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The past decades have shown significant advancements in the development of solid tumor treatment. For
instance, implementation of nanosystems for drug delivery has led to a reduction in side effects and
improved delivery to the tumor region. However, clinical translation has faced challenges, as tumor drug
levels are still considered to be inadequate. Interdisciplinary research has resulted in the development of
more advanced drug delivery systems. These are coined ‘‘smart” due to the ability to be followed and
actively manipulated in order to have better control over local drug release. Therefore, image-guided
drug delivery can be a powerful strategy to improve drug activity at the target site. Being able to visualize
the inflow of the administered smart nanosystem within the tumor gives the potential to determine the
right moment to apply the facilitator to initiate drug release. Here we provide an overview of available
nanosystems, imaging moieties, and imaging techniques. We discuss preclinical application of these
smart drug delivery systems, the strength of image-guided drug delivery, and the future of personalized
treatment.
� 2022 The Authors. Published by Elsevier B.V. This is an open access articleunder the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
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1. Introduction

Drug delivery in tumors is hampered by a number of factors,
which are related to drug type, drug administration procedure,
tumor type and -pathophysiology, patient health condition, and
treatment conditions [1]. A dominant aspect in failure of
chemotherapy, next to (acquired) drug resistance, is insufficient
drug levels at the target site. Also, systemic administration of
chemotherapeutics is associated with severe toxicities. The dose-
limiting nature of these side effects precludes administration of
higher doses per time point and also halts continuation of treat-
ment. In case of disease recurrence, retreatment is often not an
option. This is not only due to acquired drug resistance, but also
owing to side effects and damage done to healthy tissues. There-
fore, it is crucial to i) improve drug delivery to the tumor micro-
environment, ii) enable intra-tumoral accumulation of the active
drug, and iii) minimize exposure to sensitive tissues. Manners to
improve drug delivery are (nano) formulations, loco-regional deliv-
ery, co-administration, or application of facilitators.

In this paper, we review in particular the use of imaging as a
means to improve drug delivery by increasing availability of the
active compound at the target, i.e. in the tumor cells. In such set-
ting, imaging could be used to steer the therapeutic nanoparticle
to the tumor or to guide an external trigger, a facilitator, to induce
the nanoparticles to release their cargo. In this review, we refer to
facilitators as agents or treatments that improve delivery of the
chemotherapeutic, and not per se ways to improve activity of the
drug. Currently, a plethora of imaging methods are available to
monitor drug pharmacokinetics, biodistribution, and drug accumu-
lation at the target site in real-time as we discuss below. These
imaging methods are used with the idea to improve treatment out-
come, which is often coined as image-guided drug delivery. How-
2

ever, the true meaning of image-guided drug delivery (IGDD) needs
to be defined properly to match the true setting and intend.

Here, we will focus on (pre)clinical studies on image-guided
drug delivery employing nanomedicine for oncological treatment.
The selection is limited to the eight most reported nanocarriers
as reported by Hossen et al: i) dendrimers, ii) micelles, iii) lipo-
somes, iv) carbon nanotubes, v) superparamagnetic iron oxide
nanoparticles, vi) gold nanoparticles, vii) mesoporous silica
nanoparticles, and viii) quantum dots [2]. Therefore, other struc-
tures used for drug delivery, such as nanobubbles [3], labelled
small molecules [4], proteins [5], RNA [6], oligonucleotides [7],
and antibodies [8], were not considered in this review.
2. Definitions

2.1. Image-guided drug delivery

The definition of image-guided drug delivery needs attention, as
throughout the literature this is interpreted differently. Numerous
publications refer to IGDD as a combination of drug targeting,
either active or passive, and imaging. In these instances imaging
is used to observe accumulation at the target site during and after
treatment. While information is obtained on, for instance, local
drug delivery levels and therefore possible outcome, imaging is
not used to directly manipulate drug delivery. On the other hand,
we and others use imaging in IGDD as a manner to actively
improve local accumulation of chemotherapeutics, or induce
bioavailability of the nanoparticle associated compound, by com-
bining imaging of the drug or carrier with a procedure that is
intended to promote local drug build-up. In such settings, imaging
helps to orchestrate a combination of observations; first, determi-
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nation of the right moment (e.g. when maximum level of drug
accumulation can be reached), and second, application of the facil-
itating treatment with the intend to improve tumor drug levels in a
spatiotemporal controlled way. In this setting, imaging is used to
actively manipulate drug delivery - and is not used solely to pas-
sively monitor the kinetics of the drug - and as such can be truly
classified as image-guided drug delivery.

It is important to highlight that IGDD can either be at tissue
level, i.e. intended to improve accumulation of the active com-
pound in the tumor micro-environment (TME), or at a cellular
level. The latter could also be referred to as Image Guided Drug
Release (IGDR) when for instance forcing intracellular dissociation
of a drug from the nanocarrier, thus facilitating the possibility of
drug interaction with the intracellular target. For instance, He
et al. designed a hybrid nanosystem based on a gold nanocage
(AuNC) containing doxorubicin (DOX), which is made smart with
the use of a thermosensitive liposome-based coating [9]. Therefore,
this Lipos-AuNC-DOX complex will respond to the application of
mild hyperthermia at 41 �C. Triggered release was induced 24 h
after intravenous (i.v.) injection to release encapsulated doxoru-
bicin from the nanoparticles. In this case, it is important to under-
stand that at that specific time point these nanoparticles have been
circulating throughout the entire body and have already been
taken up by tumor cells. The subsequent application of near-
infrared light (NIR) to induce heat and trigger release facilitates
the transfer of doxorubicin from the lysosomes to the nucleus,
excellently demonstrating the benefit of this approach. This strat-
egy, while it cannot be considered to be true image-guided drug
delivery, is a perfect example of image-guided drug release.

In a similar manner, Li et al. targeted tumor cells with AS1411
aptamer-decorated DNA gold nanoparticles [10]. Through a dis-
tinct pathway, the conjugated gold nanostars interact with flap
endonuclease 1 (FEN1), resulting in fluorescent signals. The detec-
tion of these signals is the cue to initiate doxorubicin release
through NIR laser irradiation. As FEN1 is overexpressed in tumors,
the nanosystems presented here can be used for both diagnosis
and IGDR.

2.2. Nanosystem formulations

Nanosystems (or nanocarriers) are structures with a diameter
within one to several hundred nanometers, which can be used
for drug delivery and diagnostic purposes. Encapsulation of thera-
peutics or other agents within a nanosystem ensures an improved
efficacy due to i) a decrease in the volume of distribution, ii) pro-
longed circulation and/or retention at the target site, iii) synergy
between co-encapsulated compounds, or iv) interaction with
specific conditions or activities within the tumor-micro environ-
ment [11].

It is evident that encapsulation of a compound within a
nanosystem has a tremendous impact on compound pharmacoki-
netics and biodistribution. Not only does this improve stability of
the associated compound in systemic circulation by preventing
degradation, but also the likelihood that both compound and
nanosystem will end up together at the target site. Undoubtedly,
the stability of the nanoparticle as well as the nanoparticle ele-
ments within the formulation, i.e. building blocks, needs to be con-
sidered. The aspect of delivery of content to the target site with a
stable nanosystem also benefits co-delivery of compounds or com-
bination treatment. The use of a stable formulation does not only
guarantee synergy, as it ensures delivery of multiple agents at
the same site at the same time, co-formulation also enables more
precise creation of the optimal drug ratio and dosage for maximum
therapeutic effect.

Lastly, nanosystems can facilitate delivery of different com-
pounds at the same time, of which one has a direct activity and
3

the other can be activated at the target site through an external
trigger. When through imaging the delivery of the nanosystem or
compound can be monitored, the facilitator as well as another
external trigger can be applied at the right moment. An example
is for instance the combination of a nanosystem carrying both a
chemotherapeutic drug that is released by NIR radiation, through
so-called photothermal therapy (PTT), while at the same time pho-
todynamic therapy (PDT) is conducted. It can be envisioned that
causing intratumoral heat, while causing a local rise in available
chemotherapeutic combined with induction of oxygen radicals,
could provide an excellent synergistic anti-tumor effect as we will
describe below. For all these functionalities, the possibility to fol-
low, track, steer, trigger, activate, or manipulate are desirable to
optimize drug availability and activity, which underscores the
importance of IGDD. Important is that to obtain these functionali-
ties, a vast number of nanosystems are studied. Taken together, the
plethora of conventional nanocarriers available are able to encap-
sulate a range of moieties. However, administration leads to non-
specific biodistribution and uncontrollable drug release. Further
modification and functionalization of nanosystems as we discuss
here results in so-called smart drug delivery systems (SDDS).
2.3. Smart drug delivery systems

While ‘‘smart” can be considered an arbitrary term, it has fre-
quently been used in literature regarding development of novel
cancer treatments. We, as published before, see SDDS as advanced
nanoparticles which can be controlled to alter their release behav-
ior [8,11]. For instance, SDDS can be designed to be sensitive to
tumor-specific characteristics, such as presence of an acidic pH,
enzymes, or hypoxia. Exogeneous triggers may be based on expo-
sure of the target tissue to physical stimuli, such as light, ultra-
sound, electromagnetic waves, or mild hyperthermia. While both
strategies are suitable to exploit the TME for triggered drug release,
exogenous triggers tend to achieve a more precise and controlled
release, as endogenous triggers may also be present in healthy tis-
sues due to diminutive differences in tissue characteristics [11,12].
More so, external triggers can be used to actually determine when
in tissue drugs are released or activated. Additionally, drug activa-
tion or release from nanosystems by intrinsic triggers tend to exhi-
bit slow kinetics typically taking hours to days, while responses to
external triggers may take place in seconds. Besides stimuli
responsiveness, another ‘smart’ feature of these nanosystems is
the ability to make these formulations multifunctional. In addition
to the intrinsic characteristics of the nanosystems, SDDS can be
endlessly manipulated and optimized due to the possibility to i)
encapsulate multiple agents and ii) improve active tumor targeting
by surface decoration with tumor specific moieties [8]. For smart
drug delivery systems, a distinction can be made between organic,
inorganic, and hybrid nanosystems, which will be discussed in sec-
tion 4.
3. Imaging moieties

Imaging moieties are used in both research and clinical studies
to visualize and quantify drug delivery in real-time. These exoge-
neous substances are able to temporarily enhance visualization
to illustrate morphologies, internal structures, and physiological
functions [13]. To improve delivery and monitoring, a distinction
can be made between nanomaterials with intrinsic visualization
properties and imaging agents, such as labels and probes (Table 2).
In this section, we will primarily focus on agents that can be
labeled to, or loaded in, nanosystems.

Imaging moieties can be encapsulated either solo or as co-
entrapment within a nanosystem. While some agents have a sole
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imaging function, others are considered to be multifunctional and
can be simultaneously used for triggered drug release, for instance
as a photothermal (PT)- or photosensitizing (PS) agent [14,15]. In
this section, various imaging moieties are discussed, being either
categorized as contrast agents or radionuclides.

3.1. Contrast agents

Contrast agents (CAs) can be administered to enhance visualiza-
tion by increasing the sensitivity and specificity between healthy
and malignant tissue. As solid tumors present an abnormal vascu-
lar network, which exhibits increased permeability in combination
with a lack of functional lymphatic drainage, accumulation of CAs
may be enhanced and retention may occur for longer periods of
time in comparison to healthy tissue [11,16]. With respect to
image-guided drug delivery, contrast agents are used to visualize
the delivery system and/or content release and could as such be
used to determine nanosystem location, -retention, and drug deliv-
ery efficiency [17]. CAs can be distinguished based on the corre-
sponding imaging modality: either optical contrast agents, such
as endogenous agents and fluorescent dyes, or other CAs based
on metals and heavy elements for MR or CT imaging.

3.1.1. Optical contrast agents
Fluorescence-guided drug delivery at (sub)cellular level can be

provided using dyes, proteins, and autofluorescent agents (Table 2)
[18]. In general, fluorescent molecules are bright, photostable, and
biodegradable [18]. As the available fluorophores emit in a wide
spectral range, from ultraviolet to infrared, agents can be selected
depending on several factors such as target tissue and imaging
method.

Fluorescent dyes produce brief, non-specific contrast suitable
for in vivo real-time visualization [19]. For instance, the fluorescent
agent carboxyfluorescein (CF) can be used as a model drug to mon-
itor release from nanosystems. In contrast to legitimate drugs, CF
displays no cellular uptake, which avoids changes in fluorescence
due to interactions with intracellular components [1]. While some
fluorescent dyes are immediately detectable after excitation,
others emit no fluorescence in its native state. For instance, 5-
aminolevulinic acid (5-ALA) requires metabolic processing into
protoporphyrin IX, while nanosystem encapsulation of agents such
as CF and Calcein induces self-quenching, which will be reversed
after release into the micro-environment [12,19].

Compared to traditional fluorescent dyes, near infrared fluo-
rophores display enhanced optical properties. Falling within a
specific window (k = 700 – 3000 nm), NIR dyes provide improved
use due to a deeper penetration depth of the excitation light, high
spatial precision of detection, and minimized background interfer-
ence of emission signal [20,21]. Cyanine-based fluorescent dyes,
such as ICG, Cy5.5, and IR780, are widely applied as diagnostic
agents [20,22,23]. Indocyanine green (ICG), a dye with Food and
Drug Administration (FDA) approval, is frequently used in both
experimental and clinical studies. Administration of free ICG exhi-
bits low toxicity and low tissue autofluorescence. Moreover, irradi-
ation of ICG with NIR laser light can effectively generate heat to
such extend that direct tissue damage can be obtained. However,
ICG displays several disadvantages in tumor theranostics, such as
short half-life, poor photostability, and limited tumor-targeting
due to albumin binding [19,24]. In comparison to ICG, IR780 exhi-
bits higher fluorescence intensity and improved stability. In addi-
tion, it also shows enhanced tumor targeting due to intrinsic
specificity for certain tumor cells [21,22].

Besides fluorescent dyes, fluorescent protein are also utilized
for imaging purposes (Table 2). A distinction can be made between
endogenous- and exogenous sources. In preclinical studies,
endogenous sources are established via three strategies: i) trans-
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genic models expressing fluorescent reporters, ii) orthotopic
implantation of fluorescent cells, or iii) targeted gene delivery
[18]. In the experimental setting, transgenic mouse strains, for
instance with cell- or protein-specific fluorescent labels, can be
employed for image-guided drug delivery. We for instance used
transgenic mice for visualization of the vascular bed, while also
tumor cells can be imaged [25,26]. The relatively poor penetration
of light limits the use of fluorescence to superficial observations, or
requires surgical intervention to expose the region of interest. Bio-
luminescence provides a better signal-to-noise ratio and excitation
is not needed, therefore allowing for deep-tissue imaging [27].
Visualization of tumor blood flow and extravasation can also be
established via administration of exogenous agents, such as
fluorescently-labeled dextrans, FITC-BSA, heparin, or Hoechst
[28,29]. In order to further improve sensitivity and photostability,
fluorescent proteins can either be covalently attached to a polymer
or encapsulated within a nanosystem [30].

The increased interest in fluorescence imaging for diagnosis and
treatment can also be attributed to the field of image-guided sur-
gery [31]. Comparable advantages and limitations are apparent
for image-guided drug delivery and image-guided surgery. For
instance, it is important to consider that tissues contain a multi-
tude of naturally present fluorophores, which could potentially
interfere as background autofluorescence during optical visualiza-
tion. This is especially relevant when excite fluorescence within
the visible light spectrum (k = 380 – 650 nm) [23]. Dominant
absorbers such as melanin, keratin, hemoglobin, and lipids may
restrict the precision of biological imaging [32,33]. Strategies to
reduce background autofluorescence could be hair removal [25],
the use of a special chow diet [34], or a shift of targeting to towards
the near-infrared (NIR) range (k = 750 – 3000 nm). More specific,
the tissue transparency window (NIR-I, k = 650 – 950 nm) displays
excellent penetration due to weak absorption by both water and
tissue within this range [35].

Autofluorescence can also be advantageous for image-guided
drug delivery. For instance, anthracycline drugs such as doxoru-
bicin can simultaneously act as a therapeutic agent and a fluores-
cent probe [36]. Therefore, the intrinsic fluorescence of DOX can
be used to visualize drug release and -uptake in the tumor
micro-environment [37,38]. Another elegant auto fluorescent
chemotherapeutic is topotecan (Hycamtin�). This drug only exhi-
bits its intrinsic fluorescence in presence of a shift in environmen-
tal pH. Therefore, an increase in fluorescence can be observed
when the agent transfers from the encapsulated (pH � 6.5, k = 3
85 nm) to a released state (pH greater than 7.5, k = 414 nm) [39].

Photoacoustic (PA) contrast agents can be based on both
endogenous- and exogenous optical absorbers (Table 2) [40].
Innate chromophores present in human tissue, such as hemoglo-
bin, lipid, melanin, and water, exhibit strong optical absorption
at certain wavelength [40,41]. The biomolecule melanin is widely
distributed throughout the body, resulting in high biocompatibil-
ity, -degradability, and -stability [42]. Incorporation of synthetic
melanin analogues, such as polydopamine (PDA), into nanosystems
leads to improved contrast enhancement [43,44]. However, in
order to improve differentiation between endogenous absorbers,
exogenous contrast agents can be administered. The strong near-
infrared absorbance properties of organic dyes, such as indocya-
nine green and methylene blue (MB), are suitable agents for pho-
toacoustic imaging [41].

3.1.2. Other contrast agents
Magnetic resonance imaging (MRI) contrast agents, such as

transition- or lanthanide metal ions, can be categorized into T1-
weighted or T2-weighted CAs (Table 2) [45]. The distinction is
based on shortening of the longitudinal (T1)- or the transverse
(T2) relaxation time. Therefore, administration of T1-weighted con-



M.I. Priester and Timo L.M. ten Hagen Advanced Drug Delivery Reviews 192 (2023) 114621
trast agents displays positive contrast enhancement, which results
in brighter images. And, T2-weighted CAs show negative contrast
enhancement, which results in darker images [45,46]. Gadolinium
(Gd)-based chelates are most frequently used for MR imaging. For
instance Magnevist�, a clinical contrast agent, is metabolically
inert as a metal chelate. Therefore it shows no biological interac-
tions, but is able to induce T1-weighted contrast enhancement.
However, a relatively short circulation time and side effects, such
as nephrotoxicity and deposition, have led to development of safer
CA alternatives [16,46].

Computed Tomography (CT) contrast agents, also known as
radiopaque elements, enhance imaging based on X-ray attenuation
(Table 2) [47]. The X-ray attenuation coefficient (l) is influenced
by elemental parameters, such as atomic number (Z) and density
(q). The majority of the CT CAs are based on heavy elements, such
as iodine, bismuth, and gold [13,48]. The halogen iodine (ZI = 53,
qI = 4.93 g/cm3, lI = 1.94 cm2/g at 100 KeV,) and analogues, i.e.
iopromide, iopamidol, iohexol, and iodixanol, are the most com-
monly administrated CT contrast agents [13]. However, iodine con-
taining molecules have limited ability due to a short circulation
time and low specificity [49,50]. The halogen bismuth (Bi) is a suit-
able alternative due its higher atomic number (ZBi = 83), density
(qBi = 9.75 g/cm3), and X-ray attenuation coefficient (lBi = 5.74 cm2/
g at 100 KeV) [47,51]. Bismuth agents do possess low in vivo tox-
icity, but like iodine, the circulation time is relatively short. Com-
parable to bismuth, the transition metal gold (ZAu = 79)
(qAu = 19.32 g/cm3) (lAu = 5.16 cm2/g at 100 KeV) presents
improved CT contrast enhancement in comparison to iodine ana-
logues [51]. These elements are considered to be multimodal con-
trast agents due to intrinsic contrast- and photothermal properties
[51].
3.2. Radionuclides

Radionuclides can be used for nuclear imaging techniques, such
as single photon emission computed tomography (SPECT) or posi-
tron emission tomography (PET) (Table 2). SPECT imaging is based
on gamma-emitting radioisotopes, such as technetium-99 m
(99mTC, t1/2 = 6.0 h), indium-111 (111In, t1/2 = 2.8 days), and
rhenium-188 (188Re, t1/2 = 3.97 h). PET imaging is dependent on
positron-emitting radionuclides, such as fluorine-18 (18F,
t1/2 = 110 min), copper-64 (64Cu, t1/2 = 12.7 h), and zirconium-89
(89Zr, t1/2 = 3.27 days) [52,53].

