium (Gd3+). Gd3+ - chelated complexes 
have been used for diagnostics for the last 30 years and 
have continued to be studied for improved and more 
functional applications. The cause behind Gd3+ as a 
great T1 agent is due to its seven unpaired electrons 

that effectively reduce T1 values resulting in sufficiently 
lengthy electronic relaxation times, as a consequence 
generating signal that is more long-lasting [42–44]. While 
most of Gd3+-based imaging agents are chelates with 
small molecules that may display heavy metal-associated 
toxic effects due to leaching processes, nanomaterials 
that incorporate Gd3+ exhibit substantially less leaching, 
resulting in improved safety profile [45]. For instance, 
such nanomaterials as gadolinium phosphates (GdPO4), 
gadolinium oxides (Gd2O3), and GdF3:CeFn3 have been 
fabricated to achieve improved in vivo behavior in MRI 
[46–49]. In order to avoid renal toxicity in kidney failure 
patients and other adverse effects of Gd3+, other T1 con-
trasting materials, such as Manganese (Mn2+) has been 
studied. Mn2+- based imaging agents are considered to 
have ideal characteristics for MRI because of their abil-
ity to overcome toxicity issues, short circulation half-life, 
and low intracellular accumulation that other T1 con-
trast agents suffer [50]. Manganese oxide (MnO) and 
other materials displayed negligible toxicity and good T1 
weighted contrast effects and has been used as preclini-
cal in  vivo T1 agents [51–53]. However, it was revealed 
that the geometry and morphology of MnO nanomateri-
als critically affects their relaxivity, since the interaction 

Fig. 3  An overview of specific applications, advantages, and limitations of imaging modalities applied in NMs research. Adapted with permission 
from [28–34]. Copyright 2014, 2015, 2019, 2021, American Chemical Society; 2019, 2020, Springer Nature; 2015, Elsevier
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with water strongly influences contrast effects [54]. The 
fact that T1 imaging agents generate contrast depending 
on approach to freely diffusing surrounding water mol-
ecules, provides suitable conditions for assessing drug 
release as they render distinctive signals when loaded or 
released from the drug delivery system [55].

T2 imaging agents are typically materials that reduce 
the contrast of the images under consideration, to pro-
vide ‘negative’ contrast. Majority of the magnetic nano-
materials are present by iron-based compounds that 
exhibit a high magnetization, which can cause magnetic 
inhomogeneities affecting T2 relaxation [56]. In particu-
lar, the mechanism of MR T2 contrast is based on the 
local magnetic field gradients that are produced by iron 
oxide materials for their dipoles, which are generated by 
spins of some of their electrons in order to interact with 
water protons. After the radiofrequency pulse is ceased, 
the dipolar connection amongst the water proton spins 
and the iron oxide magnetization accelerates the pace 
about which protons are pushed out of phase with each 
other, lowering T2 relaxation periods. Shorter T2 relaxa-
tion reduces signal intensity resulting in darkening and 
negative image contrast [57]. Iron oxide materials mainly 
comprise hematite (α-Fe2O3), magnetite (γ-Fe2O3), and 
magnetite (Fe3O4). All types demonstrate size-dependent 
properties and can be roughly divided into three groups: 
monocrystalline iron oxide NPs (MIONs), superpara-
magnetic iron oxides (SPIOs), and ultrasmall superpara-
magnetic iron oxides (USPIOs). These relate to varied 
size ranges, however the composition and structure also 
play a vital role. Iron oxide NPs were used in the wide 
variety of investigations for cancer and atherosclerosis 
detection, lymphoid tissue imaging, and tracking cells 
such as immune cells and stem cells throughout the body 
[58–62]. Aside from pure iron oxide, a number of iron 
alloys such as FeCo, CoFe2O4, MnFe2O4, NiFe2O4, FePt, 
and others, have been fabricated to enhance T2 signal 
and produce high contrast [63–67]. These contributed 
to improved visualization of very small structures, which 
helped in more accurate diagnose and assess diseases. 
Throughout history, iron oxide has been used in human 
beings, considered safe, and a large number of techniques 
have been developed to fabricate particles with varying 
range of sizes, structures, and combinations with other 
materials. Recent modification of fabrication chemistries 
achieved specifically concise control of standard iron 
oxides size, crystallinity, surface properties, and uniform-
ity resulting in substantially improved in  vivo behavior 
and imaging properties [29, 39, 68, 69]. Although iron 
oxide is extensively used for iron-based imaging agents, 
current achievements have greatly expanded the iron 
state space and all magnetic materials. These newly 
engineered contrast agents possess higher saturation 

magnetizations and magnetic moments resulting in 
improved preclinical magnetic imaging by enhancing 
image contrast and reducing the amounts obligatory for 
administration.

Fluorescence imaging
Fluorescence imaging (FLI) has become an essential 
tool for evaluating the biodistribution and target site 
accumulation of NMs due to its ease of use and excel-
lent contrast agent sensitivity [70, 71]. FLI is based on 
photon-electron interactions and their resulting electron 
energy states. It exploits differential electron states stim-
ulated by incoming excitation light, leading to emission 
of a longer-wavelength photon. Generally, the fluores-
cent process involves the absorption of light by tissues, 
followed by the emission of some of this light, which is 
captured with a detector that converts this information 
into images. The aim is to separate the emitted light from 
the excitation light [72]. The key to the visualization of 
living objects with FLI is maximizing penetration depth 
and minimizing background signal while maintaining 
signal resolution and intensity. This can be achieved by 
using different approaches, which includes changing the 
wavelength of light and enhancing intensity and contrast 
by multiple near-infrared (NIR) fluorophores [73, 74]. 
Compared with visible light, NIR fluorescence provides 
less tissue scattering and absorption, resulting in much 
higher penetration efficiency and reduced non-specific 
background autofluorescence interference from bio-
logical tissues [75–78]. NIR-based imaging approaches 
offer relatively accurate information on the localization 
of fluorophore-labeled NMs and allow for quantitative 
biodistribution assessment. The sensitivity, versatility, 
and ease of FLI, along with its quality of displaying sev-
eral imaging probes in the same animal, are the most 
significant advantages of this modality. Despite the wide 
use of non-invasive FLI techniques in preclinical stud-
ies, some formidable hurdles still limit its popularity in 
clinic and industry pharmaceutic development, including 
its autofluorescence and insufficient penetration depth 
[28]. Optical agents are essential for light absorption in 
photo-induced imaging because, in an aggregation state, 
they often display redshift absorption and emission in 
NIR, which is advantageous for deep tissue disorders that 
require more light penetration.

FLI imaging probes
The variety of fluorescent substances used in the stand-
ard NIR window (NIR-I: 650–900  nm) has been widely 
utilized in both animal and clinical applications since 
the FDA approved the first NIR dye, indocyanine green 
(ICG) [79–81]. Cyanine fluorophores possess high 
absorption coefficients, and their chemical groups can be 
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modified for further improvement of optical properties 
[82]. Several cyanine dyes in the NIR-I region have been 
approved in recent years for commercial use, including 
DiR, Cy7.5, Cy7, IR-125, IR-140, IR-775, IR-780, IR-783, 
IR-797, IR-806, IR-820, IR-830, IR12-N3, IRDye800cw, 
HITCI, etc. However, tissue autofluorescence, quality of 
photon attenuation, and scattering are all relatively high 
when imaging at shorter wavelengths, hindering further 
development of NIR-I agents.

