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Nanomedicine Tumor Targeting

Twan Lammers

Nanomedicines are extensively explored for cancer therapy. By delivering drug
molecules more efficiently to pathological sites and by attenuating their
accumulation in healthy organs and tissues, nanomedicine formulations aim
to improve the balance between drug efficacy and toxicity. More than 20
cancer nanomedicines are approved for clinical use, and hundreds of
formulations are in (pre)clinical development. Over the years, several key
pitfalls have been identified as bottlenecks in nanomedicine tumor targeting
and translation. These go beyond materials- and production-related issues,
and particularly also encompass biological barriers and pathophysiological
heterogeneity. In this manuscript, the author describes the most important
principles, progress, and products in nanomedicine tumor targeting,
delineates key current problems and challenges, and discusses the most
promising future prospects to create clinical impact.

1. Introduction

Cancer therapy relies on (combinations of) surgery, radiother-
apy, chemotherapy, molecularly targeted therapy, hormone ther-
apy, and immunotherapy. The choice of treatment depends on
tumor type, location, and stage, as well as on the general well-
being of the patient. Complete tumor removal is the ultimate
goal of therapeutic intervention and can – in case of early-stage
disease – typically be achieved using surgery. In advanced stages,
however, cancers invade healthy tissue and metastasize to distant
sites, thereby compromising the success of surgery and calling
for combination regimens involving systemic drug therapy.

Anticancer drug therapy is often only moderately effective.
This is because the majority of drugs do not accumulate well in
tumors and metastases. Moreover, anticancer drug treatment typ-
ically comes with severe side effects, as the agents have a large vol-
ume of distribution and therefore localize in healthy organs and
tissues. It is important to note that this situation does not only
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apply to classical chemotherapeutics, but
also to molecularly targeted drugs, like ki-
nase inhibitors, which also present with
suboptimal biodistribution and tumor tar-
geting profiles, and which therefore also
often show suboptimal therapeutic efficacy
and significant off-target toxicity.

To improve the therapeutic index of an-
ticancer drugs, many different drug deliv-
ery systems have been designed and evalu-
ated over the years.[1–3] These include lipo-
somes, polymers, proteins, and micelles, as
well as nature-derived and inorganic nano-
materials (Figure 1). Besides such synthetic
nanomedicine formulations, which often-
times originate from chemical engineering,
materials science, and pharmaceutical tech-
nology laboratories, also biotechnologically
produced delivery systems are evaluated

for tumor targeting, represented most prominently by antibody-
drug conjugates. The former are mostly used for standard
chemotherapeutic drugs, like doxorubicin and paclitaxel, while
the latter are traditionally employed for highly potent toxins, such
as auristatin and emtansine.[4,5] The former have furthermore
been attracting a lot of attention for nucleic acid delivery, as exem-
plified by the successful clinical development of lipid nanoparti-
cles for siRNA targeting hepatocytes and mRNA-based vaccina-
tion strategies.[6,7]

The field of cancer nanomedicine has made significant
progress in the last couple of decades. Building upon fundamen-
tal liposome and polymer work performed in the 1960s to 1990s,
upon the FDA approval of Doxil as the first anticancer nano-
drug in 1995, and upon dozens of subsequent success stories
and failures, several important steps forward have been made,
and a number of important lessons have been learned.[8–12] In
the present manuscript, I first re-visits the basic concepts of
nanomedicine tumor targeting, subsequently summarizes the
current clinical landscape, then address key problems and chal-
lenges in cancer nanomedicine development and translation, and
finally discuss the – in my opinion – most promising future di-
rections for the use of nanomedicines for cancer therapy.

2. Principles

2.1. Passive Tumor Targeting

Nanomedicine tumor targeting is traditionally ascribed to the
enhanced permeability and retention (EPR) effect. EPR was
first described by Yasuhiro Matsumura and Hiroshi Maeda in
1986, who employed six different radiolabeled macromolecules
to show that a prolonged circulation half-life time in the blood
contributes to increased accumulation in intra/subcutaneous
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Figure 1. Nanomaterials explored for tumor targeting and anticancer therapy. Over the years, many different 1–100(0) nm-sized materials have been
designed and evaluated for drug delivery to tumors. These predominantly include nanocarriers based on lipids and polymers, but also protein-based,
nature-derived, and inorganic nanoparticles have been evaluated. Image adapted with permission.[13]

sarcoma tumors in mice.[14] In line with work published in the
same year by Rakesh Jain and colleagues on tumor microvascular
permeability,[15] Matsumura and Maeda also employed Evans
blue dye (EBD; which binds to long-circulating endogenous
albumin) and postulated that three main features are respon-
sible for efficient macromolecular tumor targeting: 1) Tumor
hypervascularization, 2) enhanced vascular leakiness in tumors,
and 3) lack of effective vascular and lymphatic drainage from
tumors.[14,16] As this type of EPR-based tumor delivery only
relies on pathophysiological features, and not on the use of
active recognition motifs, it is commonly referred to as passive
tumor targeting (Figure 2a).