Radionuclides are widely used in patients for diagnosis, radio-
therapy, and a combination thereof. A vast number of nanomedi-
cine formulations containing radiotracers have been synthesized
and tested for biomedical use [54]. While the implementation of
radionuclides has advantages over other imaging moieties, certain
drawbacks need to be considered when formulating nanoparticles
for use in patients. Upon systemic administration, detachment of
radionuclides from the radiolabeled compound can occur due to
instability, competition, or metabolic reactions [52]. Subsequent
decay leads to formation of daughter nuclides, which can unwant-
edly be taken up by tissues and organs. In addition, emission from
daughter nuclides may interfere with emission from the conju-
gated parent nuclide, resulting in misinterpretation of images
[52]. Therefore, radiolabeled nanosystems present several benefits,
such as improved sensitivity, enhanced contrast, and the ability to
combine therapeutics with diagnostic agents [55]. The half-life of
the selected radionuclide should match the nanosystems pharma-
cokinetics in order to ensure emission within the imaging window
[56]. Opposed to fluorescent markers and contrast agents, radioiso-
topes can be detected with unlimited penetration depth. Therefore
allowing for whole-body imaging in both experimental and clinical
setting.
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The shortcomings of administration of free contrast agents,
such as limited circulation time and low tumor specificity, can be
improved by encapsulation in nanosystems.
4. Nanosystems

In the past decades, a vast number of nanosystems have been
developed or are currently under investigation. These systems vary
in degree of complexity, from relatively straightforward nanoparti-
cles carrying a single compound with little added functionality, to
nanoparticles which enable imaging, steering, and manipulation
while containing multiple compounds. It is important to realize
that nanoparticles registered for clinical use mainly exhibit single
and straightforward characteristics, while further development
towards smart drug delivery systems is relatively slow [11].

While most nanosystems can be functionalized using various
moieties, the intrinsic properties of a nanosystem are as important.
More so, nanoparticles may have different functions, such as detec-
tion of a tumor, homing to a tumor, facilitation of imaging, and at
the same time delivery of therapeutics. The use of nanoparticles
that are equipped for both diagnosis as well as therapy is coined
theranostics. Clearly, in this setting the possibility of IGDD is also
desired. Various smart drug delivery systems have been designed
to aid solid tumor theranostics. Nanosystems can generally be clas-
sified into three major types based on their composition, as these
are made either from organic- or inorganic materials, or a combi-
nation of these two in a hybrid form.

4.1. Organic nanomaterials

Drug delivery systems composed of natural- or synthetic
organic nanomaterials are interesting competitors in the field of
cancer treatment. Based on biological molecules such as lipids or
polymers, organic nanomaterials are considered to have a high bio-
compatibility and offer a wide range of possibilities. As weak non-
covalent interactions between organic molecules initiate self-
assembly, interference of synthetic chemistry provides the ability
to personalize nanosystem design at multiple levels [57]. In this
section, characteristics and functionalization of dendrimers,
micelles, and liposomes will be discussed (Fig. 1).

4.1.1. Dendrimers
Dendrimers are radially symmetric, three-dimensional globular

architectures with sizes ranging from 2 to 10 nm [58]. Their struc-
ture can be divided into three parts: a core, the branching den-
drons, and the surface-active groups [2,48]. The size of the
dendrimer is determined by the amount of so-called generations
(G), the concentric shells of branching dendrons surrounding the
core, which add approximately 0.7 to 1.5 nm in size per generation
[59,60]. At G0 up to G3 the dendrimer is relatively small and
retains the organic flexibility without great homogeneity. From
the fourth generation (G4), dendrimers initiate their spherical
shape, which will further develop to structured spheres at the fifth
generation (G5). At that stage, it is impossible to branch out further
due to a lack of space, which is dubbed the ‘starburst effect’ [58].

Various dendrimer types have been developed since the intro-
duction by Vögtle et al. in 1978 [61]. These can be distinguished
based on their synthesis method, physical structure, shape, physic-
ochemical properties, and dendrimer chemistry [62]. Dendrimer
synthesis follows either the divergent or the convergent approach
[63]. Poly(amidoamine) (PAMAM) is the most common dendrimer
scaffold studied for drug delivery, being hydrophilic, biocompati-
ble, and non-immunogenic [64,65]. Other polymers frequently
applied for dendrimer-based nanosystems are poly(propylene
imine) (PPI) and Poly(L-lysine) (PLL)[63]. Although being biocom-
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patible, dendritic polymers such as PAMAM and PPI are non-
biodegradable [65,66].

The generational architecture of a dendrimer creates a ‘‘void
space”, which can be used for encapsulation of a wide variety of
substances based on hydrophobic- or electrostatic interactions
[48,59]. The presence of a void space does not only accommodate
a payload, but is also important to prevent enzymatic degradation,
and is a feature to control drug release [48]. In addition, the den-
drimer outer surface allows for functionalization with various
ligands [48]. Surface modification of conventional dendrimers is
essential, as this nanosystem is highly subjected to rapid clearance
through the reticuloendothelial system (RES) and shows relatively
low uptake by malignant cells [2]. Another important considera-
tion for surface modification is the intrinsic toxicity of all den-
drimer types, which is related to the core chemistry, the
branched dendrimers, and the surface-active groups [65,67].
Moieties can be attached to the outer surface via covalent-,
electrostatic- or hydrophobic binding [58]. While PEGylation is
an effective strategy to reduce toxicity and to prolong circulation
time, tumor-targeting properties can be enhanced by conjugation
with tumor-specific elements such as antibodies, folic acid, or car-
bohydrates [65,67].

Surface engineering does not only contribute to biocompatibil-
ity and biodistribution of the dendrimer, but also enhances drug
entrapment capacity and is able to facilitate imaging [67]. As den-
dritic polymers do not intrinsically exhibit any optical, acoustic, or
magnetic signal, encapsulation of imaging moieties is indispens-
able [68]. Dendrimers are an excellent platform for moiety encap-
sulation owing to the architecture, as a large number of binding
sites can be found both in the interior and periphery of the
nanosystem. Dendrimers were applied early-on in vivo as a carrier
for magnetic resonance imaging contrast agents [64,69].

The large number of binding sites, especially the primary amine
functional groups on the outer surface, makes them an attractive
platform for detaining MRI probes, such as paramagnetic ions or
magnetic oxides [48,68,70]. In addition, dendrimer-based contrast
agents showed increased longitudinal relaxation rates, which
increased even further with a growing amount of generations pre-
sent [48]. Despite the wide clinical application of gadolinium che-
lates, the search for safer alternatives has also influenced the
development of novel dendrimer types. Functionalization of den-
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drimers with organic radicals, such as 2,2,5,5-tetramethylpyrroli
din-1-oxyl (PROXYL) units, results in high paramagnetic systems
[62,71].

The dendrimer architecture is not limited to a single-generation
structure. For instance, dendrimersomes (DSs) are a novel type of
nanovesicles composed of multiple low-generation Janus den-
drimers [72]. As these dendrimers are amphiphilic, this allows
for self-assembly into spherical structures in the presence of an
aqueous medium. The formation of dendrimersomes results in a
structure with a similar size to high-generation dendrimers, but
with the presence of an aqueous core similar to liposomes. This
enables the delivery of a wide variety of theranostics, in combina-
tion with high stability, high mechanical strength, and increased
biocompatibility [73].

Another possible dendrimer-based evolution are the core–shell
tecto dendrimers (CSTDs), which are clusters composed of high-
generation dendrimers as the core and low-generation dendrimers
as the shell. In comparison to single high-generation dendrimers,
CSTDs show similar properties but are able to overcome limitations
such as restricted drug loading, cytotoxicity, and limited EPR
(Enhanced Permeability and Retention)-based tumor targeting
[62,74]. The core–shell architecture is associated with an increase
in both size and volume, which aids EPR-based passive tumor tar-
geting. But, the distinct architecture of the CSTDs also enhances
rigidity, which in its turn positively affects the nanosystems fluo-
rescent emission properties [75].

Another dendrimeric feature gaining attention is an emission
phenomenon, called non-tradition intrinsic fluorescence (NTIF).
The first cases of fluorescent PAMAM dendrimers in absence of tra-
ditional fluorophores were reported in the early 2000 s, however at
the time emission intensities were rather low. More recently, alter-
ation of the PAMAM surface chemistry has led to a significant
increase (�50 fold) in NTIF emission. The emission of this strong
blue fluorescence (kEx = 365 nm; kEm = 460 nm) is still under
debate, as it also has been reported in other polymers, such as
PPI and PEI, and may be related to pH- or oxygen-dependent fluo-
rescence [76,77].

4.1.2. Micelles
Micelles are spherical, self-assembling nanosystems, with typi-

cal sizes ranging from 10 to 100 nm [78]. In case of polymeric
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micelles, the base of the nanoparticles are amphiphilic block
copolymers (BCs), which are synthetic or natural molecules with
distinct hydrophilic and hydrophobic regions. Usually, these block
copolymers are linear and exist in a di-block (A-B) or tri-block (A-
B-A) configurations, where A represents the hydrophobic block and
B the hydrophilic one [79,80]. When a solution containing these
BCs reaches a maximum concentration above which aggregation
occurs, also known as the critical micelle concentration, this will
initiate self-assembly into micelles. The configuration, either direct
or reversible, is dependent on whether the BCs are present in a
hydrophilic or hydrophobic solvent [2,80].

The BCs within direct micelles are ordered in a specific orienta-
tion; when in a aqueous solution the hydrophobic tails shape the
micelle core and the hydrophilic heads form the outer shell (coro-
na) [81]. While the core can act as a drug reservoir, the corona
determines the charge, hydrophilicity, and the possibility of sur-
face modification [82]. The inclusion of certain polymers or moi-
eties contribute to the functionalization of the micelle.

The hydrophilic segment of the polymeric micelle can be poly-
ethylene glycol (PEG), also known as poly(ethylene oxide) (PEO),
which is able to provide stealth functionality due to prevention
of serum protein binding and inhibition of RES uptake [83]. Other
hydrophilic polymers such as poly(n-vinylpyrrolidone) (PVP) or
poly(n-isopropyl acrylamide) (pNIPAAM) can be incorporated to
create stimuli-responsive micelles. The hydrophobic segment can
be made up of polyethers such as poly(propylene oxide) (PPO),
biodegradable poly(esters)s such as poly(lactide-co-glycolic acid)
(PLGA), or phospholipids such as disteroyl phos-
phatidylethanolamine (DSPE) [82,84,85].

A well-studied combination is the tri-block copolymer consist-
ing of the hydrophilic PEO and the hydrophobic PPO, better known
under the commercial name Pluronic� polyols. These polymers,
which are structured as PEO-PPO-PEO or reverse PPO-PEO-PPO,
can be categorized based on their hydrophilic-lipophilic balance
(HLB) and PPO chain length [79]. The PEO:PPO length relative to
the HLB value affects multiple micelle characteristics such as size,
drug loading, and kinetic stability [83]. Pluronic� micelles reside
hydrophobic drugs in the PPO core, while the PEO chains provide
a stealth corona [84]. In order to even further improve drug deliv-
ery efficacy, Pluronic� micelles can be used in conjunction with
stimuli-responsive materials [83].

Besides the polymeric variant, lipid micelles have also been
studied as nanosystems for drug delivery. This variant is based
on the di-block configuration, being composed of a hydrophilic
PEG block and a hydrophobic phospholipid residue. The shape of
the micelles is dependent on the ratio between the size of the
hydrophilic- and hydrophobic segment, and on the concentration
of the surfactants [86]. As with all other PEGylated nanosystems,
the presence of superficial PEG is associated with an increased cir-
culation time due to diminished RES uptake [87].

As a targeting approach, micelles can be subjected to stimuli-
responsive functionalization. This can be either based on the smart
function of the building blocks, for instance the polymer PVP being
pH-sensitive and pNIPAAM being a thermosensitive polymer [82].
On the other hand, it could also be dependent on light-sensitive
cleavable moieties attached to the micellar base. Multi-stimuli-
responsive micelles can be designed for even more defined con-
trolled drug delivery and release, being dependent on a simultane-
ous or sequential order of triggers [78].

4.1.3. Liposomes
Liposomes are self-assembling, spherical vesicles, which are

composed of phospholipids [88]. As lipids are amphiphatic, this
will result in the formation of a hydrophilic aqueous core sur-
rounded by a hydrophobic bilayer. Liposomes can be classified into
three types based on the number of bilayers present and the vesicle
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size: multi-lamellar vesicles (MLV, greater than 500 nm), multi-
vesicular vesicles (MVV, greater than 500 nm), and unilamellar
vesicles (ULV). For the ULVs, a distinction can be made between
the large unilamellar vesicles (LUV, greater than 100 nm) and small
unilamellar vesicles (SUV, 20–100 nm) [89,90].

Liposomes can be designed in a wide variety of lipid composi-
tions, resulting in different sizes and functionalities. For instance,
incorporation of cholesterol within the lipid bilayer will alter the
phase transition behavior, resulting in liposomes with higher sta-
bility and therefore attenuated drug release [88]. As seen on other
organic nanosystems, incorporation of PEG is a well-studied strat-
egy to improve the pharmacokinetics of the nanosystem. Besides
PEGylation, another common alteration to the phospholipids is flu-
orescence labelling. The addition of fluorescent lipids, such as Lis-
samine Rhodamine B (Rho-PE), prior to preparation of the lipid film
establishes emission from the membrane itself. Besides the intrin-
sic properties, both the core and the bilayer can encapsulate or
incorporate imaging agents after establishment of the liposome.
Lipophilic tracers, such as DiD and DiO, reside within the lipid
bilayer, while hydrophilic fluorophores, such as CF and calcein,
can be found within the aqueous core. As mentioned in section
3.1.1, anthracycline drugs have a dual function being both a thera-
peutic agent and an imaging probe due to autofluorescence.

Being a versatile drug carrier, multiple generations of liposomes
have been investigated in both preclinical and clinical studies.
Especially encapsulation of doxorubicin, an anthra-cycline, which
is considered a suitable drug for multiple indications, has been of
significant interest. The classic formulation of pegylated liposomal
doxorubicin, trademarked as Doxil� or Caelyx�, was approved by
the FDA in 1995 [91]. This type of liposome showed increased ther-
apeutic efficacy in comparison to free drug administration in cer-
tain indications. Despite reaching a higher area under the curve
in the vasculature, bioavailability within the tumor micro-
environment was still nominal due to a combination of minimal
release and limited extravasation into tumor interstitium [11].

This limitation initiated a shift towards thermosensitive lipo-
somes (TSLs). Similar to Doxil�, this drug carrier has a PEGylated
coating to ensure extended circulation time. In order to allow for
local triggered drug release, low-temperature sensitive liposomes
(LTSLs) such as Thermodox� were developed by tuning the phos-
pholipid ratio within the lipid bilayer. In 1999, Needham’s group
established that incorporation of both PEG and lysolipids results
in a substantial increase in drug release rate and magnitude upon
mild heating (40–42 �C) [92]. Subsequent animal studies con-
firmed that this LTSL formulation led to a significant increase in
tumor drug concentration after mild hyperthermia exposure in
comparison to free drug or liposomal formulations containing
cholesterol [93]. In addition to LTSL, another TSL formulation was
developed by the Lindner group. Interchanging the formulation
to one containing DPPG2 will, in addition to displaying a similar
release rate as found in LTSLs, extend the residence time in sys-
temic circulation while these TSLs are not PEGylated [94].

Besides phospholipid composition, the functionalization of lipo-
somes is also an important feature to determine when, where, and
how long facilitators should be applied. One of the manners to pre-
cisely determine tumor distribution and -uptake is via implemen-
tation of dual-labelled liposomes. Incorporation of two imaging
moieties, for instance an optical probe and a contrast agent, allows
for imaging within a single animal using multiple approaches. An
effective and frequently applied combination is near-infrared fluo-
rescence (NIRF) with magnetic resonance imaging [46]. While both
imaging modalities provide high spatial precision, there is a con-
siderable difference between penetration depth and type of infor-
mation the modalities provide. Combining two modalities results
in real-time, highly informative visualization of both tumor and
liposomes, which is able to confirm results through side-by-side
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comparison. In addition, more controlled drug delivery can be
established with the application of MR-guided high-intensity
focused ultrasound (HIFU) due to accurate and dynamic tumoral
temperature assessment.

4.2. Inorganic nanomaterials

Over the past decades, inorganic nanomaterials have gained
increased attention for biomedical applications. Commonly, inor-
ganic nanoparticles are based on metals, metal oxides, metalloids,
or semiconductors [95]. Due to its distinctive physicochemical
properties, high tailorability, and high stability, inorganic nanosys-
tems can be applied in various biomedical applications [96]. In this
section, characteristics and functionalization of carbon nanotubes,
superparamagnetic iron oxide nanoparticles, gold nanoparticles,
mesoporous silica nanoparticles, and quantum dots will be dis-
cussed (Fig. 1).

4.2.1. Carbon nanotubes
Carbon nanomaterials are able to form various structurally dif-

ferent forms, such as fullerenes, nanodiamonds, nanodots, and
nanotubes [97,98]. Despite the base material, being an allotrope
of carbon makes carbon nanotubes (CNTs) an inorganic nanosys-
tem. In 1992, Lijima et al. discovered CNTs as a by-product of full-
erene synthesis [99]. These nanosystems, which they described as
graphitic microtubules with helical structures, have a size ranging
from 50 to 100 nm [2,100,101]. A distinction can be made between
single-walled carbon nanotubes (SWNTs), which are single layers
of graphene sheets rolled seamlessly in a hollow cylindrical shape,
and multi-walled carbon nanotubes (MWNTs), which are multiple
SWNTs with different diameters wrapped around each other [102].
This typical cylindrical carbon-based shape does not only provide
mechanical strength, but also contributes to optical, electrical,
and thermal properties [103].

The intrinsic characteristics make carbon-based nanomaterials
suitable as tracers for a variety of imaging modalities [104]. In par-
ticular NIRF imaging is frequently employed with CNTs, as they
commonly exhibit strong optical absorption in the first NIR win-
dow (k = 650 – 950 nm). Single-walled carbon nanotubes also dis-
play unique intrinsic fluorescence in the second NIR window
(k = 1000 –1350 nm). Imaging within the second NIR window
allows for deep imaging with a high signal-to-noise ratio, which
can be attributed to minimal tissue absorption at high wavelength
[57,96,105]. In addition, CNTs also exhibit stable photothermal
properties, due to a high photon-to-thermal energy conversion
efficiency, and excellent optical properties for photoacoustic appli-
cation [104,106].

Despite originating from organic nanomaterials, physical prop-
erties of CNTs make these prone to becoming cytotoxic due to poor
dispersity and aggregation [102,104]. More so, carbon-based
nanosystems are known to initiate toxic effects and may be related
to the development of malignancies [107,108]. A variety of func-
tionalization strategies can be applied in order to improve both
safety and efficacy [96]. A well-studied SWNT functionalization is
a coating based on phospholipid–polyethylene glycol (PL-PEG)
linked with arginine–glycine–aspartic acid (RGD) peptide ligands.
The presence of PL-PEG improves the biocompatibility, water solu-
bility, and circulation time, while RGD improves tumor specificity
as it displays a high affinity to avb3 integrins, which are overex-
pressed in tumor neovasculature [109].