Recently, the second near-infrared (NIR-II: 900–
1700  nm) fluorescence imaging method demonstrated 
increased imaging depths and temporal-spatial resolu-
tions, with a greater ratio of signal and noise compared 
to the NIR-I window [83–88]. These significant improve-
ments have given a new impetus to investigate novel 
NIR-II materials, further exploring their potential for 
biomedical applications including metabolism monitor-
ing and NMs distribution in deep body tissues. Semi-
conducting single-walled carbon nanotubes (SWNTs), 
which have been employed for targeted probing of cell 
surface receptors and demonstrated great accuracy 
and specificity, were produced as one of the first NIR-
II fluorescent tags with narrow band gaps [89]. After 
that, a wide range of optical nanomaterials that possess 
small effective masses and narrow band gaps, such as 
semiconductor quantum dots (QDs), rare-earth doped 
NPs, and other inorganic nanomaterials (e.g., gold NPs, 
mesoporous silica) had been developed [90–98]. How-
ever, inorganic nanomaterials suffer from safety issues 
regarding immune uptake and clearance after imaging 
[99]. Organic dyes, on the contrary, represent an excep-
tional alternative, as they offer significant biocompat-
ibility and biosafety advantages, and their fluorescence 
properties can be controlled by rational chemical struc-
ture design. For example, semiconducting polymers and 
small molecules with an alternating electron deficient 
group (acceptor, A) and electron abundant group (donor, 
D) exhibit sharp and strong absorption and emission in 
the NIR-II window [100–102]. The electron acceptor 
with electron donor groups through π-bridging moie-
ties. This spatial configuration of strong electron donor 
groups adjacent to the central electron acceptor serves 
to reduce the energy gap separating the hybridized levels 
of the highest occupied molecular orbital (HOMO)/low-
est unoccupied molecular orbital (LUMO) and shifts the 
fluorescent emission to the NIR-II region. Reducing the 
band gap between the HOMO and the LUMO is an effec-
tive method to obtain D–A semiconducting molecules 
[103, 104]. Acceptor groups are usually presented by ben-
zobisthiadiazole (BBTD) that has a significant quinoidal 
character, which allows to improve the delocalization 
of electrons. For the donor groups, fluorine, thiophene, 
and their derivatives have been developed to form the 

D–A–D fluorophores. To make these structures water-
soluble, they are either loaded into hydrophilic polymer 
matrices or conjugated with polyethylene glycol (PEG) 
[105–109].

Nuclear imaging
Positron emission tomography (PET) and single-photon 
emission computed tomography (SPECT) are currently 
the most used nuclear imaging procedures. Both modali-
ties require the administration of radioactive tracers. PET 
is an imaging modality in which radionuclide emits posi-
trons that annihilate nearby electrons, thereby generating 
two γ photons with an energy of 511 keV that are identi-
fied by detectors embedded in PET scanners. In contrast 
to PET, the radiotracer used in SPECT emits γ-rays that 
are measured directly and the energies used in SPECT 
are varied, and energy-dependent imaging allows simul-
taneous evaluation of different radioactive tracers and 
therefore different radioactively labeled nanomaterials 
[110]. Nuclear-based visualization techniques, like those 
of magnetic materials, show remarkable advantages due 
to their ultrahigh sensitivity and unlimited penetration 
through the whole body and have a great potential to 
be used at preclinical level for monitoring biodistribu-
tion and pharmacokinetics of administered NMs. The 
ultrahigh sensitivity of radio isotopic nuclear imaging is 
a key benefit; only “trace” quantities of radioisotope are 
required to produce a sufficient signal level. The selec-
tion of radiolabel is influenced by the physical properties 
of the isotope, like positron energy (which determine its 
travelling distances in tissue, and thus the spatial reso-
lution of the image formed), decaying half-life, and the 
effectiveness of the radiolabeling method. Theoretically, 
any type of NMs can be tagged with radionuclides, pin-
pointing the exact location of their accumulation. Three 
approaches – surface coupling, interior integration, and 
interface engineering–have been widely employed to 
label NMs with radionuclides [111].

Nuclear imaging probes
Surface coupling is based on the decoration of nanoma-
terials surface by radionuclides. Typically, two strate-
gies are applied for carrying out this process, namely the 
indirect surface labeling and the direct surface labeling. 
In the first strategy, certain chelators such as diethylen-
etriaminepentaacetic acid (DTPA), 1,4,7,10-tetraaza-
cyclododecane-1,4,7,10-tetraacetic acid (DOTA), 
1,4,7-triazacyclononane-1,4,7-triacetic acid (NOTA), 
and deferoxamine (DFO) are anchored on the top layer 
of NMs for linking with metallic radionuclides (e.g., 
99mTc, 177Lu, 64Cu, 68Ga), while prosthetic groups are 
used rather than covalently binding the NMs with non-
metallic radionuclides (e.g., 11/14 C, 18 F, 76Br, 123I, 124I, 125I, 
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131I) [112–127]. In the second strategy, radioisotopes are 
directly attached onto NMs by forming chemical bonds 
with nanomaterials. Pearson’s hard and soft acids and 
bases hypothesis stated that the soft acids (e.g., Ag, Au, 
Pt) react quicker and make strong bonds with soft bases 
(e.g., I, Se, Br), while hard acids (e.g., Zr, Y, Sr, Sc) react 
faster and produce stronger bonds with the hard bases 
(e.g., O, F) [111]. While using this method for radiola-
beling, it should be noted that surface labeling must be 
approached carefully, as it may alter surface properties of 
NMs and, thus, affect their pharmacokinetics.

Inner incorporation is defined as the fabrication of 
imaging probes consisting of radionuclides integrated 
inside the nanomaterials. This strategy involves the use 
of two general approaches of incorporation of radio-
isotopic labels that can be either doped in the lattice of 
inorganic nanomaterials such as iron oxide and gold NPs, 
or been encapsulated into organic nanomaterials includ-
ing liposomes or polymeric nanomaterials. In the first 
approach, radioactive agents are mixed with nonradioac-
tive inorganic precursors, in both forms – aqueous and 
non-aqueous, to create nanoprobes with radioisotopes 
dipped in the crystal lattice of nanomaterials [128–130]. 
The second approach is based on incorporating of radio-
nuclides either into the cavity of vesicle-like NPs, either 
with or without the addition of an additional ionophore 
and chelator to aid remote loading, or in the gallery space 
of core-shell nanostructures [131–133]. Specifically, radi-
onuclides are attached onto the surface of NPs through 
the conventional surface binding technique followed by 
coating a protective layer of nanomaterials [134]. Apart 
from decoration of outer part with radionuclides or their 
loading into the inner space, they can also be embedded 
at the interface between nanomaterials and ligands. For 
example, diphosphate of PEG derivatives was simultane-
ously used as a chelating group for the radiotracer and as 
anchor group for surface PEGylation, allowing the radi-
otracer located between phosphate groups from neigh-
boring PEG ligands [135].

Due to their unlimited penetration depth, whole-body 
capabilities, high sensitivity, quantifiable data, and the 
broad range of available radioisotopic labels, nuclear 
imaging modalities are highly suitable for the real-time 
monitoring of biodistribution profiles, pharmacokinet-
ics, and desired site accumulation of the NMs in liv-
ing subjects. Importantly, the high sensitivity of PET/
SPECT imaging techniques enables visualization with 
sub-therapeutic doses of NMs in the microdose range. 
There are disadvantages associated with nuclear imaging 
approaches, however, including low spatial resolution, 
the lack of anatomical information, and the necessity 
to administer radioactive compounds. The first two can 
be overcome by co-scanning with anatomical imaging 

techniques such as CT or MRI. Multimodal imaging 
allows for the collecting of more detailed information on 
the overall levels of probe accumulation in the tissue or 
organ of interest due to the much clearer images of the 
anatomical and spatial distribution of the probe.

Computed tomography
Computed tomography (CT) is a non-invasive imaging 
modality that takes advantage of differential tissue X-ray 
attenuation and thickness to produce cross-sectional 
and three-dimensional (3D) images of desired tissues 
and organs. The principle of this method is based on the 
ability to measure the density of the tissue passed by the 
X-ray beam by calculating the attenuation coefficient. CT 
uses the penetrating power of X-rays to produce a series 
of 2D radiographs of the subject viewed from different 
angles. Then the computed reconstruction algorithm 
creates a stack of cross-sectional slices from obtained 
2D radiographs to provide 3D images of the internal 
structure of the subject [136]. CT is a commonly applied 
modality in clinical imaging and is traditionally used for 
hard tissue visualization of bone due to the high dispar-
ity between the soft and hard tissues. CT can easily dif-
ferentiate tissues with high electron density tissues from 
relatively electron-poor structures [137]. Consequently, 
it is commonly used for orthopedic purposes, as well as 
for hybrid imaging applications, providing anatomical 
data with high resolution to aid in the evaluation of PET/
SPECT- and FLI-based protocols [138, 139]. Its soft-tis-
sue contrast, however, is quite inaccurate. Extrinsic con-
trast agents are required to obtain images of internal soft 
structures with high-resolution.