The encapsulation of anti-cancer drugs does not only improve
efficacy, but can also serve as a label for image-guided drug deliv-
ery. CNTs are considered to be excellent therapeutic nanocarriers
due to the chicken-wire structure of the carbon network, which
provides a large surface area. However, it is important to consider
that both drug adsorption and -desorption are important drug
8

delivery issues. Several factors, such as type of CNT, surface func-
tionalization, type and number of chemical bonds, and pH, con-
tribute to the manner of drug delivery [96,103]. Chadar et al.
have described the functionalization of this nano system specific
for the delivery of doxorubicin in great detail [103].
4.2.2. Superparamagnetic iron oxide nanoparticles
Superparamagnetic iron oxide nanoparticles (SPIONs) are a type

of magnetic nanoparticles. SPIONs consist of an iron oxide core,
either magnetite (Fe3O4) or maghemite (cFe2O3), and a hydrophilic
(polymer) surface coating [100]. In order to exhibit super para-
magnetism, the nanoparticles should have a size between 10 and
20 nm [2,110]. SPIONs are multifunctional due to their intrinsic
imaging properties as a contrast agent for both magnetic
resonance- and photoacoustic imaging, and as a drug vehicle and
photothermal agent for therapeutic purposes [111,112]. Placement
of SPIONs in an alternating magnetic field results in build-up of
magnetic energy, which is subsequently released in the form of
heat.

To avoid biofouling and colloidal instability in aqueous solu-
tions, SPIONs should be functionalized by surface coating
[100,110]. The most commonly reported SPION functionalizations
are based on either ligand exchange or hydrophobic interactions
[113]. The ligand-exchange approach requires a functionalizing
molecule with high affinity for the iron oxide surface, such as
dopamine, polypyrrole (PPy)), phosphines, and amines. Other pos-
sible ligand functionalizations are of a biological nature, such as
RGD, chlorotoxin, or folic acid (FA) [114]. The functionalization of
SPIONs with FA has a dual function, as it can be used as both a sur-
face coating and as a targeting agent [115]. As the ligand-receptor
interaction will result in increased accumulation, this will result in
improved relaxivity and therefore strong intratumoral contrast
enhancement. Efficient anti-biofouling strategies could be PEGyla-
tion or the use of zwitterionic-surfactant functionalized SPIONs.
4.2.3. Gold nanoparticles
Gold nanoparticles (AuNPs) can be applied in IGDD studies due

to the unique optical and photothermal properties [116,117].
These particles can be produced in different sizes and geometries,
such as nanospheres, nanoshells, nanorods, nanocages, and nanos-
tars. The wide variety in AuNP geometries is related to the synthe-
sis method, the concentration of gold salt, and the environmental
temperature and pH during synthesis [118]. While each shape
exhibits different characteristics, the common denominator is the
surface plasmon resonance (SPR). Upon light exposure, local sur-
face interaction with the metal particles will either cause light
re-emission or conversion into heat. AuNPs display higher absorp-
tion and scattering in comparison to the traditional interaction of
for instance dyes [117,119]. The displayed SPR spectrum depends
on the size, shape, composition, and functionalization of the AuNPs
[120]. The wavelength range for optimal AuNP excitation lies
between the window for optimal tissue penetration (NIR-I,
k = 650 – 950 nm), resulting in minimal interaction and therefore
high tissue penetration [120–122].

AuNPs are considered inert and non-toxic in the biological set-
ting, making these particles ideal for clinical application. As with
most other nanosystems, tumor-specific targeting can be estab-
lished through surface modification with structures such as
MMP-2 and PD-L1. Combining gold-based nanosystems with pho-
tosensitive agents, such as IR820 and Ce6, induces synergistic PTT/
PDT upon NIR irradiation. Initially, the gold structure will respond
to irradiation through a temperature increase due to high pho-
tothermal conversion [117]. Subsequently, light-induced activa-
tion of the photosensitizer will result in local toxicity through
generation of reactive singlet oxygen (1O2), a type of reactive oxy-



M.I. Priester and Timo L.M. ten Hagen Advanced Drug Delivery Reviews 192 (2023) 114621
gen species (ROS) [123]. Amina et al. recently discussed AuNP func-
tionalization strategies for drug delivery in detail [118].

4.2.4. Mesoporous silica nanoparticles
Mesoporous silica nanoparticles (MSNs) are silica (SiO2)-based

vectors, characterized by the presence of mesopores. MSNs have
a broad application due to their tunability, as both pore size and
structural arrangement can be adjusted [124]. As defined by the
International Union of Pure and Applied Chemistry (IUPAC), meso-
porous materials have pores on the external surface in the range of
2–50 nm [125]. MSNs can be categorized in i) ordered mesoporous
silica NPS, and ii) hollow or rattle-type mesoporous silica nanopar-
ticles [2].

Despite the stable Si-O-Si framework, MSNs are considered to
be biodegradable under physiological conditions [126]. Therefore,
surface modification is required to optimize the biodegradation
kinetics and prevent silica-associated toxicity [124,127]. Thi et al.
discussed the stimuli-sensitive functionalization suitable for MSNs
in great detail [128].

Besides conventional functionalization such as PEGylation and
conjugation with tumor-targeting ligands, examples of MSN speci-
fic functionalization are metal-ion doping and pore control. In
order to reinforce the MSN framework, doping with Mg2+ ions
could be an option via the transformation into Si-O-Mg networks.
Other biological elements, such as Ca and Fe, could also be incorpo-
rated to make the biodegradability dependent on the acidic tumor
environment or the presence of specific proteins [126].

Control of the MSN pore volume and size is an essential require-
ment in order enhance the drug loading capacity and minimize
drug leakage. On the one hand, mesoporous silica nanoparticles
with large pores exhibit enhanced loading efficiency of large
molecular weight drugs. But on the other hand, significantly large
pore sizes are associated with excessively thin pore walls, and may
require the inclusion of stimuli-responsive gatekeepers to prevent
drug leakage from the MSN hollow interior [126].

4.2.5. Quantum dots
Quantum Dots (QDs) are semiconductor nanocrystals, which

are of interest for imaging applications due to their increased pho-
tochemical stability and brightness in comparison with organic
dyes [129,130]. In general, QDs consist of three parts: a core, a
shell, and a capping material. The core can be composed of various
semiconductor materials, for instance a combination of group II–VI
elements (e.g. CdSe, CdTe) or group III–V elements (e.g. InP, InAs).
To protect the core from oxidation and photobleaching, the semi-
conductor core is coated with a zinc sulfide (ZnS) shell
[2,129,131]. The addition of a capping material does not only pro-
tect the core–shell structure, but also minimizes aggregation, and
enhances bioactivity. In addition, this layer is also suitable for
the embedding of contrast agents and hydrophobic drugs
[100,132].

QD synthesis occurs either through the top-down- or the
bottom-up method [133]. The size of the quantum dot plays an
important role in the establishment of the optoelectronic proper-
ties, also known as the quantum size effect. This phenomenon is
related to the inverse relationship between quantum dot size and
energy band gap. In other words, increasing QD size will result in
a decreasing energy band gap, and therefore initiates a redshift
through an increase of the corresponding excitation/emission
wavelength [132,134]. The broad optical range of fluorescence,
from near ultraviolet to near infrared, makes these nanosystems
highly attractive for biomedical applications. In addition, QDs are
also suitable for optical multiplexing due to their broad excitation
profiles and narrow, symmetric emission spectra [135].

Despite the suitable characteristics of heavy-metal QDs for
theranostic purposes, research has shifted towards the develop-
9

ment of metal-free alternatives due to intrinsic toxicity. For non-
heavy metal QDs, a distinction can be made between silicon QDs
and carbon-based QDs (CQDs). In the past decade, CQDs have
gained increased attention due to characteristics such as low
intrinsic toxicity, strong fluorescence intensity, and long photosta-
bility. Carbon-based QDs can be subdivided into three categories
according to structure in graphene quantum dots (GDs), Carbon
Dots (CDs), and Polymer Dots (PDs) [136].

CDs were discovered in 2004 as a by-product of SWNT synthesis
by the group of Xu [137]. Unlike other carbon-based nanomateri-
als, these quantum-size carbon analogues have inherent aqueous
solubility, and therefore do not require specific functionalization
to be stable in buffers [96]. And, like their heavy-metal counter-
part, CDs express good optical stability and tunability. In order to
further enhance the physicochemical properties, carbon dot doping
can be performed using essential physiological elements, such as
Fe, Mg, and Ca, or more eco-friendly alternatives to the heavy-
metals, such as Au and Ag [138]. This has even led to the develop-
ment of green carbon dots, in which the structural components
find their origin in natural sources, such as fruits and vegetables
[139].

With a size smaller than 10 nm, QDs have the tendency to
behave like nanocolloids, and therefore post-synthesis surface
modification is required to improve their stability in biological
environments. This can be established via either encapsulation,
ligand exchange, or bioconjugation. However, it is important to
keep in mind that surface coating should not impede important
factors such as fluorescence intensity by shielding, particle size,
and biocompatibility [134]. Mattoussi et al. have identified various
surface functionalization strategies for quantum dots [140].
4.3. Hybrid nanosystems

The above mentioned nanosystems have gained increased
interest for drug delivery due to their unique characteristics and
widespread application. However, combining different materials
may overcome the weaknesses of a single component, can enable
synergistic functionalities, and is highly tunable. These hybrid
nanosystems contain two or more different components, which
can be a combination of organic, inorganic, and polymer materials.

The inclusion of polymers in nanohybrids is mainly focused on
improving stability and therapeutic activity. Fang et al. designed
multifunctional nanosystems based on a gold nanocage sur-
rounded by a selenium and chitosan shell [141]. While the nanoc-
age on its own will work as a photothermal agent and a
photoacoustic contrast agent, incorporation of a polymer shell will
enhance the loading capacity of the drug and initiate drug release
at hyperthermic temperatures. Likewise, a combination of gold
nanocages surrounded by a thermosensitive lipid layer will result
in a hybrid system functionalized through heat-triggered drug
release [9].
5. Imaging modalities

In the last decades, extraordinary technical development has
led to a wide range of clinical imaging modalities able to obtain
structural, functional, and molecular information about the tumor
micro-environment [46]. In addition, this also allows for real-time
visualization and quantification of drug delivery [142]. Despite
these developments, each imaging technique is still limited to a
specific penetration depth and resolution (Fig. 2). In order to cir-
cumvent this limitation, it is possible to employ complementary
modalities to monitor the region of interest. This strategy, also
known as multimodal imaging, is an excellent manner to improve
image-guided drug delivery [143].



Fig. 2. Overview of the resolution and penetration depth of modalities for image-guided drug delivery. This figure is based on Wang et al. [257], Najafzadeh et al. [258], Betz
et al. [259], and Walter et al. [143].
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Optical imaging (OI) is an elementary imaging technique,
which is based on reflectance and absorbance of non-destructive
light over a wide spectral range (Table 1) [19]. OI covers both
fluorescence- and (bio)luminescence imaging [13]. The latter is
not discussed in this review, but has been described in great detail
by others [27,144]. Fluorescence imaging (FI) is frequently applied
in preclinical models as it provides high sensitivity, allows for
repeated dosing, and is non-radioactive [145]. However, optical
imaging using visible light (k = 380 – 700 nm) is limited by poor
tissue penetration in biological tissues. Application of light at
near-infrared frequencies (k = 700 – 3000 nm) allows for visualiza-
tion with high spatial precision, deeper penetration, which is still
limited to a maximum depth of several millimeters due to absorp-
tion and scattering, and decreased background fluorescence
[21,146,147]. However, the selected frequency should fall within
the optimal NIR window (k = 650 – 950 nm) as a wavelength below
650 nm exhibit diminished penetration, while a wavelength
exceeding 950 nm display more pronounced water absorption
[35,121].

Photoacoustic imaging (PA) is a hybrid imaging modality
based on the ‘‘light in, sound out” principle (Table 1) [123,148].
After optical illumination of the target area, absorbed light will
cause thermoelastic expansion, which generates acoustic waves.
These can subsequently be detected by an ultrasound transducer
for visualization [41,44]. In comparison to fluorescence imaging,
PA has an improved penetration depth up to 8 cm in soft tissue
and improved resolution due to limited scattering of sound in com-
parison to light [44,148]. In addition, alteration of the ultrasonic
frequency can even further improve the resolution and penetration
depth [148]. Photoacoustic imaging exploits the rich optical con-
trast between both intrinsic and administered contrast agents
(Table 2). Intrinsic tissue chromophores, such as hemoglobin, mel-
anin, and water, can provide structural information. Administra-
tion of exogeneous contrast agents, for instance by encapsulation
in tumor-specific nanosystems, can even further enhance contrast
and allows for deeper imaging [41]. As all of these agents exhibit
characteristic absorption spectra, photoacoustic imaging at multi-
ple wavelengths allows for distinction between signals from differ-
ent agents. Due to the non-invasive and non-ionizing nature, PA is
suitable for long-term longitudinal monitoring [41].

Ultrasound (US) is a minimally invasive imaging technique,
which is widely applied in the clinic for both diagnostic and ther-
apeutic purposes (Table 1). US is based on longitudinal pressure
10
waves in frequencies above the human audible range (20 kHz)
[12,149]. Application of US requires a uniformmedium, as interfer-
ence with either air or bone induces acoustic reflections or energy
absorption [121,150]. US parameters, such as intensity and fre-
quency, can be optimized for the target area in order to produce
minimal biological interference and to allow imaging with high
spatial and temporal resolution [121,149]. Despite not being
included in this review, it is worthwhile to mention that microbub-
bles are frequently used as US contrast agents. This intrinsic ability
is related to high compression and strong scattering of signal [151].
Another factor to take into consideration is respiratory movement,
as this can create motion artefacts [41]. Motion artefacts are able to
influence both IGDD and IGDR, as precise imaging and -triggering
are essential for optimal application. Next to imaging, ultrasound
can also be used as a drug delivery facilitator in form of high-
intensity focused ultrasound [121].

Magnetic Resonance Imaging (MRI) is a tomographic imaging
modality based on non-ionizing radiation. Multiplanar imaging of
the target tissue can be used to obtain anatomical, functional,
and metabolic information (Table 1) [152]. Besides being devoid
of ionizing radiation, other important characteristics of this tech-
nique are the high spatial resolution and -penetration depth
[46,153]. In addition, MRI is an established technique due to its
excellent soft tissue contrast enhancement. As the signal intensity
of MRI is influenced by the relaxation rate of water protons, the
high water content of soft tissues will result in relatively long T2
and T1 relaxation times. Therefore, visualization of for instance
blood, brain, or skeletal muscle will generate strong MR signals
in contrast to structures with low water content [154]. As men-
tioned in section 3.1.2, administration of MRI contrast agents even
further improves the sensitivity to differentiate between healthy-
and tumor tissue (Table 2) [45,46]. Selection of a suitable MR
sequence is another vital parameter in data acquisition, which is
dependent on the region of interest. For instance, while spin echo
sequences can distinguish tissues in general based on water and
fat content, more in-depth information can also be obtained with
MR imaging. Comparing differences between relaxation times
between intra- and extravascular water protons allows for assess-
ment of tissue metabolic activity based on the blood-oxygenation-
level-dependent signal [155,156].

Computed Tomography (CT), also known as X-ray computed
tomography, is a non-invasive, tomographic imaging technique
(Table 1). Similar to MRI, CT is suitable for obtaining high resolu-
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tion structural and morphological information [51]. However, the
main difference between these imaging modalities is the use of
ionizing radiation. While MRI is based on water proton relaxation
behavior, CT is dependent on differences in X-ray attenuation
[13,50]. In addition to radiation exposure, another weakness is
the relative low sensitivity between soft tissues [40]. In order to
differentiate between tumor and peritumoral tissues, administra-
tion of contrast agents is required [50]. Regardless of the disadvan-
tages, CT is frequently used in both experimental and clinical
studies since it is a fast, cost-effective method with high resolution
and unlimited penetration depth. For preclinical CT imaging, a dis-
tinction in spatial resolution can be made between mini-CT (50 –
200 lm), micro-CT (1 – 50 lm) and nano-CT (0.1 – 1 lm) [13].

Single-Photon Emission Computed Tomography (SPECT) and
Positron Emission Tomography (PET) are quantitative nuclear
imaging techniques, as they are able to provide metabolic and
functional information (Table 1) [56]. Both imaging techniques
are based on non-invasive tracking by labelling compounds with
radionuclides. Due to the detection of high-energy photons from
these radionuclides, SPECT and PET exhibit unlimited penetration
depth with high sensitivity [52]. The difference between these
two tomography-based imaging techniques lies in the applied
radioisotopes and the mechanism for signal generation and detec-
tion. As mentioned in section 3.3, the physical properties of the
radionuclide, such as half-life (t½) and c-decay energy (c), are
important for optimal tomographic imaging. A considerable disad-
vantage of PET over SPECT lies in the ability to image multiple
compounds within the same subject of the latter. As PET imaging
is based on energy detection from photons during positron annihi-
lation, only a singular signal can be detected as these all display the
same energy (511 keV). This is in contrast to SPECT imaging, as
these radionuclides all display unique energy emissions, and there-
fore can be detected individually [52].
6. Preclinical studies

As discussed in section 4, a plethora of nanoparticles is available
with tunable properties such as size, charge, type of surface mod-
ification, shape, and biocompatibility [11]. An important factor to
take into consideration during nanoparticle design is the tumor
pathophysiology.

Tumor pathophysiology contributes to passive nanoparticle
accumulation due to an increased vascular permeability in combi-
nation with a lack of functional lymphatics, coined the Enhanced
Permeability and Retention (EPR) effect [1]. However, this phe-
nomenon is considered to be unreliable as a basis for drug delivery,
as tumors are heterogeneous and exhibit irregular vascular perme-
ability during development [8]. The application of an external trig-
ger, whether it be heat, ultrasound waves, or light, can positively
affect both the nanosystem and the tumor-microenvironment.
For instance, local application of mild hyperthermia (40–43 �C) is
able to elicit a physiological response, resulting in an increase in
blood flow, vascular permeability, and interstitial fluid pressure
[157]. Therefore, heat-promoted EPR can be applied to improve
intratumoral accumulation and subsequently initiate triggered
release.

For treatment purposes, it is important to define where, when,
and how long the facilitator should be applied. It is crucial to local-
ize and precisely target the tumor as off-target triggering results in
poor drug delivery, and may cause local and systemic toxicity.
IGDD is able to support and facilitate precise tumor treatment, as
it is able to visualize nanoparticle distribution within the tumor
micro-vasculature and therefore the starting point of stimulation.
Therapeutic efficacy for any smart drug delivery system would
be optimal when initiation of triggered drug release occurs after



Table 2
Overview of a selection of imaging moieties available for image-guided drug delivery.

FI PA US MRI CT SPECT PET

Nanosystems (intrinsic)
Dendrimers
Micelles
Liposomes
CNT [104,117,261] [104,117,260] [96,104]
SPION [44,111,123] [13,110,117,260]
GNP [120,262] [40,117,260] [51,117,260]
MSN
QD [13,117,260]
Endogenous agents
Hemoglobin [40,41]
Polydopamine (melanin) (PDA) [40]
Protoporphyrin IX (PpIX) [19]
Polypyrrole (PPy) [44]
Drugs
Doxorubicin (Dox) [38,263]
Topotecan [39,263]
Fluorescent dyes
Calcein [12]
Carboxyfluorescein (CF) [1]
Cy5.5 [20]
Cypate [20]
FITC [19,20,260]
Indocyanine green (ICG) [19,20] [40,260]
IR780 [20]
Methylene blue (MB) [19,20] [40,260]
Phthalocyanines [20] [264]
Rhodamine (Rho) [260] [260]
Metals
Gadolinium-based (Gd3+, Gd2O3) [13,51,260] [51]
Iodine-based (iopromide, iohexol) [260]
Gadopentetate dimeglumine (Magnevist�) [13]

FI PA US MRI CT SPECT PET

Radionuclides
18F [53,260]
64Cu [52,53,260]
89Zr [52,53,260]
99mTC [52,53,260]
111In [52,53,260]
188Re [52,53,260]
213Bi [51]
Others
Microbubble-based [13,260,265]
Organic radicals [71,165]

FI = Fluorescence Imaging, PA = Photoacoustic imaging, US = Ultrasound imaging, MRI = Magnetic Resonance Imaging, CT = Computed Tomography, SPECT = Single-Photon
Emission Computed Tomography, PET = Positron Emission Tomography.
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(maximum) tumor accumulation. Taking the substantial varia-
tion in and between research groups on the same technique into
account, a quantitative way to measure intratumoral accumula-
tion is crucial to improve treatment strategies. Functionalization
of nanoparticles through imaging moieties could provide impor-
tant feedback on SDDS distribution and tumor uptake. In this
section we will discuss preclinical application of both organic
and inorganic nanosystems. The selected articles give an insight
into the progress of image-guided drug delivery over the past
decades. While a significant part of literature on nanosystems
is focused on targeted therapy for cancer, we dispute that only
a small number can be considered as true image-guided drug
delivery.

6.1. Dendrimers

6.1.1. Conventional dendrimers
The strength of dendrimers as a nanosystem for solid tumor

treatment lies in the generational architecture. Studies have shown
that non-modified, high-generation dendrimers can be succesfully
employed to improve local drug delivery in a wide range of cancers
[63]. However, strategies exploring the full potential of the
12
nanosystem incorporate multiple agents either by encapsulation
within the core or conjugation to the branching units [158]. For
instance, Cao et al. designed a G5 PAMAM dendrimer with encap-
sulated paclitaxel (PTX) within the hydrophobic core and harbor-
ing an imaging ligand on the exterior surface [159]. Based on
two motifs, a NIR fluorescent dye cypate and RGD, the presence
of the conjugated imaging ligand allows for dendrimer localization
through fluorescence imaging and simultaneous exhibition of
strong tumor selectivity. As the fluorescence of plain PAMAM den-
drimers is easily overshadowed by biological auto-fluorescence,
minor modifications such as addition of an imaging ligand can
readily improve dendrimer imaging [159].

Another theranostic strategy that has been implemented with
dendrimers is the incorporation of phthalocyanines (Pc). Pc is a
photosensitizer with excellent NIR optical properties, however
due to its hydrophobic nature the tendency to aggregate is high,
resulting in self-quenching. Taratula et al. show that noncovalent
encapsulation of Pc within 60 nm dendrimers results in emission
at 710 nm and 815 nm, enabling fluorescence imaging and PDT
[160]. While irradiation accompanied by visualization in this study
is not a true example of image-guided drug delivery, it is a valuable
example of the multifunctionality that dendrimers provide.
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As mentioned in a previous section, for image-guided drug
delivery purposes dendrimers are most commonly used as a carrier
for MRI contrast agents [64,69]. Gd-functionalized dendrimers
show increased sensitivity in neoplastic tissues for several reasons.
Besides increased accumulation within the TME due to inadequate
lymphatic drainage, which holds for all nanosystems, there are fac-
tors related to MR sensitivity specifically for dendrimers [158].
First, the hyperbranched structure of the dendrimer at higher gen-
erations is associated with an increase in surface group density.
This allows the nanosystem to become more spherical, resulting
in a higher amount of Gd3+ present [158,161]. And second, further
functionalization in form of structural alterations could even fur-
ther improve dendrimer-based magnetic resonance imaging [67].

In order to minimize the risk on gadolinium-related toxicity, it
is crucial that the dendrimer exhibits proper retention and that the
encapsulation of a low dose is sufficient for high sensitivity imag-
ing. As shown by Mekuria et al., encapsulation of oxidized Gd3+

ions within the core of a high generation (G4.5) PEGylated PAMAM
dendrimer results in negligible leakage levels in comparison to the
same scaffold without the presence of PEG [162]. Subsequent
in vivo MR imaging of the G4.5-Gd2O3-PEG nanoparticle showed
positive contrast enhancement for both T1 and T2-weighted
images. Despite proving that the dense population of Gd3+ present
within the dendrimer core results in a dual-modal imaging agent
with superior contrast effect, the MR images showed that this
nanosystem is highly subject to renal excretion. In comparison to
the other major organs, the change in contrast enhancement from
kidney to bladder occurred relatively quickly after administration,
indicating excretion.

While in this case the hepatic signal intensity was only slightly
enhanced in comparison to the kidney, nanosystems are generally
highly vulnerable to hepatic or splenic clearance due to opsoniza-
tion and scavenging by the mononuclear phagocyte system [163].
Traditional anti-fouling properties such as PEGylation have proven
to be successful in some cases, however novel strategies have
cleared the way for improved diagnostic- and therapeutic applica-
tions. Studies on SDDS modification with zwitterionic molecules
have shown that these ligands are more biocompatible, and do
not trigger antibody production on a magnitude as PEG does
[163,164].

As functionalization with zwitterionic molecules minimizes
hepatic excretion, this strategy could be useful to enhance diagno-
sis of metastatic hepatic tumors through MR imaging. Zhou et al.
designed a dendritic contrast agent (DCA), which is functionalized
with zwitterionic molecules, and composed of a b-cyclodextrin (b-
CD) core with biodegradable polyesters [66]. The implementation
of a high generation (G4) dendrimer resulted in longer systemic
retention and a 3.5 fold-increase in R1 value in non-tumor-
bearing animals in comparison to Magnevist�. The heterogeneous,
low signal intensity within in healthy hepatic tissue and high sig-
nal intensity in blood vessels indicated that the presence of zwitte-
rionic molecules contributed to a decreased DCA uptake by
hepatocytes and Kupffer cells. In tumor-bearing animals, T1-
weighted images revealed a distinct increased intensity, indicating
metastatic tumors, within 30 min after administration.

Besides improved pharmacokinetics, another important aspect
of these DCAs is carrier degradability. Studies on the dendritic
ligand showed that the hydrolysis kinetics were pH-dependent;
being stable under acidic conditions and showing increased
hydrolysis at neutral pH (�7.4). The presence of esterase, which
is an endogenous enzyme present within cells, accelerates the
reaction kinetics and therefore also induces content release within
the tumor cells [57]. In vitro studies showed that 50 % of the DCAs
were hydrolyzed within 4 h at pH 7.4 in the presence of esterase.
These results, given in combination with the low accumulation in
the main organs, indicates that this type of DCA exhibits a rela-
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tively long blood circulation time, specific accumulation at the
tumor site, and prevents systemic toxicity from long-term Gd
retention due to the biodegradability.

As mentioned before, alternative imaging probes with higher
safety are developed in combination with nanosystems. These con-
trast agents should provide similar or better paramagnetic proper-
ties in comparison to Gd-based CAs. A relatively novel candidate in
this field are the dendrimers functionalized with metal-free
organic radical contrast agents (ORCAs), also known as radical den-
drimers. Initial functionalization of PAMAM and PPI dendrimers
with PROXYL radical units did provide MRI enhancement, however
issues with hydrophobicity and aggregation limited further devel-
opment [71]. One way to overcome these limitations is the imple-
mentation of an amino acid linker between the dendrimer
branches and the organic radicals [71,165]. This design makes
the structure completely soluble at physiological pH without
diminishing the high relaxivities. Zhang et al. studied the in vivo
applicability of poly(phosphorhydrazone) (PPH)-based radical G3
dendrimers with 48 PROXYL radical units for glioblastoma diagno-
sis [166]. The amino acid tyrosine (Tyr) forms the linker, resulting
in G3-Tyr-PROXYL dendrimers. Intracerebral T1-weighted images
of glioblastoma-bearing animals, showed strong intratumoral con-
trast enhancement after administration of the ORCA, reaching sim-
ilar levels at a dose 4 times lower than the Gd-based control
(Fig. 3A).

6.1.2. Dendrimer complexes
The above mentioned examples indicate that dendrimer-based

contrast agents are convenient for tumor diagnosis without major
side effects. G8 dendrimers have even been used as a tool to deter-
mine the impact of c-irradiation on tumor vessel permeability
[167]. Therefore, further dendrimer functionalization into thera-
nostic systems may seem fairly easy, only requiring the encapsula-
tion of a suitable drug. However, it is important to consider that
these contrast-enhancement nanosystems are considered for
single-dose administrations, while efficacy studies with theranos-
tics may require multiple doses with corresponding cumulative
side effects. For instance, Fillipi et al. have performed a longitudinal
study on the therapeutic efficacy of dendrimerisomes in compar-
ison to well-established paramagnetic liposomes [73,168]. Self-
assembly of the low generation Janus dendrimers (3,5-C12-EG-
(OH)4) results into spherical DSs vesicles with unilamellar mem-
branes, which were co-loaded with prednisolone phosphate and
the lipophilic MR contrast agent GdDOTAGA(C18)2. T1-weighted
axial images showed inhomogeneous intratumoral DSs distribu-
tion, which could be attributed to local difference in vasculariza-
tion. Similar MR contrast values were observed for the
paramagnetic liposomal counterpart, with both also showing sig-
nificant and persistent intensities in spleen and liver for several
days after administration of every single dose (Fig. 3B). The two
different nanosystems both showed anti-tumor efficacy, with ini-
tial differences in growth visible at day 11 and 13, which turned
insignificant at the end of experimental monitoring after 15 days.
In the end, both MR images and Gd quantification indicated long
lasting DSs residence in tumor tissue and other organs, which
may raise safety concerns.

Another evolved dendrimer type suitable for image-guided drug
delivery are core–shell tecto dendrimers (CTSDs). Song et al.
designed a CSTD based on a core G5 PAMAM dendrimer with b-
CD and a shell comprised of multiple G3 PAMAM dendrimers func-
tionalized with adamantane and gadolinium [169]. Self-assembly
of the two dendrimer generations into CSTD complex is ensured
through the supra-macromolecular host–guest recognition
between b-CD and adamantane. In vitro comparison with G5
PAMAM dendrimer analogues and Magnevist� showed that CSTD
complexes exhibit MR signal intensities with a 1.5 and 1.6-fold



Fig. 3. In vivo imaging of dendrimers. A) Zhang et al. demonstrated the possible
application of radical dendrimers as a metal-free MRI contrast agent [166]. Relative
contrast enhancement of T1-weighted images showed that G3 radical dendrimers
exhibit similar contrast enhancement as the standard Gd dose of 0.1 mmol/kg at
60 min post-injection. B) Filippi et al. observed longitudinal MR contrast following
dendrimersomes within a melanoma-bearing mouse [168]. Initial administration of
PLP-Gd-DS resulted in inhomogeneous contrast enhancement within the tumor,
followed by a time-dependent decrease. Administration of a second dose led to
similar results, gaining increased enhancement for approximately 24 h, followed by
a substantial decrease. Though not demonstrating remarkable contrast enhance-
ment within muscle, both spleen and liver showed substantial and persistent
contrast enhancement. C) Song et al. demonstrated the superiority of core–shell
tecto dendrimers over conventional dendrimers for T1-weighted imaging [169].
While both nanosystems are able to induce significant contrast enhancement,
CSTDs demonstrated a higher MR signal intensity and signal-to-noise ratio at 2.5 h
after administration. Adapted with permission from [166,168,169].
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increase in r1 relaxivity. Both dendrimer types are able to induce
significant in vivo tumor MR contrast enhancement, regardless of
the route of administration being intravenously (i.v.) or peritu-
morally (p.t.). However, the CSTD complexes show a higher MR sig-
nal intensity and signal-to-noise ratio with a peak value at 2.5 (i.v.)
and 3 h (p.t.) post-injection, which can be attributed to an ampli-
fied passive EPR effect (Fig. 3C).

Taking this concept a step further, Liu et al. makes optimal use
of the space on the in- and outside of the CSTD complex [170]. The
internal cavities of the G5 core housed AuNPs, while the G3 surface
was decorated with multiple structures; i) diethylenetriaminepen-
taacetic acid (DTPA) to chelate with Gd ions, ii) RGD peptide
ligands for increased affinity to avb3 overexpressed tumors, and
iii) 1,3-propane sultone (1,3-PS) to improve anti-fouling properties.
CT and MR imaging revealed that in vivo intratumoral peak values
were reached 1 h post-injection, and that signals remained strong
for up to 3 h in comparison to the non-targeted CSTD counterpart.
This multifunctional CSTD complex could be a strong candidate for
future studies on image-guided drug delivery.

6.2. Micelles

6.2.1. Conventional micelles
Unlike the other nanosystems discussed in this review, the

geometry and design of micelles is straightforward. Functionaliza-
tions are either made to i) the polymers which form the micelle or
to ii) the core of the nanosystem by including multiple agents
within. While it is possible to include multiple imaging agents
within the nanosystem, the selection of the right block copolymer
is the most elementary. For instance, Yang et al. have designed a
micellar system, which is composed of BCs consisting of poly
(acrylamide-co-acrylonitrile-co-vinylimidazole) (PAAV) as the
hydrophobic block and hydrophilic PEG [171]. Besides being
amphiphilic, this polymer is also thermosensitive and pH-
responsive, which makes it highly suitable for targeted drug deliv-
ery. This multifunctional system exploits the pH of the tumor
micro-environment, which generally lies between 5.6 and 7.0
[172], in combination with application of NIR laser irradiation. In
vitro studies on this nanosystem showed that a decrease in pH
value led to a simultaneous decrease in the upper critical solution
temperature. Therefore, upon encountering the acidic TME the
intermolecular interactions within the polymer will occur at lower
temperatures, causing particle disassembly and subsequent rapid
drug delivery upon application of local thermal therapy.

Whole animal fluorescence imaging showed that these micellar
structures effectively target solid tumors, as intratumoral peak
value can be seen 24 h post-injection. This was confirmed by pho-
toacoustic imaging of the tumor at the same time point, as the
micelle encapsulating IR780 and DOX showed a 1.5-fold increase
in PA signal in comparison to administration of free theranostics
(Fig. 4A). Subsequent laser irradiation (808 nm, 1 W/cm2, 5 min)
of the tumor region at the 24 h time point confirmed the intratu-
moral presence of the micellar system as shown by fluorescence.
Thermal imaging revealed intratumor photothermal conversion
due to a rapid increase in temperature, which was absent in the
tumor-bearing control. Animals treated with micellar IR780/DOX
with NIR treatment showed complete tumor inhibition without
recurrence from day 9 up to the end of the study period at day
30. In contrast, animals treated with micelles + IR780 with NIR
and micelles + DOX without NIR were unable to completely elim-
inate the tumor.

6.2.2. Micelle complexes
Another neat approach to overcome the multitude of drug

delivery challenges could be a hierarchical targeting strategy. In
this case, the outer layer is responsible for navigation towards
14
the tumor environment, which will subsequently be lost, revealing
the core nanosystem containing theranostic agents. Cherukla et al.
designed a micellar-based nanosystem, which was enclosed by a
thermosensitive lipid coating [173]. This outer layer contributes
to the tumor delivery in two ways; charge conversion of the zwit-
terionic lipid DPPC due to the acidic tumor environment, followed
by lipid deshielding as a response to local NIR irradiation. There-
fore, this will result in local exposure of the core micellar structure,
which was based on PEI for high internalization and lithocholic
acid as a drug penetration enhancer, enclosing ICG and PTX. Whole
animal fluorescence imaging studied of these LIL-PTX NPs showed
that intratumoral accumulation peaked at 24 h after administra-
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tion, with simultaneous clearance from other major organs such as
liver and spleen. Therefore, laser irradiation (808 nm, 2 W/cm2,
10 min) was applied at that time point. Thermal imaging of the
tumor region revealed that the presence of LIL-PTX NPs con-
tributed to a significant increase in tumor temperature in compar-
ison to the controls. This is in line with the anti-tumor therapy
studies, as LIL-PTX NPs without laser irradiation showed no activ-
ity, while a single dose with laser irradiation resulted in complete
tumor ablation without recurrence during the 14 day study period.
A similar targeting strategy was applied by Zhang et al, which pro-
posed a ‘pomegranate’ type nanostructure based on multiple
micellar structures [174]. First, the micelle is based on H30-PCL
as the core, which holds both IR780 and camptothecin (CPT), and
serves as the base for the positively charged helical PPI chains
forming the corona. As a surface modification, terminal alkynyl-
modified guanidinium groups were added to the PPI chains to
increase penetration efficiency. Second, multiple of these micelles
are entangled within PEI(–COOH/FA) chains to form the
negatively-charged nanostructure. The working mechanism is
dependent on the presence of an acidic TME as this will induce a
charge inversion, subsequently causing micellar release from
nanostructure. In vivo PA and US visualization of the CPT/IR780@
H30-PCL-PPI(L � )/PEI(–COOH/FA) nanostructure showed that
intratumoral deposition gradually increases over time, reaching
the maximum value approximately 24 h post-injection. Subse-
quent application of NIR irradiation allows for chemo-
photothermal synergistic therapy. Performance studies showed
Fig. 4. In vivo imaging of micelles. A) Yang et al. demonstrated improved tumor-specifi
[171]. (Left) The IR780 fluorescence signal increased gradually over time with peak in
observed through photoacoustic imaging at 24 h post-injection, demonstrating a 1.5-fold
used false-color inverted T2-weighted MR images to confirm intratumoral drug release us
drug activation is correlated to a decrease in MR contrast, these inverted images demon
[176]. C) Yi et al. compared the contrast enhancement efficacy of a Pluronic-based cloake
pseudo color images of the tumor-bearing mice showed distinct differences in target spec
with high signal intensity from the bladder (dotted box) and insignificant intensity fr
intensity within the tumor (white arrow) and limited signal from other tissues. Adapted
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that treatment efficacy is dependent on the heat-triggered drug
release in combination with the photothermal properties, as the
animals treated without a drug or irradiation did not show com-
plete inhibition of tumor growth and also no improvement in
survival.

The exploitation of the acidic tumor environment for triggered
drug release is a refined strategy. However, this does not necessar-
ily mean that the micelle has to be the theranostic carrier. Wang
et al. have designed a treatment strategy, in which the cationic
micelle acts as a catalyst for Phe-BF3-mediated desilylation of the
drug carrier [175]. The PEO45-b-PC7A5-b-PBA25 (PC7BA) micelles
shift from a neutral to positive-charge when the environmental
pH changes from 7.4 to 6.5. In this study, tert-Butyldiphenylsilyl
(TBDPS) forms the cage around the theranostic cargo hydroxyl
camptothecin. The decaging reaction is locally induced by the pres-
ence of Phe-BF3, and elevated to a higher efficiency by micellar
catalysis, resulting in a significant decrease in tumor volume in
comparison to the other study arms. Another multifunctional
micellar-based nanosystem dependent on activation are the
brush-arm star polymer (BASP) structures by Nguyen et al. [176].
The BASPs are small, polymeric particles consisting of branched
macromonomers (MMs). In this study, these MMs host either
pro-ORCAs for MR imaging or pro-drugs through cleavable linkers.
Fluorophores are also connected to the MMs, but fluorescence will
remain stable as these are conjugated through non-cleavable link-
ers. Upon cleavage through external or endogenous triggers, the
pro-ORCA relaxivity will drop, resulting in a decrease in MR con-
c targeting of DOX-loaded micelles in comparison to administration of free agents
tensity visible at 24 h post-injection. (Right) This intratumoral increase was also
increase in PA signal intensity in comparison to free theranostics. B) Nguyen et al.

ing a micellar carrier based on either a slow, medium, of fast cleavable linker. As pro-
strate effective intratumoral drug delivery within 24 h for the fast cleavable linker
d micelle with a Magnevist� control [178]. The T1-weighted MR- and corresponding
ificity. At 30 min after administration, the control showed widespread enhancement
om the tumor (white arrow). In contrast, the cloaked micelle showed high signal
with permission from [171,176,178].
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trast. Simultaneously, cleavage of the pro-drug will result in a shift
towards the therapeutically active agent. Therefore, a change in
MR signal can be correlated with pro-drug activation (Fig. 4B).
T2-weighted images revealed that there is a time-dependent
decrease in contrast enhancement. However, the fluorescent signal
from the non-cleavable BASP remains constant, indicating that
these nanosystems remain within the tumor-environment.