CT imaging probes
Historically, iodine was used as the atom of choice for the 
imaging applications of CT. There are two categories of 
iodine-based contrast materials: the ionic and nonionic 
agents. Although widely used in the clinics, the ionic 
iodinated imaging molecules have certain inherent draw-
backs, such as the tendency to interact with biological 
structures and their increased intrinsic osmolality, which 
can potentially cause renal toxicity and other physiologi-
cal issues. Moreover, high-osmolality contrast media 
causes reduced radio-density due to osmotic dilution. As 
opposed to the ionic iodinated contrasting agents, the 
nonionic counterparts have lower osmolality and display 
a low incidence of adverse health effects [140]. Multi-
ple approaches have been explored in the fabrication of 
iodine-containing nanosized contrast agents, including 
liposomes, polymeric particles, micelles, nanospheres, 
nanosuspensions, etc. For example, iodinated small-mol-
ecule iohexol, has been widely exploited as CT contrast 
agent loaded into NMs for subsequent visualization and 
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assessment of their biodistribution, circulation time, and 
tumor tissue accumulation [141, 142].

Another category of CT contrast agents are repre-
sented by metals with high X-ray attenuation coefficients 
(e.g., gold, barium, bismuth, tantalum, and zirconium). 
Gold NPs are one of the most commonly used metal-
based radiopaque contrast agents since gold possesses 
both a high atomic number and a high density, resulting 
in favorable X-ray attenuating properties. Compared to 
iodine, gold generates 2.7 times more contrast per unit 
weight [143]. Gold NPs are highly suitable in evaluating 
the relationship between physicochemical properties of 
NPs and their in  vivo performance. The gold NPs pos-
sesses some advantageous features, such as the ease of 
synthesis, good control over the size, ease of surface dec-
oration with different biologically important ligands, high 
chemical stability, low toxicity and good biocompatibil-
ity [144]. Gold NPs can act as a standalone intravenous 
X-ray imaging agent to visualize their behavior in vivo, or 
they can be loaded into drug delivery systems to act as 
labeling agents for CT imaging.

Nano‑pharmaceutical evaluations 
under the bioimaging guidance
An understanding of the interactions between NMs and 
living subjects is extremely important. Studies describing 
the correlation between the structural and physicochemi-
cal properties of NMs (e.g., size, shape, surface proper-
ties, and drug release profiles) and their in vivo behavior 
can facilitate the establishment of new guidelines in 
accordance with the properties specific to nanomateri-
als, which may lead to faster and safer clinical translation. 
Moreover, the outcomes of these studies can provide 
a foundation for designing the next generation of novel 
NMs. What follows is a discussion of the influence that 
various key NMs parameters have on their in  vivo fate, 
which has been monitored in a non-invasive and real-
time manner.

Size‑dependent pharmaceutical evaluation of NMs 
under the bioimaging guidance
The complexity of determining the optimal size of NMs 
for a desired application necessitates additional investiga-
tions into the in vivo behavior of NMs. General nanopar-
ticle design guidelines will emerge due to having better 
knowledge of the impact the size of NMs has on absorp-
tion, dispersion, permeability, and retention. Analytical 
models may guide the design and functionalization of 
NMs by providing a quantitative relationship between 
their size and functionality. In order to investigate the 
size-dependent in  vivo behavior of NMs, numerous 
efforts have been made to develop imaging approaches 
with real-time monitoring.

Circulation half-life is typically evaluation carried out 
by administrating the NMs and measuring their concen-
tration in plasma at specified time intervals. In contrast, 
the non-invasive nature of biomedical imaging tech-
niques realizes the direct and real-time monitoring of 
NMs’ pharmacokinetic behavior in vivo, without requir-
ing the collection of blood samples [145, 146]. Detailed, 
non-invasive monitoring of the circulation profiles of 
NMs in blood vessels has attracted much interest in 
intravital imaging of the pharmacokinetic behavior of 
NMs in  vivo. Biodistribution is intensely dependent on 
the hydrodynamic size of NMs and interactions with the 
living subjects. NPs with a hydrodynamic size less than 
10 nm will be readily excreted by the kidneys, while NPs 
with a diameter larger than 200 nm will activate the com-
plement system and will be rapidly cleared from the blood 
stream, accumulating in the liver and spleen [147–152]. 
Perez-Campana et al. developed activated, commercially 
available aluminum oxide (Al2O3) NPs with different 
sizes using direct irradiation with protons through the 
16O(p,α)13 N nuclear reaction (Fig.  4A), exploiting them 
to perform real-time visualization of their biological fate 
using PET [153]. NPs are distributed throughout the vas-
culature, accumulating in various organs through distinct 
mechanisms in accordance with particle size. Large par-
ticles are captured by the smallest capillaries of the lungs 
or in the uptake of phagocytic cells in RES organs such as 
the liver, spleen, and lungs. Smaller particles accumulate 
in different organs by crossing the tight endothelial junc-
tions and are quickly eliminated through the glomeruli of 
the kidneys (Fig. 4B–G).

Tumor tissue penetration and retention are another 
important parameter of NMs that is investigated while 
performing biodistribution studies. In contrast to free 
drug molecules, NMs accumulate in solid tumors more 
easily and selectively through the enhanced permeability 
and retention (EPR) effect, thus offering better antitumor 
activity [154]. The insufficient accumulation and inad-
equate tumor retention of NMs are generally attributed 
to sub-optimal particle sizes resulting in low therapeutic 
effects [155]. The application of in vivo imaging methods 
to assess tumor permeability and retention can greatly 
contribute to more rational NM designs that can achieve 
enhanced tumor-specific accumulation and retention to 
pursue efficient tumor eradication with fewer adverse 
effects. Permeability through the leaky tumor vascu-
lature mainly depends on the size of both NMs and the 
pores. As NMs increase in size, the vascular permeabil-
ity reduces [156]. The tumorous vascular pore size var-
ies depending on tumor type and growth location [157]. 
For instance, Cabral et al. used a confocal laser scanning 
microscopy (CLSM) technique with a high-speed reso-
nance scanner to intravitally evaluate the penetration and 
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accumulation of the fluorescently labeled 30 and 70 nm 
micelles in C26 and BxPC3 tumors [158]. At 24 h post-
injection (p.i.), the extravasated 30 and 70  nm micelles 
were detected inside the individual cells of C26 tumor 
tissue and their intensities were 40% of fluorescence 
intensity in the vasculature immediately after adminis-
tration of the micelles. In BxPC3 tumors, the extravasa-
tion behavior of the 30 and 70  nm micelles was clearly 

different; the 30 nm micelles achieved deep tumor accu-
mulation, while the 70 nm micelles remained close to the 
vasculature.