As mentioned in section 4.1.2., Pluronic� micelles are composed
of a well-studied tri-block copolymer. While various Pluronic�

micelles are currently tested in clinical trials, more advanced,
experimental approaches based on Pluronic� micelles are devel-
oped in preclinical studies [78,177]. Cell membrane-coating nan-
otechnology has gained increased attention as a manner to
improve tumor treatment. These systems are based on a synthetic
nanoparticle as the core and an outer layer composed of natural
cell membranes. Due to the biomimetic properties, these nanosys-
tems are able to evade the immune system and the presence of
negatively charged cell membranes on the outer surface, resulting
in high tumor selectivity. For instance, Yi et al. have designed a
smart, multilayered, biomimetic platform for targeted MRI visual-
ization [178]. Self-assembled NaGdF4-CaCO3 nanoconjugates are
known for being sensitive to the acidic tumor environment, which
will result in disintegration of the complex and eventually shorten-
ing of the longitudinal relaxation time [179]. Encapsulation of
these nanoconjugates within Pluronic� F127 was further improved
by cell membrane cloaking, resulting in membrane-coated self-
assembled nanoparticles (MSNP). Subsequent in vivo administra-
tion showed distinct differences in target specificity of this
nanosystem in comparison to the control Magnevist� (Fig. 4C).
T1-weighted MR images of the control at 30 min post-injection
showed contrast enhancement throughout multiple tissues with
high signal intensity from the bladder, indicating fast renal clear-
ance. In contrast, the cloaked nanosystem showed high signal
intensity from the tumor with limited signal intensity from other
tissues at the same time point.

A similar biomimetic platform was designed by Wang et al.
with the intent to treat brain metastatic tumors [180]. A critical
limitation for the treatment of these tumors is the presence of
the blood–brain-barrier (BBB). However, as tumor cells are able
to cross the BBB, their membranes may play a key role in meta-
static establishment and progression. The core of this nanocarrier
is based on polycaprolactone (PCL) and Pluronic� copolymer F68,
and loaded with ICG as imaging- and photothermal agent. This
synthetic core is camouflaged by a biocompatible shell, which is
based on cancer cell membranes. In this study, nanosystems with
melanoma (B16), mammary carcinoma (4 T1), or fibroblast-like
(COS-7) membranes or without a shell were studied. The three
biomimetic systems showed significantly slower in vivo blood
clearance, with elimination times doubled (�12 h) in comparison
to the uncoated control (�5h). While in healthy mice only the
two cancer cell membrane-coated systems were able to traverse
the BBB, in animals bearing a glioma with high proliferative activ-
ity all four nanosystems were able to enter the brain as shown by
real-time fluorescence imaging. This can be attributed to the
severely disrupted BBB associated with the rapid tumor growth.
Peak intensity values were reached 8 h post-injection, and accu-
mulation was superior for the B16 and 4 T1-based nanosystems.
Therefore, biologically-camouflaged nanosystems may be a help-
ful functionalization to further tailor micellar-based drug
delivery.

6.3. Liposomes

6.3.1. Conventional- and stealth liposomes
Liposomes have been of great interest since being proposed as

carriers of enzymes or drugs by Gregoriadis and Ryman in 1971
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[181]. However, the first generation of this nanosystem was highly
sensitive to splenic- and hepatic clearance upon introduction into
the systemic circulation, limiting their therapeutic potential.
Therefore surface functionalization such as PEGylation were imple-
mented, resulting in significant enhancement of pharmacokinetics,
mainly due to reduced RES recognition and increased accumula-
tion at the target site [182]. Both conventional- and stealth lipo-
somes have been studied for image-guided drug delivery
purposes. For instance, direct labeling of Doxil� with the lipophilic
tracer DiO enables visualization of liposomal distribution. Seyn-
haeve et al. observed Doxil�-DiO in response to low dose TNFa
at tumor vessel level using intravital microscopy [183]. Vascular
manipulation of the tumor model resulted in a significant increase
in Doxil�-DiO extravasation into the tumor interstitium, yielding a
7.1 fold increase in signal intensity.

High-resolution imaging up to the microvasculature level can
also be enabled by encapsulating gadolinium-based contrast
agents within liposomes. This development can be attributed to
an increase in blood pool residence time, subsequently resulting
in clinically relevant levels of contrast enhancement at lower
dosages [184,185]. Despite the ability to have real-time visualiza-
tion at tissue level at multiple planes, most drug delivery studies
combine MR contrast agents with whole body imaging to deter-
mine biodistribution and validate therapeutic efficacy. For
instance, Xiao et al. designed conventional liposomes that were
co-loaded with sorafenib (SF) and gadolinium, enabling precise
monitoring of liposomal biodistribution using MR imaging at mul-
tiple time points [186]. In comparison to Magnevist�, the SF/Gd-
liposome displayed higher signal enhancement in combination
with longer imaging times. An important safety concern of liposo-
mal gadolinium is the risk on toxicity. If the residence time of the
gadolinium (III) chelates within the systemic circulation exceeds
the timeframe of kinetic stability, this may result in decomplexa-
tion and subsequent Gd3+ deposition in tissues.

Another possible high-resolution strategy is the use of radiola-
beled liposomes. A distinction can be made between either incor-
porating radiolabeled drugs, radiolabeling a carrier either on the
surface or within the lipid bilayer, or a combination of these two
[187,188]. Implementing a dual-labelled nanosystems allows for
tumor monitoring and drug uptake quantification using two differ-
ent imaging modalities. Lamichhane et al. developed a dual-tracer
imaging strategy implementing 111In-labeled PEGylated liposomes,
which encapsulate an 18F-labeled carboplatin drug derivative
[189]. While a similar in vivo radioactivity pattern was observed,
a clear distinction can be made between SPECT-based liposomal
biodistribution and PET-based drug accumulation over time.
Nuclear imaging does provide high spatial resolution and good
sensitivity, however the presence of ionizing radiation and possi-
bility of tracer scattering due to liposomal degradation should be
taken into account [52,190].

6.3.2. Stimuli-responsive liposomes
The shift towards smart drug delivery systems has gone through

tremendous development for both experimental and clinical appli-
cation since the introduction of thermosensitive liposomes by Yat-
vin in 1978 [191]. Currently, there are various strategies to induce
stimuli-responsive drug release from liposomes, such as pH, light,
and heat [12]. The light-sensitive, or photo-triggered liposomes
show potential for enhanced drug delivery, as exposure to a non-
invasive trigger can cause rapid destabilization of the lipid bilayer
without negatively affecting the surrounding tissue. Implementa-
tion of photo-switchable agents, with specific absorbance wave-
lengths, within the lipid bilayer will catalyze the on-demand drug
delivery. Chander et al. designed novel light-sensitive liposomes
with in mind that these should mimic the composition and proper-
ties of clinically approved liposomes [192]. Therefore, the focus was



M.I. Priester and Timo L.M. ten Hagen Advanced Drug Delivery Reviews 192 (2023) 114621
on the use of saturated lipids that contain a choline headgroup at
equimolar levels, and the use of cholesterol as the primary lipid.
The photoactivatable liposomes were synthesized based on the
self-assembly of DSPC, cholesterol, and UV- or red-light phos-
phatidylcholine analogs (AzoPC) with DOX loading. The pharma-
cokinetics of the nanosystem were assessed in vivo in transgenic
zebrafish. At 2 h post-injection, the liposomewere present through-
out the systemic circulation without signals of clustering. At 24 h
after administration, significant extravasation into surrounding tis-
sue and accumulation was visible. Light exposure demonstrated a
significant increase in DOX release from liposomes functionalized
with either of the AzoPC analogues.

While in theory it could be a good idea to mimic the composi-
tion of clinically approved formulations and only make minor
alterations, the practical application could be completely contra-
dictory. Miranda et al. reported that liposomes composed of satu-
rated lipids showed improved cargo retention stability in serum,
but relatively slow release despite NIR laser exposure. Therefore,
a novel design based on a mix of (un)saturated lipids, which allow
for fast light-triggered release and good serum stability, with accel-
erated release due to the inclusion of porphyrin-phospholipid
(POP) was proposed [193]. These POP liposomes contained three
hydrophilic agents; sulforhodamine B (SRB), Magnevist�, and
oxaliplatin. In order to study the liposome behavior within tumors
based on light exposure, a bilateral tumor model was established
with similar tumor volumes. While one side was exposed to irradi-
ation (665 nm, 0.3 W/cm2, 30 min) at 10 min post-injection, the
contralateral tumor was shielded to minimize light exposure. The
long exposure time was selected to account for light attenuation
in tissues. Whole animal fluorescence imaging showed a rapid
increase in fluorescence, indicating SRB release and unquenching,
but only within the tumor exposed to light. Within 2 h after expo-
sure, a decrease in fluorescence was observed, which can be attrib-
uted to rapid drainage. Strikingly, light exposure of the
contralateral tumor at 24 h post-injection also resulted in a signif-
icant increase in fluorescent signal. This indicates that POP lipo-
somes were able to accumulate and reside within the tumor, but
more importantly, also maintained their cargo without significant
leakage. In addition, contralateral tumors showed more persistent
fluorescence, even up to 6 h after exposure, indicating delayed
drainage. Animals receiving POP liposomes and delayed laser treat-
ment did initially show a significant decrease in tumor volume,
however fast tumor growth re-established after one week.

Despite the promising features of light-sensitive liposomes,
requiring a simple trigger to catalyze liposomal drug release, the
main focus of preclinical studies are the development of ther-
mosensitive liposomes. Both liposome types are dependent on a
similar, non-invasive stimulus, however the in vivo application of
heat is able to enhance extravasation from tumor vasculature
and simultaneously induce drug release from the nanosystem.
There are various preclinical strategies to induce heat-triggered
drug release, which are dependent on the research question, the
location of the tumor, and the resources [121]. For the duration,
studies on thermo-chemotherapy have shown that it is more ben-
eficial to apply mild hyperthermia (40–42 �C) for 30–60 min in
order to achieve maximal treatment outcome [194]. Applying
higher temperatures for a shorter period of time is more prone to
side effects such as vascular stasis, erythema of hemorrhagic
necrosis [121].

For instance, Li et al. designed DPPC/DSPC/DSPE-PEG2000 lipo-
somes for the evaluation of DOX release [37]. In order to visualize
heat-triggered drug release, the tumor was developed within a
dorsal skinfold window, which allowed for simultaneous heating
and confocal imaging. The use of a transgenic animal allows for
facile distinguishing between the green vascular endothelial cells
and the red doxorubicin autofluorescence. During heat application
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(42 �C, 1 h) triggered drug release was marginally visible at phys-
iological temperatures up to 40 �C, with maximum fluorescence
observed at 42 �C (Fig. 5A). After exposure, when the intratumoral
temperature returned to baseline, the nuclear buildup of DOX is
clearly visible. Animals treated with DOX-TSL and 42 �C showed
significantly improved tumor growth control in comparison to
the controls. However, as treatment did not completely eradicate
the tumor, tumor regrowth was visible from day 16. Motamarry
et al. employed DPPC/MSPC/DSPE-PEG2000 liposomes for Doxoru-
bicin delivery in subcutaneous tumors [195]. Heating (43 �C, 15–
30-60 min) was applied through an external miniature hyperther-
mia probe, which allowed for unobstructed imaging of the tumor
region. Drug release monitoring through fluorescence imaging
showed that signal intensity kept increasing during heat exposure.
However, discontinuation of the heat was pursued by rapid
decrease of the signal, which is related to the wash-out of free,
unbound Dox. In comparison to unheated control tumors, heated
tumors demonstrated an 4.6-fold (15 min HT), 9.3-fold (30 min
HT), and 13.2-fold (60 min HT) increase in signal intensity at
5 min after HT treatment (Fig. 5B). Subsequent analysis confirmed
a strong, linear correlation between the observed fluorescence
intensity and DOX tissue concentration, indicating the effective-
ness of this heat-mediated treatment strategy.

Of all the heating techniques, MR-guided HIFU seems to be the
most controlled manner for image-guided drug delivery [121,196].
Prior to TSL administration, treatment planning and temperature
mapping can be performed in order to accurately determine the
region of interest for HIFU application. In addition, MR-
thermometry can be applied simultaneously to determine the
intratumoral temperature in real-time [197,198]. Centelles et al.
designed dual-labelled LTSLs to confirm hyperthermia-mediated
drug delivery using both NIRF and MRI [39]. Full body images of
the animals were captured at several time points after LTSL admin-
istration to trace the intrinsic fluorescence of the encapsulated
drug, topotecan, and the second NIRF label, the lipid XL-750.DSA.
Both agents showed co-localization within the tumor region
10 min after hyperthermia application. The liposomal distribution
visible in the T1-weighted MR images corresponded to the NIRF
observations. However, in this study there is no question of
image-guided drug delivery, as HIFU was applied independent of
real-time spatio-temporal information. The HIFU protocol was
based on initial distribution studies, which showed that in absence
of hyperthermia, liposomal accumulation was most optimal
between 10 and 45 min. In addition, MR imaging was only applied
once, more than 2 h after HIFU application, and in this case the
administered liposomes did not contain topotecan in order to min-
imize the risk of toxicity-induced MR changes. In similar work,
Amrahli et al. continued to build on this set-up of HIFU-triggered
release with both NIRF and MR imaging, but made some significant
changes [199]. Several preliminary studies were performed in
order to optimize the design of the HIFU protocol specific to the
animal model. First, T1-weighted images were acquired before
and after LTSL administration without hyperthermia application
to confirm the timespan for optimal intratumoral accumulation.
As the presence of Gd-DOTA instigates a decrease of the T1 value
at the region of interest, a change in MR signal could be a reliable
and quantifiable indicator for initiation of hyperthermia applica-
tion. However, it should be noted that T1 values may vary within
a region of interest, owing to high tissue heterogeneity. The images
demonstrated that intratumoral accumulation of LTSL occurred
relatively rapid and persisted for at least 5 h after administration
(Fig. 5C). Pharmacokinetic profiling elucidated that LTSL blood
clearance was significant after 1 h and that LTSL presence was lim-
ited after 3 h. Therefore, this narrows the protocol down to HIFU
application within 60 min to balance sufficient intratumoral accu-
mulation and limited clearance. In the dual-tumor study, NIRF
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imaging of the animals bearing double tumors indicated that LTSL
application benefits from HIFU-induced hyperthermia before and
after LTSL administration. Both nanoparticle distribution and
tumor uptake was significantly increased when the tumor was
exposed to HIFU treatment in comparison to the untreated coun-
terpart (Fig. 5D). This study shows that for preclinical treatment
in a subcutaneous tumor, two short (�5 min) periods of HIFU
hyperthermia (43 �C) in combination with LTSL-DOX are sufficient
to effectively increase intratumoral drug delivery.

Opposed to MR imaging in preliminary studies or only after
hyperthermia application, De Smet et al. incorporated MRI scans
at multiple time points during treatment [200]. T2-weighted images
were acquired before TSL administration and immediately after
each HIFU treatment. Although both autoradiography and histology
on tumor slices confirmed improved TSL distribution within the
Fig. 5. In vivo imaging of liposomes. A) Li et al. evaluated heat-triggered release from DO
little to no fluorescence signal is visible. Heat application immediately induces significan
heat application results in a more specific fluorescent signal, which shows nuclear up
triggered drug release based on an external heat source [195]. Fluorescence imaging befo
application. Tumor imaging after a 5-minute cool-down period clearly showed correla
investigated HIFU-triggered release from thermosensitive liposomes with fluorescen
accumulation of the liposome formulation occurred relatively rapid, and persisted for at
illustrate the benefit of HIFU application based on fluorescence. The left, untreated tumo
HIFU-treated tumor showed immediate response upon heat exposure, and allowed for
[37,195,199].
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tumor, hyperthermia application did not significantly improve
intratumoral accumulation immediately after HIFU treatment.
However, after 48 h there is an overlap in the autoradiography-,
histological- and fluorescence images, confirming treatment effi-
cacy and thereby suggesting that HT-augmented EPR played a piv-
otal role in this study. The limited tumor response immediately
after thermal treatment could be attributed to the set-up, as there
is major heat loss due to the small size of the treatment cell in com-
parison to tumor volume (85 vs 500 mm3) and gradual heat distri-
bution to muscle tissue adjacent to the tumor.

While all of the above-mentioned studies do incorporate an
imaging modality to follow intratumoral accumulation, there is
no question of image-guided drug delivery. The most optimal man-
ner of IGDD including MRI would be by having a continuous obser-
vation of temporal and spatial patterns of drug delivery. Ponce
X-LTSL at tissue level through confocal imaging [37]. At physiological temperature,
t drug release, as shown by the homogeneous fluorescent signal. Discontinuation of
take of Doxorubicin. B) Motamarry et al. demonstrated the effectiveness of heat-
re, during, and after showed an initial rapid increase in fluorescent signal upon heat
tion between signal intensity and duration of the heating time. C) Amrahli et al.
ce and MR-imaging [199]. (Top) T1-weighted images showed that intratumoral
least 5 h post-injection. (Bottom) NIRF imaging of the dual tumor-bearing animals
r showed minimal changes in fluorescence signal over the study period. The right,
accumulation to a larger extent than the control. Adapted with permission from
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et al. captured full sets of MR images over the full treatment period
of 75 min [17]. Administration of DOX-LTSLs containing man-
ganese provides the ability to observe triggered release within
the tumor, as free manganese enhances contrast within the tumor.
Subsequently, the obtained MRI data was used to calculate intratu-
moral doxorubicin concentrations. However, this method assumes
co-localization of manganese and doxorubicin after liposomes
release. While the magnetic resonance movies remained stable at
the region of interest for 30 min, this phenomenon may be con-
tributed to tissue binding of free manganese.

6.4. Carbon nanotubes

There has been a large interest in carbon nanotubes for both
cancer diagnosis and -treatment [104,201]. Both the strong intrin-
sic fluorescent signal and the large surface area of the nanosystem,
which is highly suitable for theranostic functionalization, con-
tribute to the attractiveness of this nanosystem.

6.4.1. SWNTs
Functionalization with RGD peptide ligands is a commonly

applied strategy for tumor-specific targeting of CNTs. Liu et al.
designed multiple SWNT formulations, based on the presence of
PEG with different chain lengths and RGD [202]. The PEG chain
length appeared to be of high importance, as microPET scans
revealed that SWNT functionalized with long PEG chains (5400)
displayed decreased liver uptake and increased circulation time in
comparison to SWNTs with short PEG chains (2000). In this study,
the in vivo SWNT affinity for tumorswith high and low avb3 expres-
sion was visualized through microPET imaging. RGD-
functionalization of SWNT-PEG proved to be essential for therapeu-
tic efficacy, as animals treatment with SWNT–PEG5400–RGD did not
only display decreased liver uptake, but also increased tumor accu-
mulation in comparison to both untargeted SWNT-PEG formula-
tions and SWNT–PEG2000–RGD. In addition, the low avb3 tumor
showed only limited SWNT–PEG5400–RGD uptake. As the signal of
these 64Cu labelled SWNT-PEG-RGDs remained up to 24 h after
administration, this suggests slow elimination and may result in
undesired long-term radioactivity. In order to avoid radioactive side
effects, Welsher et al. showed that the intrinsic NIRF characteristics
can also be employed to visualize tumor vessels through murine
skin at high-resolution (Fig. 6A) [203]. SWNT–PEG5000–RGD were
synthesized by surfactant exchange, which resulted in bright, bio-
compatible SWNTs. These nanosystems showed enhanced contrast
despite administration of a 15-fold lower dose in comparison to
SWNTs produced via direct sonication synthesis. On both whole
animal- and tumor vessel level (k = 1100 – 1700 nm), the SWNTs
displayed clear NIRF signals with good tissue penetration and low
autofluorescence, resulting in distinct images of the (tumor) vascu-
lature. That same group also employed SWNTs for dynamic
contrast-enhanced imaging, which allows for fluorescence imaging
at anatomical resolution through time series over a short period of
time (Fig. 6B) [204]. The principal component analysis turns pixels
into groups based on their variance, thus discriminating based on
the SWNT fluorescent signal as it travels through blood circulation.
This results in a positive- and a negative group based on time [205].
After SWNT administration in a healthy animal, the oxygen-poor
blood first circulates to the heart and lungs to be oxygenated, which
is evident by the high contrast in the lungs [204]. Subsequently, the
NIRF signal intensity fades, indicating further spread throughout
the entire system. Almost simultaneously, peak value can be
observed within high-vascularized kidneys. Within seconds the
renal value decreases to the mean signal, which will remain con-
stant throughout the entire body, indicating that the administered
SWNTs have completed their first circulation time. In a tumor-
bearing animal, the SWNTs follow a similar path, with the excep-
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tion that the intratumoral pixel intensity was delayed in compar-
ison to the major organs [205]. This can be credited to a delayed
blood flow into the tumor due to the chaotic vessel growth. At 8 s
after administration, the intratumoral fluorescent intensity
appeared and increased further over time. As the tumor region
showed both positive- and negative pixels, the overlay image is able
to clearly distinguish the vasculature (positive) and the tumor out-
line (negative). However, for this technique, increased signal inten-
sity does not automatically indicate accumulation and retention,
but could be attributed to high vascularized organs or temporary
extravasation of the nanosystem.

In addition to NIRF and PET, functionalized SWNT–PEG–RGD
can also be employed to improve photoacoustic detection. De la
Zerda et al. compared SWNT-PEG5000 with and without RGD func-
tionalization to visualize nanosystem targeting to an avb3-positive
tumor using three-dimensional ultrasound and photoacoustic
imaging [109]. The subtracted PA images revealed that functional-
ized SWNTs displayed an 8-fold increase in the intratumoral pho-
toacoustic signal, which remained consistent throughout the 4 h
study period (Fig. 6C). This is in contrast to plain SWNTS, which
demonstrated only a temporary intratumoral signal highly influ-
enced by the presence of a neighboring large vessel.

6.4.2. MWNTs
Functionalization with multiple tumor-homing agents could

even further improve anti-cancer treatment. For instance, Su
et al. have designed a dual-targeting and co-delivery system based
on a MWNT for lung cancer treatment [206]. The MWNT skeleton
is connected to peptide ligand iRGD and plasmid pAT2. iRGD is
linked to the nanosystem via PEI, in order to improve the biocom-
patibility of the nanosystem. Candesartan (CaD), a therapeutic and
targeting ligand, is conjugated to the skeleton via disulfide bonds,
which is cleaved upon entering the tumor environment. Therefore,
upon in vivo administration, the nanosystem specifically targets
the tumor via the dual surface functionalization in the form of
iRGD and CaD. After intratumoral accumulation, recognition
through the receptor-mediated binding will lead to internalization
in both tumor- and vascular endothelial cells. Upon presence in the
tumor reducing environment, cleavage of disulfide bonds will ini-
tiate the release of CaD, resulting in synergistic downregulation
of the AT1R and AT2R signal pathway resulting in anti-tumor effect.
In vivo targeting studies revealed that injection of nanosystems
containing either CaD or iRGD revealed a 1.88 and 2.41-fold
increase in fluorescent signal at the tumor site in comparison to
plain MWNTs. The iRGD-PEI-MWNT/pAT2 nanosystems showed a
significantly stronger fluorescence intensity in the tumor than in
the liver, which could be attributed to the tumor-specific targeting
of the avb3-receptor (Fig. 6D). Nanosystems containing both iRGD
and CaD showed a 3.39-fold intratumoral increase and a 73.41 %
hepatic reduction in comparison to the control group. Therefore,
combination of these two high-affinity ligands result in synergistic
tumor targeting and successful co-delivery.

Despite strong visualization and improved targeting efficacy,
the application of an external facilitator seems to be required in
order to completely eradicate a tumor with CNT-based treatments.
Hu et al. designed MWNTs for dual-modal imaging with tumor-
targeting via the ligand folic acid (FA)[207]. The nanosystem was
covalently conjugated with PEI, which forms the anchor for modi-
fication with FA, the fluorescein FITC, and surface carboxylation of
the excess PEI branch through SAH. Incorporation of ICG is benefi-
cial for localized tumor treatment through PDT and PTT applica-
tion. Both whole animal fluorescence- and photoacoustic imaging
confirmed the tumor-homing properties of the FA-modified
MWCNT complexes, demonstrating increased intratumoral signal
intensities. Subsequently, the tumor region was exposed to laser
irradiation (808 nm, 1 W/cm2, 5 min) at 1 h post-injection. Moni-



Fig. 6. In vivo imaging of single-walled carbon nanotubes (SWNTs). A) Welsher et al. used two SWNT formulations, based on a different synthesis route, which were both able
to show high image contrast between the vasculature and skin [203]. Optical imaging using intravital microscopy demonstrated the ability of SWNT to visualize tumor
vasculature at high magnification. B) Robinson et al. employed SWNTs for dynamic contrast-enhanced imaging, which allows for high-resolution biodistribution studies
based on residence time [205]. Upon i.v. administration, initial high signal intensities are visible in the kidneys and lungs, with delayed intratumor distribution (yellow
arrow). C) De la Zerda et al. employed RGD-functionalized SWNTs for enhanced tumor-targeting [109]. The intrinsic photoacoustic properties of the SWNTs were used to
visualize the intratumoral accumulation. While functionalized SWNTs showed a significant intratumoral intensity, plain SWNTs demonstrated a high signal, which was not
visible in the subtraction image (white arrow). This can be attributed to the presence of a large blood vessel, and does not indicate SWNT accumulation. D) Su et al. designed a
dual-targeting multi-walled carbon nanotubes (MWNTs) sensitive to the tumor reducing environment [206]. While free Cy7 showed fluorescence distribution throughout the
whole body, while temporary hepatic accumulation after 4 h, the functionalized MWNTs exhibited a time-dependent increase in fluorescent signal. Adapted with permission
from [109,203,205,206]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

M.I. Priester and Timo L.M. ten Hagen Advanced Drug Delivery Reviews 192 (2023) 114621
toring through photothermal imaging revealed a significant
increase in intratumoral temperature up to 57.8 �C. The PDT and
PTT efficacy was undoubtedly visible by the naked eye, as the
superficial tumor was completely cured 11 days post-treatment.
This demonstrates that the MWCNT complexes exhibit excellent
photostability and phototherapy, as animals treated with sole laser
irradiation or sole administration of the MWCNT complex showed
a � 20-fold increase in tumor volume at 24 days post-treatment.

6.5. Superparamagnetic iron oxide nanoparticles

SPIONS have demonstrated superior MR contrast properties due
to the superparamagnetic properties of the iron oxide core. The
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size and biocompatible coating determine whether the SPION exhi-
bits T1- or T2 relaxation. In general, SPIONS with ultrasmall size
(<40 nm) exhibit T1 contrast properties, while larger diameters
result in T2-weighted contrast enhancement [208,209].

6.5.1. Conventional superparamagnetic iron oxide nanoparticles
A multi-layered SPION was designed by Wang et al., based on a

Fe3O4 core, a PPy shell, and functionalized by a layer of DOX and
PEGylated outer layer [210]. The ultrasmall iron oxide nanoparti-
cles had a diameter of 8–10 nm, assembling into nanoclusters with
a size of approximately 50 nm, and therefore showed potential as a
T2 contrast agent. The strategy was to administer the SPION com-
plexes via intratumoral injection, followed by immediate applica-
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tion of low power NIR laser irradiation (808 nm, 0.35 W/cm2,
25 min). As the NIR irradiation induces mild photothermal heating,
this could simultaneously promote internalization of the Fe3O4@-
PPy-PEG-DOX complex and triggered DOX release.

Whole animal thermographic imaging showed localized heating
in the tumor region, reaching a sustained temperature of 44–45 �C
within 20 min. In addition, the adjacent tissues demonstrated only
a minor temperature increase to 35–36 �C within the same period.
Mice treated with Fe3O4@PPy-PEG-DOX demonstrated � 88 %
tumor growth inhibition in comparison to the control group. These
results were confirmed by T2-weighted imaging, which showed
darkening of the tumor area after SPION administration. At day 7
post-treatment, a reduction in tumor size was evident for the ani-
mal receiving Fe3O4@PPy-PEG-DOX in combination with low
power NIR laser irradiation (Fig. 7A). Administration of the same
dose and treatment with a higher NIR laser power led to an intra-
tumoral temperature of 48–49 �C. Mice treated with NIR laser irra-
diation and SPION without DOX did show a decrease in tumor
volume over time. This is likely due to incomplete tumor ablation,
as after 10 days tumor growth resumed. Animals treated with NIR
laser irradiation and the Fe3O4@PPy-PEG-DOX complex exhibited
complete eradication without loss of body weight.

6.5.2. Superparamagnetic iron oxide nanoparticle complexes
As part of a hybrid nanosystems, SPIONs can be used either

internally or externally. For instance, Zheng et al. have designed
a hybrid nanosystem based on the encapsulation of SPIONs within
a sterically stabilized liposome (SSL) [211]. The pH-responsive pep-
tide H7K(R2)2 was used as a targeting ligand on the liposome, while
PTX was encapsulated within the lipid bilayer, and SPIONs within
the aqueous core. This resulted in a nanosystem with a mean size
larger than 150 nm. Liposomal conjugation with the NIR dye DiR
allowed for visualization of nanosystem tissue distribution. Mice
receiving the DiR/SPIO-SSL-H7K(R2)2 complex exhibited a strong
fluorescent signal at the tumor site. This can be attributed to the
H7K(R2)2 activation in response to the acidic TME. In addition,
the targeted complex exhibited an increased circulation time as
intratumor signals could be observed up to 48 h. This in contrast
to the DiR/SPIO-SSL controls, which showed a steep decrease in flu-
orescence already at the 4 h time point (Fig. 7B). The in vivo target-
ing effect was also confirmed through T2-weighted MR imaging. At
30 min after administration, darkening of the tumor region was
visible, indicative of PTX/SPIO-SSL-H7K(R2)2 accumulation. This
decrease in signal intensity remained steady up to 1.5 h post-
injection. Administration of the control formulation did not induce
a change in signal intensity. Animals receiving PTX/SPIO-SSL-H7K
(R2)2 did initially show tumor growth inhibition up to 90 % in com-
parison to the control. Despite the significant initial reduction,
from day 25 an increase in tumor volume could be observed.

External use of SPIONS for enhanced tumor treatment was stud-
ied by Wang et al. [212] The center of the nano-assembly was
based on a biotin-functionalized exosome, which contained dox-
orubicin. Surface functionalization of this exosome was performed
through PDA-coated Fe3O4, which were decorated with avidin, a
glycoprotein with a strong binding affinity for exosomal surface
biotin, and a Cy5 molecular beacon [213]. This resulted in a
nano-assembly with a mean size larger than 100 nm. Besides pho-
tothermal sensitivity, the PDA coating is also able to quench MB
fluorescence. This is switched to an active form upon tumor cell
internalization due to microRNA-21 (miR-21) recognition. Upon
comparing tumor targeting of the Cy5-labelled exo-DOX-
Fe3O4@PDA, the animals received an i.v. injection of the SPION
complex with or without application of a continuous external mag-
netic field (MF) up to 48 h. Whole animal fluorescence imaging
showed a significant intratumoral signal in the animals which
were exposed to a magnetic field. This distinct signal was visible
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after 24 h, but most prominent at 48 h (Fig. 7C). This in contrast
to the control group, which were not exposed to a magnetic field
and demonstrated an uneven signal distribution with a propor-
tional decrease in signal intensity over time. In correspondence
with these results, the animals receiving the targeted nanosystem,
continuous MF application, and subsequent NIR laser irradiation
(808 nm, 1.0 W/cm2, 3 min) at 48 h post-injection demonstrated
the highest increase in intratumoral temperature (21.33 �C). This
resulted in a 97.57 % reduction in tumor size in comparison to
the control group after 31 days. Therefore, active magnetic target-
ing is able to steer and treat superficial tumors with high efficiency.
However, all of the SPION formulations mentioned in this section
displayed a mean size larger than 50 nm. As large SPIONs have
the tendency to accumulate in the major organs, this results in per-
sistent negative contrast at undesired locations. The development
of ultrasmall SPIONs show potential due to the small size (<5
nm) and corresponding strong renal clearance [214]. Functional-
ization in form of zwitterionic SPIONs show the potential to even
further improve contrast-enhanced MRI. Ma et al. designed ultra-
small, zwitterionic SPIONS with a size of � 3 nm for enhanced
T1-weighted MR imaging, showing potential for application in both
rats and mice [215]. Evaluation of the tumor-targeting potential in
mice showed that the Fe3-O4-PEG-Cys NPs displayed fast tumor
accumulation, reaching peak values as soon as 45 min post-
injection. The strong signal intensities remained throughout the
3 h imaging period. These results show the potential to convert this
design into targeted drug-delivery nanosystems.

Another nice anti-cancer strategy, which technically is on the
verge of IGDD, is combining SPIONS with stem cells for cell-
based tumor treatment. Thin et al. have incubated Luciferase
(Luc)-transfected adipocyte-derived stem cells (ADSCs) with
111In-labelled SPIONs (ADSC-111In-SPION) to obtain cells with tri-
modal imaging properties [216]. As cellular-labelling with plain
SPIONs may lead to ‘‘blooming” of the signal void, it is valuable
to include another imaging moiety to obtain both structural and
quantifiable information. In vivo distribution studies showed that
the selected administration route is of high importance for the
ADSC-111In-SPION biodistribution. Multi-modal imaging revealed
that intracardiac (i.c.) administration showed higher tumor uptake
than i.v. administration 5 h post-injection (Fig. 7D).

6.6. Gold nanoparticles

A multitude of gold nanoparticle (GNP) geometries, such as
nanoshells [217], nanorods [218], nanocages [9], and nanostars
[219], have been studied in vivo. Without functionalization these
nanosystems show potential to be employed for CT, PA, and ther-
mal imaging. The main anti-tumor mechanism of GNPs is tumor
cell internalization, followed by synergistic promotion of drug
release and induction of apoptosis through photothermal effects.

6.6.1. Conventional gold nanoparticles
Due to the strong and tunable optical absorption, which can be

attributed to surface plasmon resonance, AuNPs are suitable as a
photoacoustic contrast agent [220]. Liu et al. visualized the tumor
targeting potential of gold nano prisms through PA and FL imaging
[221]. The nanosystem was functionalized through PEGylation and
PD-L1 targeting, and incorporation of Ce6 gave both a fluorescent-
and photosensitizer function. Photoacoustic imaging of the tumor
region demonstrated an increase in signal intensity within 1 h
post-injection, which increased linearly up to 24 h (Fig. 8A). As
both fluorescent- and PA imaging confirmed enhanced tumor tar-
geting, the GNPs@PEG/Ce6-P were subsequently exposed to NIR
irradiation (633 nm, 0.8 W/cm2, 20 min) at 24 h after i.v. adminis-
tration. Thermal images demonstrated that NIR exposure led to
induction of a hyperthermic intratumoral temperature (43.5 �C),



Fig. 7. In vivo imaging of superparamagnetic iron oxide nanoparticles (SPION). A) Wang et al. assessed tumor growth inhibition through T2-weighted MR images [210].
Animals treated with the SPION formulation showed darkening of the tumor area after administration, indicating accumulation. Subsequent NIR irradiation of the tumor area
showed a reduction in tumor size at day 7 post-treatment. B) Zheng et al. designed SPIONs with a pH-responsive peptide as a targeting ligand [211]. Comparing the
biodistribution between the control, untargeted, and targeted formulation through fluorescence imaging showed differences in distribution and retention. While the
untargeted SPION formulation shows a heterogeneous signal throughout the body, which disappeared within 4 h, the targeted formulation showed an increased circulation
time and a high fluorescent signal from the tumor. C) Wang et al. visualized magnetic steering of a SPION formulation through fluorescence imaging [212]. Animals treated
with only the specific SPION formulation exhibited long circulation times, but limited uptake in the tumor. Continuous exposure to an external magnetic field near the tumor
resulted in a significantly higher uptake, as shown by the increased fluorescence signal after 48 h. D) Thin et al. incorporated SPIONS within stem cells for potential cell-based
tumor treatment [216]. Comparison of the administration route through SPECT/CT demonstrated that intracardiac administration of the formulation resulted in a higher
tumor uptake than intravenous administration in both coronal (left) and axial (right) images. Adapted with permission from [210–212,216].
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which is distinct from the saline control (36.3 �C) and non-targeted
gold nanoprisms (42.1 �C) (Fig. 8A). Despite the relative minor dif-
ference in temperature between the targeted and non-targeted
gold nanoprisms, a significant difference between these groups in
tumor volume was observed at day 25 post-treatment. This indi-
cates more effective tumor growth inhibition by the GNPs@PEG/
Ce6-P, though not a complete eradication of the tumor.

Similar results were obtained by Xu et al, although this study
was based on porous gold nanoshells (PGNSs). Surface functional-
ization occurred through PEGylation and trastuzumab (HER) tar-
geting, and the exterior was co-decorated with the drug DM1
22
[217]. Real-time treatment monitoring was achieved through mul-
timodal imaging; CT, PA, and PT. After administration, CT imaging
demonstrated enhanced tumor contrast up to 12 h for all three
PGNS formulations. This in contrast to the control CT contrast
agent iohexol, which did not exhibit any contrast enhancement
at that time point (Fig. 8B). Photoacoustic imaging did show grad-
ual enhanced brightness, which was maintained for up to 24 h
after administration and was significant in comparison to the sal-
ine control for all time points. The intratumor temperature of the
mPEG/HER-PGNSs group increased rapidly after NIR irradiation
(808 nm, 3.0 W/cm2, 5 min) at 24 h after i.v. administration. Ulti-
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mately reaching temperatures up to 45 �C at the 5-minute mark in
compar0069son to 38 �C in the saline control. The average tumor
volume over 20 days post-treatment confirmed the efficacy of
the chemo-photothermal therapy, as the mPEG/HER-PGNSs group
displayed a 39.47 % tumor growth inhibition rate in comparison
to the DM1 only group and 83.9 % in comparison to the saline con-
trol group.

6.6.2. Gold nanoparticle complexes
The gold nanosystems do not necessarily have to be the main

core component of a nanosystem. For instance, Li et al. designed
a self-assembling, spherical nanostructure, which is based on a
combination of ultra-small gold nanoparticles and trivalent
gadolinium ions (Gd3+) [222]. Functionalization of the nanosystem
occurred through PEGylation, MMP-2 surface modification, and
IR820 encapsulation. Dual-modal imaging of Gd-AuNPS@IR820
within tumor-bearing animals demonstrated a positive correlation
between T1-weighted MR- and whole-body fluorescence imaging.
Signal intensity was initially observed in liver, which gradually
weakened over time as the signal increased within the tumor
region. At 12 h after nanosystem administration, intratumoral peak
values were observed for both imaging modalities. Therefore, this
time point was selected for application of NIR laser irradiation
(808 nm, 0.8 W/cm2, 3 min) for 2 rounds at 3 min intervals. Subse-
quent thermal imaging of the tumor showed that Gd-
AuNPS@IR820 nanosystems induced the highest temperature
increase (43.5 �C) (Fig. 8C). Over time, this resulted in effective
tumor cell killing as shown by a decreased tumor volume and
increased survival rate in comparison to the control groups.