In another study, Lv et  al. fabricated lipid (DSPE-
PEG-2 K)-coated CuInS/ZnS quantum dots (ZCIS QDs) 
with 25 and 80 nm hydrodynamic sizes [159]. They found 
that the ZCIS QDs with a hydrodynamic size of 25  nm 
offer prolonged tumor retention time, greater tumor 

Fig. 4  Size-dependent biodistribution of NMs. A activation of Al2O3 NPs by proton irradiation through the 16O(p,α)13 N nuclear reaction. Metal 
oxide NPs are activated with protons that convert 16O atoms to 13 N atoms by collision. B-E) PET visualization of 13 N-labeled Al2O3 NPs signal at t60: 
NS10nmNPs B, NS40nmNPs C, NS150nmNPs D, and NS10µmNPs E. F particle size-dependent organ accumulation. G distribution of particle size evaluated 
by TEM (NS10nm,NS40nm,NS150nm) or DLS (NS10µm). Reproduced with permission from [153]. Copyright 2013, American Chemical Society
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uptake, and deeper 4T1 tumor penetration compared to 
ZCIS QDs with a hydrodynamic size of 80  nm (Fig.  5). 
Similarly, Popovoc et  al. also prepared a size series of 
luminescent, water-soluble QDs within the 10–150  nm 
size range, employing them in the study of the real-time, 
size-dependent particle transport parameters in solid 
tumors [160]. A mixture of 12  nm, 60  nm, and 125  nm 
NPs with various emission wavelengths were simultane-
ously administrated into a mouse bearing a Mu89 human 
melanoma, followed by intravital multiphoton micros-
copy of several regions of the tumor. It was observed that 
the 12  nm NPs extravasated easily, albeit heterogene-
ously, diffusing from the vessels with minimal hindrance. 
In contrast, the 60 nm NPs did extravasate; they did not, 

however, leave the immediate perivascular space, remain-
ing within 10 μm of the vessel walls. The 125 nm particles 
did not noticeably extravasate.

Researchers have developed different size-adjustable 
NMs with greater initial sizes during blood circulation 
for slower elimination, converting into smaller parti-
cles in the tumor area induced by internal or external 
stimuli for efficient extravasation from tumor vessels, 
better intratumoral distribution, and longer retention 
[162–165]. For instance, Guo and colleagues employed 
PA/CT dual-modal imaging to monitor intratumoral 
behavior of NIR laser-triggered transformable multi-
ple nanorods (mNRs) in a real-time and non-invasive 
manner [161]. The fabricated mNRs consisted of small 

Fig. 5  Size-dependent intratumoral accumulation of NMs. A Left: schematic illustration of ZCIS QDs and hydrodynamic diameters distribution of 
ZCIS NMs-25 and ZCIS NMs-80. Right: in vivo multispectral optical tomography (MSOT) images of tumors (indicated with white arrows) in mice 
obtained at different time points after i.v. injection of ZCIS NMs-25 and ZCIS NMs-80. B In vivo MRI images of the tumor bearing mice obtained at 
48 h p.i. (arrows indicate tumors). C MSOT signal increase in the tumor at various times p.i. Reproduced with permission from [159]. Copyright 2016, 
American Chemical Society
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bundles of uniform bismuth sulfide (BiS) NRs that were 
bound together by human serum albumin (HSA), with 
Docetaxel (DTX) entrapped in the HSA corona (BiS@
HSA/DTX mNRs). These NMs exhibited an initial size 
of 100  nm and rapidly disassembled into smaller indi-
vidual NRs (BiS@HSA iNRs) with a size of 40 nm under 
NIR laser exposure due to the photothermal properties 
of BiS NRs. After systemic administration in nude mice 
bearing MDA-MB-231 breast cancer, the NMs not only 
showed effective extravasation from the blood vessels 
and accumulation in the tumor tissue via the favorable 
EPR effect, but also demonstrated better intratumoral 
distribution and prolonged retention by taking advan-
tage of the diffusion superiority of smaller NPs (Fig.  6). 
Indeed, smaller particles penetrate more deeply into the 
tumor tissue; they can still suffer, however, from inad-
equate accumulation and retention caused by dynamic 
equilibrium between the infiltration and extravasation of 
the NMs through the leaky tumor vasculature [158, 166]. 
Chen et al. proposed an opposite in vivo size manipula-
tion strategy that can also be applied to ameliorate the 
intra-tumor trafficking profile of systemically adminis-
tered nanomedical drugs [167]. Their research group fab-
ricated a sophisticated system of human serum albumin 
(HSA) NMs decorated with diazirine (DA) and co-loaded 
with the photo-sensitizer indocyanine green (ICG) and 

the activatable chemo-drug tirapazamine (TPZ). ICG/
TPZ@HSA dNMs were sensitive to successive laser irra-
diations and exhibited the crosslink and enlargement of 
the particles triggered by laser exposure. The recorded 
fluorescence images of 4T1 tumor-bearing mice dem-
onstrated that the large size of dNMs – caused by laser 
exposure–prevented their re-penetration into blood ves-
sels, resulting in greater tumor tissue accumulation and 
longer-term intratumoral persistence as compared to the 
individual NPs (Fig. 7).

Shape‑dependent pharmaceutical evaluation of NMs 
under the bioimaging guidance
The shape of NMs represents another essential parameter 
that determines their effect on biological processes asso-
ciated with therapeutic delivery. Although most of the 
NMs currently undergoing preclinical or clinical studies 
have spherical shapes, the unique features of non-spher-
ical NMs may provide new avenues for rationally design-
ing NMs for specific applications. Recent researches have 
revealed that macrophage uptake is strongly influenced 
by the shape of NMs [168–171]. It was demonstrated 
that prolate ellipsoids have high attachment ability but 
the lowest internalization, whereas oblate ellipsoids dis-
played both strengthened attachment and strengthened 
internalization, resulting in the highest phagocytosis 

Fig. 6  Size-dependent intratumoral behavior of NMs. A schematic illustration of the disassembly of BiS@HSA/DTX mNRs and DTX release upon 
laser exposure. B TEM images and schematic pictures (insets) of BiS@HSA/DTX mNRs before (left) and after (right) laser irradiation (808 nm, 1 W/cm2, 
10 min). C PA visualization of tumors in mice with or without laser irradiation at 12 h p.i. D fluorescence images of tumor-bearing mice obtained at 
various time points with or without laser exposure. Reproduced with permission from [161]. Copyright 2018, American Chemical Society
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Fig. 7  Size-dependent intratumoral persistence of NMs. A schematic representation of laser-induced aggregation of dNMs. B TEM image of 
ICG/TPZ@HSA dNMs (scale bar: 50 nm). C TEM images of dNMs at different time points upon laser irradiation. D PA visualization of dNMs in 4T1 
tumor-bearing mice following i.v. administration with. E PA visualization of dNMs in 4T1 tumor-bearing mice following i.v. administration without 
laser irradiation at different time points. Reproduced with permission from [167]. Copyright 2018, Wiley-VCH
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[172]. Along with phagocytosis rates, the hydrodynamic 
behavior of NMs in the blood flow also affects their cir-
culation time. It was revealed that non-spherical NPs 
– particularly nanorods, nanodiscs, and nano worms – 
exhibited deviating hydrodynamic behavior with respect 
to their spherical counterparts, allowing them to align 
with the blood flow, which led to the extension of the cir-
culation time [173–178]. Christian et  al. applied in vivo 
real-time imaging to track the biodistribution and organ 
accumulation of paclitaxel-loaded filomicelles labeled 
with near-infrared fluorophores (NIRFs) [179]. Filomi-
celles exhibited delay in the rapid clearance by the RES, 
remaining in blood circulation for a minimum of 24  h 

after intravenous injection (Fig.  8A, B). In comparison 
to the identical spherical micelles, filomicelles displayed 
greater tumor shrinkage and less apoptosis in non-tumor 
tissues.

The shape of NMs also influences their biodistribution 
profiles. The different shapes have also been revealed to 
impact in vivo distribution patterns, providing new strat-
egies for targeting desired organs. Cylindrical NPs have 
displayed the greatest accumulation in the liver com-
pared to their spherical, hemispherical, and discoidal 
counterparts [180]. In contrast, discoidal NPs accumu-
lated more in vascular organs such as spleens and lungs. 
Hemispherical NPs demonstrated similar distribution 

Fig. 8  Shape-dependent biodistribution of NMs. Biodistribution of filomicelles in A549 tumor xenograft mice: A upper panel: whole body 
bioluminescent images of luciferase-transfected A549 tumor xenograft mice (inset: photograph of tumor); lower panel NIR fluorescence image 
of A549 tumor xenograft mouse that shows the diffuse fluorescence of NIRF-labeled filomicelles in circulation. Transport and distribution in 
tumors in vivo for nanospheres versus nanorods of the same hydrodynamic diameter. B schematic illustration of nanospheres and nanorods. 
C Transvascular transport rates and D distribution in orthotopic E0771 mammary tumors in vivo for nanospheres versus nanorods of the same 
hydrodynamic diameter (33–35 nm); E NPs penetration in tumors. Co-registered in vivo luminescence and X-ray images of the tumor-bearing mice 
at 1 h (left panel) and 24 h (right panel) p.i. of the various types of 198Au-incorporated nanostructures: F nanospheres, G nanodisks, H nanorods, and 
I cubic nanocages. Reproduced with permission from [179, 181, 182]. Copyright 2009, 2014, American Chemical Society; 2011, Wiley-VCH
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behavior to the spherical NPs, except they exhibit high 
spleen accumulation but a lesser degree of accumulation 
in the lungs. Minor alterations in particle shape may also 
substantially mediate the biodistribution of NMs. For 
instance, NPs of similar shape but with various aspect 
ratios have significantly different organ biodistributions 
[175]. Short-rod mesoporous silica NPs (MSNs) were 
shown to be easily retained in the liver, while long-rod 
NPs accumulated in the spleen. PEGylation led to higher 
distribution in the lungs for both types of NPs, and more 
elevated accumulation was detected for the long-rod 
NPs. The clearance rate of MSNs was found to be pre-
dominantly influenced by particle shape, where short-
rod MSNs showed a more rapid clearance rate compared 
with long-rod MSNs excreted by urine and feces.

In addition to systemic circulation and biodistribution, 
the shape of the NMs can also influence the targeting the 
vascular endothelium and disease sites. Non-spherical 
NPs exhibit distinctive tumbling and rolling motions that 
result in diverse margination dynamics. Elongated par-
ticles usually have a lower drag coefficient and a greater 
surface area than spheres [183, 184]. Thereby, certain 
non-spherical NPs can adhere to the endothelial walls 
with greater strength because of increased multivalent 
bonding. Moreover, non-spherical NPs were found to 
possess higher degrees of lateral drifting and stronger 
adhesion to vessel walls, providing them with a better 
chance to interact with the endothelium [185–187]. The 
geometry of NMs was revealed to modulate disease tar-
geting and internalization processes as well. NMs of cer-
tain non-spherical shapes demonstrated increased tumor 
targeting and accumulation due to factors such as pro-
longed circulation time, higher margination, adhesion, 
and extravasation; they also demonstrate less retrieval of 
NPs from the tumor microenvironment [188–193]. For 
example, Chauhan et al. applied real-time in vivo imag-
ing to demonstrate that quantum dot-based nanorods 
possessed more rapid intratumoral penetration relative 
to quantum dot-based nanospheres (Fig.  8C–E) [181]. 
Similar results were obtained for gold NPs, where gold 
nanorods accumulated more markedly in tumor tissues 
than gold nanospheres in an orthotopic A2780 human 
ovarian cancer model [178]. In addition, radioactive 
198Au-loaded gold nanocages of spherical shape as well 
as nanodiscs were found to have distinctive tumor uptake 
profiles compared to nanorods and cubic nanocages 
(Fig. 8F–I) [182]. In vivo luminescence visualization was 
conducted on the mice bearing EMT6 tumors by moni-
toring the Cerenkov radiation with a conventional opti-
cal in  vivo imaging system. The nanospheres exhibited 
the longest half-life circulation, the lowest elimination by 
the RES, and the greatest tumor accumulation compared 
to nanorods, nanocages, and nanodiscs. Interestingly, 

nanorods and nanocages were observed in the tumors’ 
cores, while nanospheres and nanodiscs were distributed 
only on the tumors’ surfaces.

Surface‑dependent pharmaceutical evaluation of NMs 
under the bioimaging guidance
Surface chemistry is one of the critical parameters of the 
in vivo behavior of NMs and encompasses such proper-
ties as surface hydrophobicity, surface charge, and tar-
geting ligands, amongst others. Surface features directly 
determine the interaction between NMs and physiologi-
cal environments; hence, they substantially influence the 
in  vivo behavior of NMs by affecting various processes 
like the formation of a protein corona, systemic circula-
tion time, biodistribution, cellular uptake, and clearance 
from the body [194, 195]. There is a growing focus on 
manipulating and optimizing the surface properties of 
NMs in order to increase in vivo therapeutic index while 
reducing adverse effects. Non-invasive imaging tech-
niques can be integrated at this stage of the NMs devel-
opment pipeline since the understanding of the intrinsic 
connection of the relationship between surface chemistry 
and in vivo behavior remains one of the pressing priori-
ties in the progress of NMs.

Surface charge
Extensive studies have demonstrated that high sur-
face charge densities–either anionic or cationic–usu-
ally cause rapid blood clearance and uptake by RES, 
whereas neutral charges lead to prolonged half-life 
and decreased RES clearance [196–199]. For instance, 
it was shown that fabricated PEG-oligocholic acid NPs 
with surface charges in the range of −  26.9 to 37.0 
mV were phagocytosed in a higher degree if the sur-
face charge was highly positive (> 15 mV) or negative 
(< −  15 mV), while NPs with slightly negative charges 
(−  8.5 mV) exhibited lower Kupffer cell uptake and 
accumulation in the liver [200]. In another study, chi-
tosan-grafted polymeric NPs displayed similar surface 
charge-dependent in  vivo performance [148]. Cationic 
NPs had a shorter half-life and greater liver and spleen 
accumulation compared to anionic NPs, whereas higher 
negative charge densities caused enhanced liver accu-
mulation and less retention in the blood. In addition, 
positively charged NPs tend to adsorb into the anionic 
surface of cells and are subsequently internalized, often 
resulting in acute cytotoxicity such as hemolysis and 
platelet aggregation [201–204]. Given the unfavorable 
pharmacokinetics and biodistribution of charged NPs 
in the body, the most clinically approved NMs have 
neutral (or near-neutral) surface charge [12]. Campbell 
et  al. used real-time fluorescence imaging to compare 
differently charged liposomes that are either approved 
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for clinical use or under development (EndoTAG-1, 
Myocet, and AmBisome) [205]. The IV-administered 
liposomes with a hydrodynamic size of 100  nm and 
neutral surface charge tended to freely circulate in 
embryonic zebrafish, while negatively charged NPs 
(< −  20 mV) interacted strongly with RES cell types, 
particularly scavenging endothelial cells (astabilin-
mediated clearance pathway) and blood resident mac-
rophages. The liposomes bearing positive charge (> 20 
mV) were rapidly cleared from circulation through both 
non-specific cellular interactions and clearance via the 
RES (Fig. 9).

Surface charge also plays a substantial role in the 
accumulation of NMs in the affected areas. The accu-
mulation of NMs in tumors depends on systemic circu-
lation and interaction with tumor-associated cells that 
are influenced by surface charge [195, 206, 207]. NMs 
with a positive charge have been demonstrated to pos-
sess enhanced preferential adhesion and permeability in 
angiogenic tumor vessels with respect to their anionic 
or neutral counterparts and normal vasculature [208, 
209]. In addition, positively charged surfaces facilitate 
non-specific adsorption and tumor cellular uptake as 
well as promoting endosomal escape and cargo release 
in cytosol. In contrast, negatively charged and neutral 
NMs are poorly internalized by non-RES cell lines, 
and those that are taken up tend to localize within lys-
osomes [203, 210]. Thus, on the one hand, neutral NMs 
circulate freely, ensuring high biodistribution through-
out the body; on the other hand, cationic NMs are non-
specifically taken up by almost all cells, leading to poor 
pharmacokinetics, while providing high intracellular 
concentrations of encapsulated cargos. In this regard, 
it is a promising strategy to develop NMs with switch-
able surface charges to achieve desired in vivo behavior 
and improved therapeutic efficacy. For example, Arias-
Alpizar et  al. designed photoactive liposomes with 
surface charges that are able to rapidly switch from 
neutral to cationic, in situ, and in  vivo in response to 
light irradiation [211]. Small and transparent zebrafish 
embryos were selected as the model organism to image 
NMs across whole live organisms at cellular resolution 
and in real time. The results have shown that, prior to 
light exposure, liposomes freely circulated and did not 
noticeably interact with RES or other cell types. The 
rapid surface charge switching caused by in situ light 
irradiation resulted in not only non-specific adsorption 
and uptake of liposomes across the entire endothelium 
of the zebrafish embryo, but also in uptake by phago-
cytes in blood-resident macrophages (Fig. 10).