Another study which exploited AuNP functionalization with
MMP for tumor-targeting properties was performed by Yang
et al. [223]. The main objective of this nanosystems was to enhance
extracellular assembly within the TME in order to improve the
absorption red-shift. This nanosystem carried both functionaliza-
tion and therapeutic cargo on the AuNP surface. First, complemen-
tary DNA strands were attached, followed by DOX linking through
thermolabile connections. Subsequent PEGylation formed a coat-
ing around the AuNP through peptide linkers with MMP ligands,
resulting in PEG-pep-DOX-AuNPs. Upon i.v. injection, the nanosys-
tem will remain monodisperse and exhibits improved circulation
time due to their small size and PEGylation. However, upon enter-
ing the MMP-rich tumor tissues, cleavage of the shielding PEG
layer exposes complementary DNA strands. This will drive rapid
aggregation and accumulation within the TME. PET imaging
through PEG-pep-DOX-AuNPs labelled with 64Cu confirmed a max-
imum tumor uptake at 24 h post-injection, which was also demon-
strated through PA imaging (Fig. 8D). The average tumor PA
intensity for the nanosystems was increased by 1.74-fold in com-
parison to the MMP-inert controls. Subsequent NIR laser irradia-
tion (808 nm, 1.0 W/cm2, 10 min) and thermal imaging at 24 h
post-injection did not only reveal a more rapid local temperature
increase, but also a more homogeneous heating of the entire tumor
region for animals treated with the PEG-pep-DOX-AuNPs. The
tumor growth- and survival curves confirmed the synergistic
anti-tumor effect of designed nanosystem with local laser irradia-
tion. Interestingly, despite both being functionalized for tumor-
specific targeting through MMP and similar in size (72.4 vs
73.2 nm), there is a difference in in vivo spatiotemporal character-
istics and therapeutic outcome [222,223]. Both Gd-AuNPS@MMP2
and PEG-pep-DOX-AuNPs exhibit initial high signal intensity
within the liver, but peak intratumoral accumulation was observed
at different time points (12 h vs 24 h). In addition, there is also an
observed difference in survival (day 15, 80 % vs 40 %). While this
can also be attributed to differences in the NIR laser irradiation
treatment, the tumor model (HCC-LM3 vs SCC-7), and DNA
hybridization, it is valuable to see that same nanosystem base
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material and functionalization does not necessarily result in an
effective treatment design.

The excellent PTT/PDT capabilities of gold nanoparticles can be
even further improved with the design of heterostructued
nanosystems. Yang et al. constructed such as system based on
the hollow, mesoporous structure of Bi2Se3 with surface-
deposited AuNPs [224]. This Bi2Se3/Au complex is able to act as a
strong photothermal agent. In addition, interactions between BS
and Au act as a photocatalyst, resulting in boosted conversion of
TME molecules into cytotoxic ROS. The Bi2Se3/Au complex is able
to induce strong CT contrast enhancement, which can be attributed
to a combination of the high X-ray attenuation coefficient of gold
and the high Z-element of bismuth. PLGA-PEG coating of the
nanosystem complex to improve the biocompatibility and circula-
tion time was followed by DOX encapsulation within the hollow
Bi2Se3/Au complex. CT and thermal imaging of the BS/Au@PP-
DOX complex revealed significant image brightness enhancement
at 4 h post-injection. Subsequent NIR laser irradiation (808 nm,
1.0 W/cm2, 10 min) induced a significant temperature increase in
comparison to the BS control (22.1 �C vs 12.0 �C), resulting in intra-
tumoral ablative temperatures. Complete tumor eradication was
observed for the tumor-bearing animals receiving the BS/Au@PP-
DOX complex with NIR laser irradiation at day 14. The strong
tumor inhibition can be attributed to the synergistic therapeutic
effect of initial tumor ablation, increased ROS production, and local
doxorubicin release.

6.7. Mesoporous silica nanoparticles

As mentioned in section 4.2.4, MSN design can be categorized in
ordered-, hollow, or rattle-type MSN. Plain hollow mesoporous
organosilica nanoparticles (HMON) are subject to high drug leak-
age, due to weak adsorption of hydrophobic drugs in combination
with the presence of small, superficial pores. Therefore, functional-
ization of HMONs should incorporate a manner to minimize drug
leakage through the pores.

6.7.1. Conventional hollow mesoporous organosilica nanoparticles
Yang et al. designed HMPDINs@TP-SN38, which are small-sized

hollow mesoporous organosilica nanoparticles with PEG2000-PDI-
silane hybridization [225]. Perylene diimide (PDI) is a thermosen-
sitive polymer, which can be exploited for fluorescent-, and pho-
toacoustic imaging and photothermal treatment. Co-hydrolysis of
the HMON with the PEG2000-PDI-silane molecule resulted in PDI
polymer growth within the hollow interior, silica shell shielding,
and extended PEG on the outer surface. The internal presence of
PDI within the HMON did not only contribute to an increase in
loading capacity, but also prevents undesired SN38 release. Evalu-
ation of tumor accumulation showed consistent results for PA and
FI, as increased intensities could be pick-up at the 1 h mark. The
peak intensity was visible at 24 h post-injection, showing a 3.31
fold signal increase in comparison to 1 h post-injection (Fig. 9A).
The synergistic therapeutic effect of the HMPDINs@TP-SN38 was
evaluated by local NIR laser irradiation (671 nm, 0.5 W/cm2,
5 min) at 24 h post-injection. This treatment induced controlled
laser stimulation, reaching temperatures as high as 55 �C. Animals
showed tumor ablation without recurrence, which was quantifi-
able in form of the prolonged survival rate in comparison to the
control groups.

Another strategy to improve and retain drug encapsulation
within MSNs is through surface decoration with small particles.
Wu et al. have designed HMO nanoparticles for treatment of
glioblastoma multiforme (GBM) [127]. Functionalization of the
nanosystem occurred through functionalization with ultrasmall
Cu2-xSe particles, which can be used as a contrast agent for PA
imaging. In addition, the presence of these particles on the HMON



Fig. 8. In vivo imaging of gold nanoparticles (GNPs). A) Liu et al. visualized the treatment efficacy of functionalized gold nanoprisms through PA and thermal imaging [221].
(Left) Photoacoustic imaging of the tumor region showed a time-dependent increase in signal intensity. (Right) Exposing the tumor-bearing animal to NIR laser irradiation at
24 h post-injection resulted in the development of hyperthermic temperatures within the tumor region. B) Xu et al. used PEGylated, HER-targeted porous gold nanoshells
(PGNSs) to deliver DM1 to s.c. tumors in the mammary fat pad [217]. Comparison of three different PGNSs formulations to the control CT contrast agent iohexol revealed that
all PGNSs formulations demonstrated enhanced tumor contrast at 12 h after administration. This observation was in contrast to iohexol, which did not exhibit any signal at
that time point. C) Li et al. designed self-assembling nanostructures based on ultra-small gold nanoparticles and trivalent gadolinium [222]. Comparing thermal
responsiveness of saline, Au, IR820, untargeted (Gd/Au@IR820) and targeted (nanoprobe) formulation at time point 12 h showed significant differences in local temperature
increase. D) Yang et al. developed a tumor-targeted gold nanoparticle formulation through peptide linking [223]. PET imaging of the tumor area indicated the efficacy of
peptide linking, as a higher intratumoral signal was observed at each time point for the targeted formulation, exhibiting peak values at 24 h post-injection. Adapted with
permission from [217,221–223].
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surface also reduces the size pore size. The large, hollow interior of
the nanosystem was subsequently exploited for encapsulation of
doxorubicin. Multiple HMONs are able to develop a framework
through disulfide linkers, which are also responsible for the Cu2-x-
Se connection on the outer shell. Therefore, within the tumor-
reducing environment, biodegradation of DOX-HCu nanosystems
will occur on two levels due to redox-responsive behavior. This
will subsequently result in on-demand, tumor-specific DOX
release. One of the hurdles for GBM treatment is the presence of
the blood–brain-barrier. The use of focused ultrasound (FUS) has
24
been shown to be an effective facilitator to induce openings within
the BBB. Consecutive ultrasound- and photoacoustic imaging of the
tumor region prior to administration only showed contrast from
the blood vessels in the skin and skull. Significant intratumoral
contrast enhancement is visible in the PA images of animals receiv-
ing HCu and FUS treatment. No obvious PA signals are visible in the
control group, which did receive HCu but were not exposed to FUS.
In order to assess intracranial biodistribution of the HCu nanosys-
tem, ICG labelling was established through loading in the hollow
interior. While the control group only showed minor fluorescence,



Fig. 9. In vivo imaging of mesoporous silica nanoparticles (MSNs). A) Yang et al.
designed a multi-layered MSN formulation, which is essential to prevent undesired
drug leakage [225]. (Top) Whole animal fluorescence imaging showed a time-
dependent increase in signal intensity, with peak intensity at 24 h after adminis-
tration. (Bottom) Photoacoustic imaging of the tumor region confirmed intratu-
moral accumulation with peak values at 24 h post-injection, which was consistent
with the fluorescent imaging results. B) Feng et al. designed rattle-type mesoporous
silica nanoparticles with tumor-sensitive properties [230]. (Top) T2-weighted MR
images and the corresponding pseudo color images demonstrated intratumoral
accumulation with highest signal at 8 h after administration and contrast-
enhancement up to 48 h. (Bottom) The inclusion of lCT images confirmed gradual
intratumor signal increase with high spatial resolution and clear boundaries. In
comparison to free Au-Fe3O4, the MB@MSP formulation demonstrated a higher CT
signal at 24 h post-injection. Adapted with permission from [225,230].
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which can be attributed to the presence of free ICG or nanoparticle
diffusion through defective BBB, strong signal intensities were
observed in animals treated with ICG-HCu/FUS.

These results suggest enhanced nanosystem delivery and -
penetration as a result of FUS-mediated BBB disruption. Confocal
imaging of ex vivo healthy brain tissue showed little to no fluores-
cent signal, which suggests that non-invasive, localized drug deliv-
ery can be induced with the use of HCu/FUS. FUS-mediated DOX
delivery was studied through an intracranial brain tumor model
based on luciferase-expressing tumor cells. At day 7 after tumor
inoculation, all groups exhibited a similar bioluminescent inten-
sity. Over time, the control groups receiving no treatment, only
FUS, or only free DOX show increasing bioluminescent signal, indi-
cating tumor growth. This is not observed in the DOX-HCu/FUS
group, which exhibits a 91.1 % tumor growth inhibition at day 22
in comparison to the control group and an increased survival over
the 60-day study period.

6.7.2. Stimuli-responsive hollow mesoporous organosilica
nanoparticles

Tumor homeostasis and -development is largely orchestrated
by the bidirectional communication between tumor cells and the
micro-environment through soluble factors [226]. Therefore, a
refined strategy could be the development of theranostic nanosys-
tems susceptible to factors present within the TME, such as reac-
tive oxygen species. High levels of endogenous ROS are present
within tumor cells due to an imbalance between oxidants and
anti-oxidants. In addition, external triggers such as PDT are also
able to induce a substantial increase in exogenous ROS levels
[227,228].

Rao et al. designed hollow MSNs, which exhibited drug release
through ROS-responsive pore engineering [229]. These R-MSNs are
based on the encapsulation of DOX within the hollow interior. In
order to seal the mesopores, Gd-DOTA complexes were connected
through aminoacrylate linkage, which are sensitive to cleavage by
singlet oxygen. Therefore, during systemic circulation the DOX-R-
MSN complex will remain stable. Upon reaching the TME, the pres-
ence of 1O2 will initiate cleavage, resulting in a shift into opened
mesopores. The DOX-R-MSN complex was decorated with PEG-
conjugated Ce6 on the outer surface, which contribute to improved
accumulation and enhanced ROS generation to catalyze intratu-
moral drug delivery. Whole-body fluorescence imaging showed
that the R-MSN circulate throughout the entire body for a pro-
longed period of time. At 6 h post-injection, the peak fluorescent
signal was observed within the tumor region. This signal remained
constant for up to 24 h. T1-weighted MR images confirmed intratu-
moral accumulation, indicating that the nanosystems remained
stable under physiological conditions without loss of signal over
time. Subsequent application of NIR laser irradiation (660 nm,
0.5 W/cm2, 10 min) at 6 h after R-MSN administration confirmed
the ability to induce PDT-maneuvered chemotherapy delivery, as
animals receiving DOX-R-MSN demonstrated significant tumor
inhibition with low systemic toxicity as shown by stable body
weight.

6.7.3. Rattle-type mesoporous silica nanoparticles
An example of MSNs which require PDT-based ROS production

for optimal therapeutic efficacy are the rattle-type MSNs designed
by Feng et al. [230]. This nanosystem is based on a small Fe3O4-Au
core, which allows for magnetic resonance (MR)- and micro-
computed tomography (lCT) imaging, and a SiO2 outer shell. Sub-
sequently, the photosensitizer methylene blue was encapsulated
within the MSN, and the outer surface was modified with PDPPA-
1, a MMP-2 cleavable peptide. Inclusion of this peptide is part of
the immune checkpoint blockade (ICB) therapeutic activity. Upon
entering the tumor region, micro-environment-responsive cleav-
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age will convert PDPPA-1 in free DPPA-1. This peptide is able to
bind and block to the overexpressed programmed cell death
ligand-1 (PD-L1) transmembrane protein, and therefore reduce
the tumor-suppressive immune micro-environment through
silencing of the checkpoint inhibitor PD-L1 [231]. Both lCT and
MR imaging of the MB@MSP nanocarrier demonstrated that peak
signal intensity within the tumor region was reached 8 h after i.
v. administration (Fig. 9B). As signals were still visible after 48 h,
this indicates that after accumulation the nanosystems will remain
at the site. As ICB alone is not sufficient to completely inhibit meta-
static development, combination with PDT may facilitate activa-
tion of the anti-tumor immune system. In order to study the
nanosystems ability to treat metastatic tumors by combining ICB
with PDT, a bilateral tumor model was established with significant
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differences in tumor volume. Application of intermittent NIR laser
irradiation (660 nm, 0.5 W/cm2, 8 min) at 8 h post-injection on day
1, 3, 5, and 8 was only performed on the primary tumor. A 98.49 %
volume decrease was observed in the primary tumor upon treat-
ment with MB@MSP + NIR. However, distal tumors did benefit
from this treatment schedule as shown by the inhibited tumor
growth in comparison to the rapidly growing control groups.
Therefore the nanosystem formulation is able to trigger tumor cell
apoptosis and subsequently further influence the anti-tumor
response of the immune system.
6.8. Quantum dots

Quantum Dots have been studied extensively for application as
an imaging probe, being able to be visualized in vivo with high
levels of brightness through advanced techniques such as
spectral- [135] and intravital imaging [232]. Due to the broad opti-
cal range, QDs are able to fall within the NIR-I (k = 650 – 950 nm)
or NIR-II (k = 1000 – 1350 nm) spectrum depending on the size and
the incorporated materials [233]. A comparison between CdSe@Zns
(NIR-I) and Ag2S (NIR-II) demonstrated more defined real-time
visualization of tumor vasculature for the NIR-II quantum dots
[234]. Despite the Ag2S nanosystems not falling within the tissue
transparency window, the negligible tissue autofluorescence at
these wavelengths allows for imaging at high spatial resolution.
Regardless of the corresponding wavelength, heavy-metal QDs
are still considered to exhibit superior brightness and photostabil-
ity. Even showing potential to localize small metastatic foci upon
functionalization with tumor-targeted ligands [235].
6.8.1. Conventional quantum dots
Aside from the establishment as a strong imaging probe, QDs

also show potential as smart drug delivery systems. Savla et al.
designed targeted QDs with pH-responsive drug release for treat-
ment of multidrug resistant ovarian cancer [236]. Initial DNA apta-
mer conjugation induced MUC-1 specific targeting, followed by
DOX attachment through pH-sensitive hydrazone bonds. Whole
animal fluorescence imaging showed that in comparison to non-
modified QDs, QD-MUC1 showed significant differences in major
organ distribution, mainly decreased splenic- and increased intra-
tumoral uptake, already at 1 h post-injection.

In order to maximize circulation time and minimize organ
uptake, functionalization through zwitterions can act as non-
specific tumor targeting. Sun et al. designed heavy metal quantum
dots with a Cu-In-Se (CIS) base [237]. Functionalization occurred
through inclusion of 111In and multidentate zwitterionic polymer
ligands. The latter contributes to physiological stability by reduc-
ing non-specific interaction, and therefore results in prolonged
blood circulation. The CIS radioactive QDs (cIS-rQDs) were subse-
quently used as a tracer for intratumoral accumulation. Despite
being untargeted, radioactive- and the fluorescent signals indi-
cated the presence of QDs within the tumor region, which can be
attributed to the passive EPR effect (Fig. 10A). After 48 h, signal
co-localization of both imaging techniques confirmed the stability
and retention of cIS-rQDs within the tumor.

However, in vivo applications of heavy-metal QDs for theranos-
tic purposes are rather limited in comparison to other organic- and
inorganic nanosystems. This can be largely contributed to the
intrinsic, long-term toxicity, as quantum dots show the tendency
to accumulate within the liver and spleen [134]. A distinction
can be made between four factors that add to this toxicity; i) heavy
metals within the QD core, ii) surface coatings with toxic potential,
iii) free radicals or ROS generated from excitation, and iv) tissue
and nano-colloid interaction in biological environments [134].
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6.8.2. Quantum dot complexes
Surface passivation of quantum dots could potentially reduce

the release of toxic ions into the systemic circulation. Olerile
et al. co-encapsulated PTX and QDs within a nanostructured lipid
carrier (NLC) shell, which also contained an internal lipid matrix
to protect the theranostic cargo [238]. NIR fluorescence imaging
demonstrated distinct fluorescence contrast within the tumor
region, which was visible 1 h post-injection. However, the intratu-
moral signal intensity decreased over time, which coincided with
an increase in hepatic signal. Nevertheless, treatment with NLCs
showed a tumor growth inhibition rate of more than 77 % in com-
parison to the saline control. Characteristic for systemic toxicity is
observation of weight changes after treatment. In this study, no
significant weight changes were observed over a period of 20 days
after drug administration. This indicates minimal toxicity associ-
ated with administration of either free PTX or the co-loaded NLC.

Besides shielding, the development of metal-free quantum dots
shows promise as an alternative QD type, as these yield similar
characteristics, such as brightness and photostability, with reduced
toxicity. Hua et al. designed a BCCGH nanosystem, which is synthe-
sized by introducing carbon dots to an environment containing
BSA-Cu2+–Gd3+ complexes [239]. Subsequent external functional-
ization with the photosensitizer HPPH resulted in a nanosystem
with excellent hemocompatibility and -photodynamic therapeutic
performance. The small size of the nanosystem (�7.9 nm) and bio-
compatibility resulted in high tumor accumulation within 3 h post-
injection, as confirmed through NIR, PA, and T1-weighted MR imag-
ing. Subsequent NIR laser irradiation (808 nm, 0.3 W/cm2, 10 min)
resulted in the intratumoral induction of mild hyperthermic tem-
peratures (43.1 �C), which completely eradicated the subcutaneous
tumor after 6 days with no noticeable regrowth up to 14 days. In
addition, nanosystem displayed efficient renal clearance over time,
which avoided Cu or Gd-induced systemic toxicity. Luo et al.
demonstrated that harsh components, such as Gd, are not neces-
sary to grant enhanced multimodal imaging using carbon-based
quantum dots [240]. A hybrid nanosystem based on iron-doped
carbon dots (Fe@CDs) surrounded by amphiphilic lipopeptide
assemblies (DSPE-mPEG2000/RLS) was designed for gene delivery.
The PEG-RLS/Fe@CDs complexes were suitable for tetramodal
imaging, as nanosystem accumulation could be confirmed through
FL, PA, PTT, and T1-weighted MR imaging (Fig. 10B). As the peak
intensity was confirmed at 28 h post-injection, subsequent NIR
laser irradiation (660 nm, 0.5 W/cm2, 5 min) was performed at that
time point. This resulted in tumor growth inhibition and a signifi-
cant increase in survival in comparison to the control groups.
Therefore indicating that this nanotheranostic platform is suitable
for gene delivery, synergistic therapy, and tetramodal imaging
without the implementation of toxic heavy metals for either the
nanosystem base or as an imaging modality.