In another study, Hung and colleagues developed 
a nanovehicle system comprising poly(lactic-co-gly-
colic acid) (PLGA) as the hydrophobic cores coated 

with pH-responsive N-acetyl histidine modified D-α-
tocopheryl polyethylene glycol succinate (NAcHis-TPGS) 
[206]. It was demonstrated that these NMs were able to 
change surface charge from negative to nearly neutral or 
slightly positive values in response to a decrease of pH 
that further had a positive impact on their biodistribu-
tion in mice bearing TRAMP-C1 tumor model. In  vivo 
real-time observations revealed that after intravenous 
injection the NMs could significantly accumulate within 
solid tumor because of their pH-triggered near neutral 
surfaces.

PEGylation
NMs with a hydrophilic surface are able to resist plasma 
protein adsorption and avoid uptake by macrophages 
and RES clearance. This can be achieved by either coat-
ing the surface with hydrophilic polymers/moieties such 
as PEG and its analogues (poloxamer and poloxamine 
series), dextran, and chitosan, or by directly formulating 
NMs from block copolymers consisting of both hydro-
philic and hydrophobic segments [212, 213]. He et  al. 
fabricated three types of surface-modified silica NPs 
(SiNPs), including OH-SiNPs, COOH-SiNPs, and PEG-
SiNPs with a size of ∼ 45 nm and loaded with a RuBPY 
dye with the purpose of studying biodistribution and 
urinary excretion by exploiting the in  vivo fluorescence 
imaging system [214]. The study’s outcome revealed that 
the PEG-SiNPs displayed a substantially longer circula-
tion half-life (t1/2=180 ± 40 min) compared to OH-SiNPs 
(t1/2=80 ± 30 min) and COOH-SiNPs (t1/2=35 ± 10 min). 
Moreover, the in vivo imaging results also demonstrated 
that all the IV-injected types of SiNPs were partly cleared 
via the renal route (Fig. 11A). In another study, Xiao and 
colleagues applied in vivo real-time FLI and PA imaging 
to demonstrate that the modification of the surface of 
self-assembled hydrophobic NIR dye IR-797 NPs with 
amphiphilic polymer C18PMH-PEG5000 (PEG-IR-797) 
could significantly increase accumulation and reten-
tion of NPs in tumor due to prolonged circulation time 
and EPR effect [82]. Naked IR-797 NPs were used as a 
control and displayed only moderate accumulation in 
tumor tissue 12 h after injection. Further biodistribution 
analysis revealed increased fluorescence intensities of 
PEG-IR-797 NPs in liver and spleen, while naked IR-797 
were demonstrated to be quickly eliminated through the 
kidney.

The impact made by the length and density of PEG 
chains on the intrinsic behavior of NMs has been widely 
investigated. Various reports suggest that higher den-
sity and longer PEG length have better chances to mask 
the nanocarrier charge or surface hydrophobicity [195]. 
Daou et  al. fabricated commercial ITK705-amino QDs 
coated with methoxy-terminated PEG of various chain 



Page 18 of 31Tuguntaev et al. Journal of Nanobiotechnology          (2022) 20:236 

lengths (2.75–22  kDa) [215]. The effect of the particle 
coating on their intrinsic behavior after IV administra-
tion was monitored using non-invasive fluorescence 
imaging. Fluorescence from all QDs was easily observed 

after injection in the superficial vasculature, which was 
followed by the detection of QDs in the liver, spleen, 
bone marrow, and skin in a PEG length-dependent 
manner (Fig. 11B). The slower accumulation in the liver 

Fig. 9  Surface charge-dependent biodistribution of NMs. A schematic of illustration of fluorescently labelled liposomes and quantification in 
zebrafish. B liposomes distribution in kdrl:GFP transgenic embryos, 1 h p.i. C in vivo imaging of liposomes in circulation (measured in the lumen of 
the dorsal aorta, and liposome association with different blood vessel types. CHT-EC: caudal hematopoietic tissue endothelial cells, DLAV: dorsal 
longitudinal anastomotic vessel. ISV: intersegmental vessel. D liposomes distribution at tissue level. Quantification of liposome levels: E in circulation 
based on mean rhodamine fluorescence intensity in the lumen of the dorsal aorta. F associated with venous vs. arterial endothelial cells based 
on rhodamine fluorescence intensity associated with caudal vein (CV) vs. DA at 8 h p.i. G outside of the vasculature between the DLAV and DA 
at 8 h p.i. H associated with the vessel wall based on rhodamine fluorescence intensity associated with all endothelial cells relative to rhodamine 
fluorescence intensity in circulation at 1 h p.i. Reproduced with permission from [205]. Copyright 2018, American Chemical Society
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corroborated with a prolonged half-life of coated QDs. 
Thus, an increase of PEG length seems rather beneficial 
for reducing RES uptake, as more goes along with a neu-
tralization of the negative charges of the QDs. In another 
study, protein nanocages (PNCs) were decorated with 
PEG of different lengths (0.75 and 5 kDa) and loaded with 
Ag2S QDs (Ag2S@PNCSV40-PEG750 and Ag2S@PNCSV40-
PEG5K) for real-time tracking of NP migration and bio-
distribution [216]. Real-time NIR-II fluorescence imaging 

first displayed migration of both Ag2S@PNCSV40-PEG750 
and Ag2S@PNCSV40-PEG5K to the heart and lung imme-
diately after IV injection, followed by distribution into 
the whole body via the systemic circulation. Unlike the 
naked Ag2S@PNCSV40, the PEGylated PNCSV40 dem-
onstrated significantly enhanced blood retention with 
detectable fluorescence signals persisting over 12  h. 
In contrast, Ag2S@PNCSV40-PEG5K showed negligi-
ble fluorescence detected in the RES system. Further 

Fig. 10  Surface charge-dependent circulation of NMs. A schematic representation of photoswitching of the surface charge of a liposome. B real 
time multi-photon imaging of liposome distribution with or without UV exposure. At later times, large aggregations of liposomes (white arrows) 
were detected passing through the plane of view in circulation. c mean fluorescence intensity within the lumen of dorsal aorta (white square, − UV 
and + UV 15 min). Fluorescence intensity of liposomes immediately reduced upon UV exposure. Large circulating aggregates of liposomes caused 
high intensity spikes of fluorescence registered after 5 min of UV irradiation. Reproduced with permission from [211]. Copyright 2020, Springer 
Nature
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quantitative assessments confirmed rapid clearance of 
uncoated PNCs within five minutes p.i., while Ag2S@
PNCSV40-PEG750 and Ag2S@PNCSV40-PEG5K displayed 
substantially extended blood circulation times of 283 and 
476 min, respectively. Further evaluation of half-lives by 
ICP-MS agreed well with the various fluorescence pro-
files of naked and PEGylated Ag2S@PNCSV40 in living 
mice, supporting the validity of the outcomes obtained 
by NIR-II imaging (Fig.  11C,D). Similarly, Khargharia 
constructed polyacridine peptide nanocarriers with dif-
ferent PEG lengths (2, 5, 10, 20, or 30 kDa) and investi-
gated their in vivo performance, particularly in terms of 
pharmacokinetic profiles and biodistribution [217]. The 
outcomes of this study revealed that an increase of PEG 
length leads to circulation time extension and reduction 
of liver accumulation. It should be noted, however, that 
the dogma “longer is always better” does not apply to all 
cases. To confirm this, Li et al. have constructed a high-
emissive NIR-II luminophore based on alternative donor-
acceptor-donor (D-A-D) conjugated oligomer (DTTB), 
binding it with PEG ligands at different chain lengths 
(DTTB@PEG-1  K, DTTB@PEG-3  K, and DTTB@
PEG-5  K) [218]. The sharpness feature imaged in the 
NIR-II window for DTTB@PEG-1  K, DTTB@PEG-3  K, 
and DTTB@PEG-5 K was 450, 530, and 550 μm, respec-
tively (Fig.  12C). It was observed that the vasculature 
of DTTB@PEG-3  K NM-injected mice was still clearly 

visible one hour p.i., whereas distinct signals were 
detected in the liver and spleen of the mice that were 
exposed to DTTB@PEG-1 K and DTTB@PEG-5 K NMs 
(Fig. 12B). This suggested prolonged half-life of DTTB@
PEG-3  K NMs in comparison to DTTB@PEG-1  K and 
DTTB@PEG-5 K NMs. The outcomes of real-time evalu-
ations of circulation lifetimes were further confirmed by 
pharmacokinetic measurements that displayed the long-
est elimination half-life of DTTB@PEG-3 K NMs (1.49 h) 
with respect to DTTB@PEG-1  K (0.54  h) and DTTB@
PEG-5 K NMs (0.95 h) (Fig. 12D).

Similarly, PEG density also impacts the intrinsic behav-
ior of NMs by having a greater effect on the coating of 
the surface of a nanocarrier and its accessibility to plasma 
proteins [219]. For example, Barratt et  al. suggested 
that the enhancement of the PEG density of nanocarri-
ers from 10 to 30% resulted in a remarkable decrease of 
their blood circulation time and significant reduction of 
liver accumulation [220]. DeSimone et  al. carried out a 
comprehensive study on the influence of PEG density on 
protein binding, RES uptake, pharmacokinetics, and the 
biodistribution of nanocarriers prepared by PRINT tech-
nology [221]. Their findings indicated that, unlike NPs 
with lower PEG density, the counterparts with greater 
PEG density demonstrated lower absorption levels of 
albumin proteins, leading to greater blood circulation 
time and lower liver accumulation. Since the length and 

Fig. 11  PEG length-dependent biodistribution of NMs. A in vivo visualization of various surface-modified SiNPs biodistribution at various times (a 
- abdomen imaging, b - back imaging). Arrows indicate kidney (K), liver (L), and urinary bladder (Ub) location. Reproduced with permission from. B 
time-dependent in vivo imaging of ITK705-amino QDs coated with methoxy-terminated PEG of different chain length: P1 = 2.75 kDa, P3 = 7.0 kDa, 
P5 = 22 kDa. Reproduced with permission from. C time course of fluorescence images of mice treated with PEGylated Ag2S@PNCSV40. D blood 
circulation curves of uncoated and PEGylated Ag2S@PNCSV40 in mice. Reproduced with permission from [214–216]. Copyright 2008, 2009, 2015, 
American Chemical Society
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density of PEG has a potent effect on NMs’ half-life and 
biodistribution, it has been reported that these proper-
ties also make a substantial impact on the targeting and 
accumulation of NPs in the affected areas, including 
tumors [222, 223]. It’s worth noting, however, that a PEG 
with a density that is too high may not be appropriate for 
lengthening circulation or increasing accumulation in 
desired sites. High PEG density may result in the imbal-
ance between the hydrophilicity and hydrophobicity of 
NMs, leading to physicochemical instability and aggrega-
tion during circulation, leading to a rapid elimination by 
RES [224, 225].

Drug release‑dependent pharmaceutical evaluation 
of NMs under the bioimaging guidance
Usually, the drug-release pattern is investigated by 
pharmacokinetic studies that measure time-dependent 
plasma drug concentrations by monitoring the drug 
molecules themselves [226, 227]. The pharmacokinetic 
results, however, can vary significantly from the local 
ones if the drug molecules are expected to be enriched or 
depleted at certain local sites. This is of great importance 

in the treatment of cancer since the local drug concentra-
tion at the tumor tissue directly impacts therapeutic effi-
cacy. Thus, successful chemotherapy remains challenging 
due to unknown drug concentrations at the tumor site, 
which may be insufficient or excessive. The commonly 
used approaches to estimate the drug release and moni-
tor the dynamics of changes in drug concentration are 
extremely difficult. Generally, harvested tissues must be 
homogenized and cells must be lysed to release the drug 
from specific intracellular compartments. Throughout 
these processes, especially in the process of cell lysis, the 
intact drug carriers will also be destroyed, causing great 
difficulties in differentiating the released drug agents 
from the inactive compounds remaining in the carriers 
during tissue collection [228–230]. In this regard, the 
development of non-invasive techniques to monitor the 
drug release and determine its concentration kinetics in 
localized tissues is of crucial importance.

Tracking drug concentration in real time is critical to 
adjusting the in vivo drug-release rate and optimal con-
centration for treatment. NIR fluorescence imaging tech-
niques, including the PA method, can provide real-time 

Fig. 12  PEG length-dependent circulation of NMs. A schematic illustration of DTTB@PEG NMs preparation. B real-time intrinsic NIR-II visualization 
of whole-body vascular network on nude mice recorded 60 min p.i. C vessel FWHM width analyses (red lines in panel A) based on the 
cross-sectional intensity profiles. D pharmacokinetics of NMs following i.v. administration. Reproduced with permission from [218]. Copyright 2020, 
American Chemical Society
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tracking of drug delivery by taking advantage of the deep 
tissue penetration, high contrast, and decreased back-
ground auto-fluorescence interference [231]. The moni-
toring of drug concentration by directly tracking drug 
molecules with radionuclides or fluorochromes prior to 
entrapment by NMs might be a promising strategy for 
semi-quantitatively detecting active drug release in a non-
invasive manner. By linking latent fluorophores with the 
drug molecules through the activatable bond, real-time 
information regarding the drug-release procedure can 
be received by using non-invasive fluorescence-detection 
modalities. NIR fluorophores are often exploited as fluo-
rescent probes for drug-release monitoring in biological 
systems since NIR photons can penetrate deeply into the 
skin and underlying tissues, causing minimum damage to 
the biological samples while possessing low background 
interference. For instance, Wu et  al. conjugated a NIR 
fluorophore – dicyanometh-ylene-4  H-pyran derivative 
(DCM) – with anti-cancer camptothecin (CPT) through 
a disulfide linker (DCM-S-CPT) and loaded this prod-
rug into polyethylene glycol-polylactic acid (PEG-PLA) 
NPs [30]. The drug-release profile and cancer therapeu-
tic efficacy was analyzed via NIR fluorescence in situ and 
in vivo (Fig. 13).

Zhang and colleagues fabricated a real-time drug-
reporting conjugate (CPT-SS-CyN), consisting of a 

model therapeutic drug CPT, a disulfide linker, and a NIR 
fluorescent cyanine-amine dye (CyN) as a diagnostic tool 
for quantitative CPT release analysis [232]. This disulfide 
bond between CPT and the NIR dye is sensitive to intra-
cellular reducing agents (e.g., glutathione, cysteine, and 
thioredoxin) and can be cleaved under their treatment, 
followed by drug and dye release. A linear relationship 
between the amount of released CPT and fluorescence 
intensity at 760  nm was detected, which allows for the 
quantitative monitoring of CPT release cells and semi-
quantitative analysis in live organisms in a non-invasive 
and real-time manner.