6.9. Hybrids and other ingenious strategies

It is difficult to define a true hybrid, as some of the aforemen-
tioned designs incorporated other nanosystems as a minor func-
tionalization. However, in our opinion, there are some
noteworthy studies on nanosystems which technically cannot be
placed in one of the defined nanosystem categories.

An excellent example of nanohybrid strength are Janus
nanoparticles (JNPs). These two-faced delivery platforms are able
to integrate conflicting materials into a single delivery platform
[241]. Development of an asymmetric heterostructure is important
to establish distinct functionalizations. For instance, Chen et al.
designed multifunctional JNPs via the masking method; by main-
taining one side of the base and modifying the other with different
functional materials, the nanosystem becomes asymmetrical and
two-faced [242]. The biopolymer poly(acrylic acid) (PAA) was



Fig. 10. In vivo imaging of quantum dots (QDs). A) Sun et al. designed indium-111 labelled, zwitterionic quantum dots [237]. Despite the lack of tumor-targeting
functionalities, the SPECT/CT images and fluorescence images showed strong signal intensities within the tumor region. After 48 h, co-localization of both imaging modalities
confirmed the stability and retention within the tumor. B) Luo et al. employed iron-doped quantum dots as an alternative to harsh materials for tetramodal imaging [240].
Fluorescence (Top), PA (Middle), and MR imaging (Bottom) all confirmed that peak QD accumulation was at 28 h post-injection. Adapted with permission from [237,240].
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selected as the base material, which makes the nanosystem sensi-
tive to the acidic micro-environment. The addition of various ele-
ments (N, Na, Y, Yb, and Au) within the PAA base allowed CT and
MR imaging. Subsequent addition of multiple chemicals followed
by a solvothermal reaction resulted in the formation of the
double-layered nanobowls (NB). The formation of gold nanoflow-
ers (AuF) on the NB surface was established via the addition of
HAuCl4, which provides a tuneable NIR response. The functional-
ization of these OA-UCNPs/PDA-AuF JNPs was completed through
the loading of hydrophilic doxorubicin and hydrophobic hydroxy-
camptothecin within their distinct domains. Therefore, upon either
pH or NIR exposure, only the release of a single drug type is initi-
ated. Sequential therapy will result in synergistic tumor treatment
due to simultaneous drug release and photothermal conversion.
CT- and T2-weighted MR imaging confirmed tumor accumulation,
with peak signal intensities visible at 24 h post-injection. Subse-
quent NIR laser irradiation (1064 nm, 1.0 W/cm2, 10 min) led to
an intratumoral temperature of 51.5 �C, eventually resulting in
effective tumor growth inhibition and prolonged survival.

In another study, Zhang et al. established a cage-sphere Janus
nanoparticle via a different approach [243]. This design begins
with an Ag nanocube (AgNC) base, which is subsequently partially
enveloped by PAA. Selective growth of Fe(OH)3 on the PAA surface
provides the pH stimuli-responsive capability, MR imaging-, and
hydrophilic drug loading properties. Initiation of a galvanic
replacement reaction via the addition of HAuCl4 causes the trans-
formation from AgNC to AuNC. This does not only provide the
NIR stimuli-responsive properties, but also grants hydrophobic
drug storage, exploitation as a CT CA, and PTT capability. These
AuNC/Fe(OH)3-PAA JNPs nanosystems were loaded with hydrophi-
lic doxorubicin and hydrophobic docetaxel, which were indepen-
dently released based on either pH or NIR exposure. Animal
imaging at 24 h post-injection demonstrated a time-dependent
positive contrast enhancement at the tumor site for both CT and
MR. The synergistic efficacy of DOX/Dtxl delivery was evident, as
only delivery of the JNP nanosystem already improved tumor inhi-
bition, while JNP administration with NIR laser exposure even fur-
ther decreased the tumor volume and -weight.
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Instead of biodegradability based on the acidic tumor micro-
environment, other factors which are known for their overexpres-
sion within TME could also be employed. For instance, Cai et al.
developed a nanoparticle dependent on fragmentation of the poly-
mer backbone through cathepsin B [30]. Cathepsin B overexpres-
sion is predictive for poor prognosis in a number of tumor types,
and a positive correlation has been established between cathepsin
B expression and metastatic potential [244]. Functionalization of
poly[N-(2-hydroxypropyl) methacrylamide (pHPMA) with Cy5.5,
PTX, and Gd results in a branched polymer backbone. Integration
of the Gly-Phe-Leu-Gly (GFLG) tetrapeptide induces stimuli-
sensitive crosslinking between branched pHPMAs, resulting in
the formation of BP-PTX-Gd NPs through self-assembly. Upon
entering the tumor cellular micro-environment, cathepsin B
induces fragmentation of the nanosystem through cleavage of both
the GFLG and the pHPMA backbone. Temporal-spatial distribution
of the nanosystem was assessed through MRI imaging, which
demonstrated peak intensity at 24 h after administration. Confocal
microscopy showed a gradual increase in fluorescence intensity in
the non-vascular tumor region after 6 h, indicating that BP-PTX-Gd
NPs were able to extravasate from the tumor blood vessels. Subse-
quent therapeutic efficacy was evaluated through longitudinal
image-guided drug response. Only the T1-weighted images of the
treated group showed both a decrease in tumor volume and an
increase in tumor T1 values, indicative of effective tumor therapy.

Other possible applications of hybrids are encapsulation of
drug-loaded nanosystems within other nanomaterials. For
instance, Zhou et al. designed a nanosystem with gelatin-based
DOX-loaded SWNT [245]. This entity was subsequently co-
polymerized with pNIPAM in order to create a thermo-sensitive
hydrogel. Intratumoral administration of the DOX/SWNT-GEL and
subsequent NIR laser irradiation (976 nm, 0.2 W/cm2, 10 min)
showed significant reduction in tumor size over a 27 day study
period. This was confirmed through 18F-FDG tracked PET/CT imag-
ing, which allows for assessment of tumor biological metabolism
activity through radiotracer uptake. Animals treated with DOX/
SWNT-GEL showed the least tumor growth and the lowest meta-
bolic activity, confirming inhibitory efficiency.
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7. Clinical application

Despite the preclinical nature of this review, it is important to
mention the potential of image-guided drug delivery of nanomedi-
cine for clinical application. When looking at IGDD and publica-
tions on this topic, as also argued in the next section, a
considerable number of publications do not deal with true IGDD
when we adhere to our definition. A majority of the data deals with
the possibility to monitor what is happening, for instance nanopar-
ticle accumulation, delivery, and tumor response. Acting based on
imaging and thus inflicting or improving drug delivery is less
shown.

The clinical trials currently listed at the clinical trials website
(https://www.clinicaltrials.gov) with ‘‘imaged guided drug deliv-
ery” as search term and limited to ‘‘cancer” show mostly studies
related to surgery (removal of tumors and biopsies), ablation,
and radiotherapy (last search conducted October 18, 2022). Only
two out of the 291 trials in total retrieved remained when also
the keywords ‘‘nanoparticle” or ‘‘nanosystem” where added. While
these studies within the 291 retrieved are not focused on image
guided drug delivery, some of these do shed some light on what
is possible. Especially the use of MR and the powerful possibilities
for visualization of the tumor and tracking of the compound of
interest is underscored. The clinical trial on topotecan delivery in
high-grade glioma shows how MR can be used to see the tumor
while gadolinium is added to the chemotherapeutic to follow the
drug (NCT02278510). Likewise, MR is used to locate a tumor, and
to monitor efficiency of ablation through MR-guided HIFU by ther-
mal mapping (NCT02616016 and NCT01309048). Alternatively,
NIR guided fluorescence imaging has been employed for sentinel
lymph node mapping in breast cancer. ICG is injected and followed
to identify the lymph node (NCT01468649). A currently recruiting
trial on image-guided targeted doxorubicin delivery using hyper-
thermia and TSLs in combination with MR-HIFU is precisely using
the possibilities provided by the examples above (NCT03749850).
MR-based identification of the tumor in combination with MR-
based temperature mapping helps to heat the region of interest,
i.e. the tumor, precisely. More so, this setup allows, if imple-
mented, real time steering of the temperature location and level
and as such steer efficient drug release from TSLs.

The last mentioned trial is one of the clearest example where
IGDD is possible and may provide a powerful tool to optimize local
delivery of an active compound and as such improve clinical out-
come. Chaudhry et al. show in a recent overview the status of pre-
clinical and clinical studies on thermosensitive liposomes and
heating modalities [246]. Clearly, MR-HIFU or radiofrequency-
based heating is preferred, which both allow MR thermometry.
As MR imaging has multiple advantages, as mentioned above, this
imaging modality may not only be used in combination with TSLs
but likely also with other nanosystems.

We conclude that clinical application of true image-guided drug
delivery is currently limited. While in animals a plethora of possi-
bilities are available, translation to patients is met with serious
hurdles. The size of humans and the limited penetration of impor-
tant imaging methods do not go well together. Fluorescence and
photoacoustic imaging may have use for superficial tumors or
when IGDD is combined with surgery to expose the area of inter-
est. This is a pity as optical imaging provides high resolution not
seen with MR and nuclear imaging techniques. Although MR and
nuclear imaging make the use of costly and bulky machines neces-
sary, the advantages are obvious. The good penetration of tissues
and acceptable resolution (mm) as well as the possibility of combi-
nation with other modalities provide basis for further exploration.

An important aspect of nanomedicine and IGDD is the cumu-
lated complexity of the application. When studies in animals show
promising results, translation is not seldom met by the almost
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impossible setup needed. Heating a mouse, while receiving NIR
irradiation and at the same time being monitored is feasible in that
animal. However, in patients, treatment combinations need to be
developed that are compatible with the patient and with the avail-
able systems. We argue that the nanosystem devised needs to be
compatible, not-toxic, degradable or at least readily excreted and
cost-efficient. The imaging modalities can be a range of techniques
discussed here and may all apply depending on the setting, such as
tumor location, combination with surgery or radio-intervention,
and the used nanomedicine.
8. Conclusions and future perspectives

Precision medicine may well be the Holy Grail in cancer ther-
apy. While new and promising compounds, with specific function
or acting on specific tumor features, become available in an
increasing rate, personalization of treatment becomes more and
more important. However, precision medicine also equals preci-
sion diagnosis and precision delivery of therapeutics. The recent
rise in application of, for instance, checkpoint inhibitors and other
compounds acting on tumor cell- and tumor micro-environment
specific characteristics, shows clearly benefit [247]. But, it also
becomes more and more clear that in quite a few cases patients
are over-treated with actually little to no beneficial effect. This is
certainly undesirable considering the notion that, like the wide
spectrum chemotherapeutics, also these specific compounds are
able to induce serious side effects [248]. More so, these observa-
tions indicate that irrespective of the compound administered for
the treatment of cancer, two sides of the equation need to be con-
sidered: effective tumor cell killing, and exclusion of healthy tis-
sues. It is important to realize that both are, first of all, affected
by the precision and extent of delivery. Importantly, this is actually
gravely ignored.

Nanomedicine and nano(bio)technology have vastly developed
and gained an important position in cancer therapy. However,
the most progress has been made in the experimental and preclin-
ical setting. To understand the success and failure of nanosystem-
based cancer therapy, the development of a lipid-based nanoparti-
cle for the delivery of doxorubicin, a broad band chemotherapeutic
with distinct and severe toxicity, serves as a useful example.
Doxil�, the formulation of doxorubicin in a PEGylated liposome,
was devised to improve pharmacokinetics, augment drug delivery,
and diminish toxicity, especially to the heart [91]. Encapsulation of
doxorubicin in a liposome prevents drug interaction with car-
diomyocytes, thus preventing late toxicity and the necessity of a
heart transplant. Also, and certainly due to PEGylation of these
liposomes, pharmacokinetics is dramatically changed. The blood
residence time has become a matter of days instead of minutes
for free doxorubicin, and a volume of distribution of around 5 L
with Doxil� compared to around 500 L for free doxorubicin after
administration of the same dose [11]. Indeed, these alterations
resulted in the registration of Doxil�. However, close examination
of the registration and clinical data revealed that Doxil� is mainly
beneficial due to the altered toxicity profile, and not per se as a
result of an improved clinical response. This although administra-
tion of Doxil� does improve accumulation of doxorubicin in
tumors.

Doxil�, like the majority of the nanosystems developed for
treatment of solid tumors, is made with the so-called EPR effect
in mind. EPR is the Enhanced Permeability and Retention of parti-
cles in a tumor due to altered pathophysiology, such as leaky vas-
culature and poor lymphatic drainage [1]. These characteristics are
absent in healthy tissues. The premises are simple: when a particle
circulates long enough and the EPR effect is in place, particles
(when small enough, i.e. approximately 100 nm) will accumulate

https://www.clinicaltrials.gov
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to a higher extent in the tumor. Indeed a correlation exists
between circulation time and tumor accumulation. As this effect
is passive, or also denoted as the natural fate of long circulating
nanoparticles, treatment is relatively simple and does not demand
costly and troublesome interventions. Despite all these favored
characteristics, the question is why is treatment with Doxil� not
more effective than administered free doxorubicin, and what can
be done?

Formulation of nanosystems for the delivery of compounds
brings forward a list of demands, which are grossly in conflict. To
ensure a long circulation time, protect the compound against
degradation, prevent compound interaction with healthy tissues,
and to obtain accumulation at the target site – this can be achieved
at different levels as discussed below –a nanosystem needs to be
stable. Stable on the shelf and stable in circulation. We and others
observed that Doxil� is indeed very stable, and that after infusion
of Doxil� the carrier (i.e. liposome) and doxorubicin stay together
for days within the circulation [183,249]. However, clearly at one
moment content and carrier need to dissociate to enable the
encapsulated drug to interact. This is coined bioavailability. We
showed previously that upon accumulation of Doxil�, drug and
carrier remained associated in both tumor and tumor cells
[38,250]. These results indicate that a trigger should be employed,
which would initiate a release of content at the right moment. Sev-
eral studies are present that employ triggers, either intrinsic to the
tumor micro-environment (i.e. endogenous triggers) or applied
externally [247,251]. Upon accumulation a reduction in pH or pres-
ence of enzymes, which are specifically upregulated in tumors, can
be used to alter the nature of a nanoparticle to such extent that
payload release is induced. The benefit of this approach is that it
does not require a complex, uncomfortable (for the patient), and
costly setting. Also, as the tumor determines the content release,
a certain degree of specificity is achieved. However, endogenous
triggers are seldom tumor specific, have slow kinetics, meaning
that payload release could take hours to days, and may be hetero-
geneously present within a tumor. Taken together, nanomedicine
would benefit from the possibility to monitor, control, and manip-
ulate nanoparticle accumulation and content release at a reason-
able spatial and temporal level.

To continue on the first registered liposomal chemotherapeutic
and what can be done to improve therapeutic activity. As described
above, Doxil� does not have to be written off completely, but could
be used as a starting point for further improvement to tackle the
bioavailability issues. Next to that, accumulation in tumors is not
as good as what may be expected from EPR determination. Gaps
up to 1200 lm were detected between endothelial cells in the
tumor vascular lining, enabling unhindered extravasation of
nanoparticles [252]. However, this is not happening as smoothly,
and extravasation of 90 nm particles is dramatically impaired
reaching on average a meager 0.7 % of the injected dose [253].
Tumor pathophysiology and tumor characteristics, such as an ele-
vated interstitial fluid pressure (IFP) and desmoplasia, are respon-
sible for this limitation. We and others showed that extravasation
of nanoparticles is augmented by locally heating tumors to mild
hyperthermic temperatures (40–43 �C) [254–256]. In addition,
local hyperthermia is used to manipulate drug bioavailability by
inducing triggered release from so-called thermosensitive lipo-
somes. In both settings, application of a local trigger determines
targeting of delivery. Clearly, the use of an external energy source
determines how precise and to what extent drug is delivered after
systemic bulk administration. It is easy to envision that local deliv-
ery through the above described methods, as would be for other
locally tunable systems, enables precision medicine. But, and that
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is instrumental and can be learned from our review, this can only
be achieved if a higher level of control is achieved. This control, we
argue, comes from online and precise monitoring, which is coupled
to decision making on application of the external trigger or manip-
ulation (both of the tumor pathophysiology as well as the nanopar-
ticle). You would like to be able to image the nanoparticle, monitor
the presence in tumor, tumor interstitial space, or tumor cells, and
monitor kinetics of the active component. In other words, precision
medicine would profit from image-guided delivery.

For image-guided drug delivery, several settings are required.
We describe here the plethora of imaging possibilities, at resolu-
tion up to mm and at all sites of the body, which can be used to
monitor nanosystems. Also, there are numerous labelling tech-
niques to visualize nanosystems, induce tumor-specific targeting,
or to monitor the response to internal- or external triggers. Addi-
tionally, a number of energy sources are used to improve intratu-
moral accumulation of drugs and nanocarriers or to induce
release of active compound. Together, these allow for image-
guided drug delivery. An example are thermosensitive liposomes
combined with high-intensity focused ultrasound (HIFU)-
triggered release guided by MR imaging [199,200]. However, clin-
ical trials on this combination set-up failed to reach the endpoint
and showed no benefit. Closer examination of these trials indicated
that actually the absence of IGDD contributed largely to this
failure.

Do we see light at the end of the tunnel? Indeed we do. Here we
review a number of studies showing the use or potential of IGDD. It
is of course important to consider several aspects. One: a majority
of publication mentioning IGDD do not actually show this, but
rather use imaging to follow the process. In other words, imaging
is not used to directly affect nanoparticle behavior or drug activity.
We started our review by providing a definition of IGDD. And, we
think that when applied properly and truly, IGDD has profound
benefits. Two: IGDD needs to be separated from IGDR, image-
guided drug release. Although we want to prevent that we as
researchers get lost in semantics, clear definitions of IGDD and
IGDR may not only help to understand how treatment options
work, but may also guide further development. Where IGDD is
the use of imaging to improve delivery at the tumor, IGDR is the
use of imaging to determine separation of the drug from a carrier
when in the tumor cell. In the latter, drug delivery already
occurred, but remains trapped within the tumor cell. Also, this
option still relies on EPR with the above mention limitations.
Three: Simple is beautiful. Clearly, combination of a trigger-
responsive nanosystem, together with online monitoring, adjust-
ment of treatment based upon that, and the application of a facil-
itator with high accuracy and homogeneity, is a complex and costly
approach. Exotic and complex hybrid nanosystems with multiple
functions and responsiveness to several external triggers have
been described. The efficacy of these systems sometimes do result
from the fact that several processes act together, possibly in syn-
ergy. However, with the lack of solid proof that these set-ups
may actually work in patients, and the failure of preceding trials,
the reluctance to invest is understandable.

Image-guided drug delivery and image-guided drug release of
nanosystems are, in our opinion, the way forward to render the
field of nanomedicine effective in the oncologic setting. We pro-
pose a relatively simple approach, which allows for imaging, mon-
itoring, and manipulation in a feasible setting. Taken together, the
necessary tools are available, patients groups with amendable
oncology, such as locally advanced cancers, recurrent cancers and
cancers in need of local control or tumor volume reduction, are
present, and therefore the need is there. Image-guided
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nanomedicine-based cancer therapy definitely has future, and
when conducted in optimally controlled and executed trials will
certainly proof our conviction.
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