Another strategy to evaluate drug-release behaviors is 
to construct multiple stimuli-sensitive NMs. Drug release 
will be instantly reflected by responsive imaging sig-
nals that are functionally related to the drug’s existence 
(released or entrapped). External cues for triggering drug 
release (e.g., temperature, magnetic field, ultrasound, or 
light) may, however, create additional obstacles for clini-
cal translation since the therapeutic testing and subse-
quent use on patients must be carried out exclusively 
in clinics using specialized equipment. In this regard, it 
would be highly applicable to provide real-time tracking 
of drug release in NMs in response to internal stimuli 
(e.g., acidic pH, redox species, or enzymes) exhibited 
only by the pathological tissue. Li et  al. fabricated an 

Fig. 13  Drug release-dependent biodistribution of NMs. A release mechanism of CPT from activatable prodrug by treatment with GSH. In vivo 
imaging of tumor-bearing mice at different times (0.15, 1, 2, 6, and 24 h) after i.v. injection of: B DCM-C-CPT (0.08 mg/ kg) and DCM-S-CPT (0.08 mg/
kg). C fluorescence images of the internal organs after anatomy for DCM-C-CPT and DCM-S-CPT. Reproduced with permission from [30]. Copyright 
2014, American Chemical Society
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enzyme-activatable core-satellite fluorescence/PA dual-
modal imaging ICG/DOX@Gel-CuS NMs that is com-
prised of gelatin NPs loaded with NIR dye indocyanine 
green (ICG) and chemo drug DOX and decorated with 
“satellite” CuS NPs [233]. After injection into MDA-
MB-231 tumor-bearing mice, the ICG/DOX@Gel-CuS 
accumulated in the tumor, where the overexpressed 
enzymes induced the degradation of the gelatin frame-
work, followed by DOX and ICG release, which was 
observed with the ICG fluorescence signal at the tumor 
site (Fig. 14). Furthermore, Yan et al. formulated a dual-
stimuli smart nanoprobe P(Cy-S-CPT) comprised of an 
ionizable tertiary amine-containing diblock copolymer 
and a dual-channel NIR fluorescence agent, Cy-S-CPT 
[234]. The controllable drug release was evaluated using 
the 3D imaging and in vivo fluorescence, and the results 
revealed a precise target tumor ability of P(Cy-S-CPT) as 
well as controllable drug-release behavior.

Recently, different NPs-based contrast probes have 
been developed to track drug-release kinetics apply-
ing MRI via interaction between MRI contrast species 
and drug molecules [235–237]. In particular, stimuli-
responsive MRI nanosystems were fabricated in which 
MR signals were turned off by complexing or encapsulat-
ing with drugs to conceal the paramagnetic ions from the 
surrounding water molecules. Followed by exogenous or 
endogenous stimuli activation–including temperature, 
light, pH, and small molecules–the MR signals exhibit 
marked differences along with the release or exposure of 
paramagnetic ions. These features make MRI potentially 
applicable for real-time drug-release monitoring.

Conclusion and perspectives
Imaging modalities have been successfully applied in 
preclinical studies on the biodistribution and pharma-
cokinetics of NMs, exhibiting their value for this pur-
pose. Advancements in real-time in  vivo visualization 
can enable extensive characterization of NMs’ behav-
ior in biological systems. By applying state-of-the-art 
imaging techniques, it is possible to visualize properly 
labeled NMs over time throughout the body, which 
can allow for the quantification of their kinetic param-
eters, facilitate the assessment of transport and physi-
ological properties, and provide greater insights into 
the intrinsic interplay between structural and func-
tional relationships. This allows for the development 
and accurate construction of NMs with desired phys-
icochemical properties that maximize their intended 
therapeutic benefits. Incorporating imaging tech-
niques into the pharmaceutical evaluation of NMs will 
undoubtedly result in additional valuable informa-
tion that conventional methods, such as blood sam-
pling, cannot provide. This concept would significantly 

accelerate early-stage development and advance the 
path to successful clinical translation. Despite the 
remarkable potential of imaging-based pharmaceuti-
cal evaluation of NMs, there are issues that need to be 
addressed during the quantification and interpretation 
of imaging results.

Firstly, a general limitation of the imaging-guided esti-
mations is the stability of the bond between the imag-
ing probe and the NMs it labels. Bond stability is crucial 
for the accurate assessment of distribution kinetics and 
parameter values, and its breakage can lead to leakage of 
the imaging agent from the NMs, confounding observa-
tions and leading to inaccurate results. Furthermore, the 
imaging tag is most often attached to the nanocarrier 
rather than the drug, while the localization of the drug 
may differ from that of the nanocarrier after release. The 
biodistribution of NMs at early time points following 
their administration is of great importance for the accu-
rate evaluation of pharmacokinetics. Thus, imaging tech-
niques with low temporal resolution should be avoided in 
such circumstances and can only be used when a semi-
quantitative evaluation is required.

Secondly, since each modality has specific advantages 
and limitations, the appropriate choice of imaging tech-
nique is intensely associated with the physicochemical 
properties of NMs, labeling methods, and spatial level 
(organ, tissue or cellular level). The image resolution and 
study duration should also be considered depending on 
the assessment objectives. For example, MRI has limited 
applications in monitoring the biodistribution of NMs 
due to its poor sensitivity and the difficulties of provid-
ing whole-body imaging. The low sensitivity of CT imag-
ing results in the need for high doses of contrast agents, 
which can lead to potential contrast-agent-related toxici-
ties and limitations for imaging-guided pharmaceutical 
evaluations of NMs. Compared with MRI and CT, the 
nuclear imaging techniques have the best sensitivity and 
allow for the visible pharmaceutic evaluation of the NMs 
at trace-amount. However, nuclear imaging suffers from 
low spatial resolution, lack of anatomical information, 
and the necessity of using radioactive agents. The former 
two can be overcome by combining PET/SPECT with 
CT or MRI to provide more detailed information about 
the anatomical and spatial distribution of the NMs. The 
fundamental limitations of the use of FLI for preclinical 
evaluations lie on the poor penetration depth of excita-
tion/emission lights, tissue autofluorescence, and diffu-
sive scattering of fluorescence signals in the body. These 
disadvantages result in inability of FLI to correctly assign 
the probe accumulation to specific deeper-seated tissues 
and organs, as well as to perform an absolute quantifica-
tion of probe biodistribution and accumulation.



Page 24 of 31Tuguntaev et al. Journal of Nanobiotechnology          (2022) 20:236 

Thirdly, a formidable challenge is controlling and 
keeping constant key physicochemical properties 
of NMs. Since the particle size distribution, shape, 
and surface features have an enormous influence on 

targeting properties, drug release rate, biodistribu-
tion, and excretion of NMs, it is of great importance to 
maintain the uniformity of these characteristics to per-
form accurate pharmaceutical assessments.

Fig. 14  Drug release-dependent intratumoral accumulation of NMs. Schematic representation of: A ICG/DOX@Gel-CuS NMs fabrication, B 
mechanism of enzyme-activated DOX release followed by real-time monitoring and quantification by fluorescence/PA dual-modal imaging. 
C in vivo MSOT images of mice administered ICG/DOX@Gel-CuS NMs at various time points p.i. D in vivo NIR fluorescence images of mice 
administered NMs via both subcutaneous (dotted arrow) and intratumor (solid arrow) injection at various time points p.i. E NIR fluorescence images 
of mice administered ICG/DOX@ Gel-CuS NMs through i.v. injection at various time points p.i. F 3D-reconstruction of transillumination fluorescence 
images of mice administered NMs through i.v. injection at various tilt angles. Reproduced with permission from [233]. Copyright 2018, American 
Chemical Society
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Finally, it is important to keep in mind that biomedi-
cal imaging modalities are mainly focused on monitor-
ing pharmacokinetic and pharmacodynamic behavior of 
NMs and they have a potential to be integrated in pre-
clinical drug delivery research to improve NMs-based 
treatments. However, non-invasive imaging techniques 
cannot provide an adequate assessment of NMs toxicity 
due to complex evaluation procedures that are beyond 
the functionality of imaging methods. At present, classi-
cal drug toxicity assays, such as histopathology examina-
tion, are used to evaluate NMs toxicological profiles.
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