2.1.1. Expanding Passive Targeting Principles

Recently, several (patho)physiological features have been added
to the historic features of EPR-based tumor targeting. Beyond
“passive” vascular leakiness, also “active” energy-dependent tran-
scytosis across endothelial cells has been reported to contribute
to nanoparticle entry into solid tumors.[17] In addition, it has been
demonstrated that circulating phagocytes can carry nanoformu-
lations to and into tumors. This mainly involves neutrophils and
macrophages and occurs predominantly for nanocarriers which
are modified with ligands that are recognized by phagocytes, such
as the RGD peptide motif.[18,19] Moreover, it has been shown that
nanoparticles actually do exit tumors via lymphatics, and it has
become appreciated that it is the presence of and nanomedicine
uptake by tumor-associated macrophages (TAM; acting as reser-
voirs) that result in retention.[20–22]

2.1.2. Identifying Passive Targeting Issues

The EPR effect and passive tumor targeting have been challenged
and criticized increasingly extensively over the years.[23,24] First
and foremost, it is to be considered that passive tumor target-
ing differs from tumor type to tumor type, and from lesion to
lesion, even within a single patient. This is because – in line with
cancer’s notorious heterogeneity – not only the vascular perme-
ability (and/or transcytosis) in tumors vary significantly between
different lesions, but also features such as vascular density, vas-
cular perfusion, tumor cellularity, and tumor stroma composi-
tion are highly variable inter- and intra-individually. Taking this

into account, from a less conceptual and more realistic perspec-
tive (Figure 2A), one can deduce that tools are needed to ad-
dress this heterogeneity (see Section 4), and also that additional
approaches addressing problematic pathophysiological features
may be needed to ensure efficient tumor targeting and antitumor
therapy.

2.1.3. Addressing Passive Targeting Issues

In difficult-to-target tumors, such as pancreatic cancer, compli-
cating pathophysiological features can include inefficient tumor
perfusion (due to stroma-induced vessel compression), subopti-
mal vascular permeability and transcytosis, as well as poor tu-
mor penetration. When injecting fluorophore-labeled 100 nm-
sized PEG-liposomes in mice with highly stromal pancreatic tu-
mors, a reasonable degree of EPR-based tumor accumulation
is observed at 72 h after i.v. injection, averaging at 1–2% of
the injected dose, which is not per se a bad number for pas-
sive tumor targeting in mice.[25–27] However, as exemplified in
Figure 2b, hardly any of the extravasated liposomes manage to
properly penetrate beyond the perivascular space, and they are
thus hardly able to interact with cancer cells, which are typically
located 2–3 cell layers (plus multiple collagen fiber layers) be-
yond the vasculature. When using externally applied ultrasound
plus i.v. administered microbubbles – together typically referred
to as sonoporation or sonopermeation[28,29] – to enhance tumor
blood vessel perfusion, permeability, and penetration, it can be
seen that via physically massaging the blood vessels and tumor
stroma from the vascular side, the extravasation and penetration
of liposomes can be substantially improved (Figure 2c). When
quantified via 3D fluorescence microscopy analysis, the frac-
tion of liposomes distributing beyond the vascular compartment
and penetrating deep into the tumor interstitium was found to
be increased from less than 10% for untreated control condi-
tions to more than 50% for sonopermeation priming treatment
(Figure 2d).[25]

2.1.4. Strategies to Enhance Passive Targeting

There are several additional physical and pharmacological tools
to improve passive tumor targeting.[30–32] Besides ultrasound and
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Figure 2. Basic principles of nanomedicine tumor targeting. a) Passive tumor targeting is traditionally ascribed to the EPR effect. More recently, also
endothelial transcytosis has been shown to play a role. It is important to take into account that in realistic scenarios, not all tumor blood vessels are
perfused, not all blood vessels are leaky, that penetration is typically poor, and that the intratumoral distribution of nanoparticles thus tends to be
suboptimal. b) Two-photon microscopy image demonstrating how poor liposome penetration beyond the endothelium into the tumor interstitium can
be, even in mouse tumors. c,d) Two-photon microscopy images and quantification showing liposome trapping (in green) in the perivascular space in
pancreatic cancer xenografts in mice under untreated control conditions versus locally priming tumors with combined ultrasound and microbubbles (i.e.,
sonopermeation), which substantially enhances liposome extravasation and penetration. e) Basic principles of active nanomedicine tumor targeting.
While it is often assumed that active targeting enhances the overall levels of nanomedicine localization in tumors, it in realistic scenarios typically
only enhances uptake by target (tumor) cells. Moreover, it is important to understand that active targeting suffers from all the same pathophysiological
constraints as passive tumor targeting, such as poor perfusion, poor extravasation, poor penetration, and poor distribution, since active ligand interaction
with cancer cells only takes place at the end of the in vivo drug delivery process. f,g) Systematic studies on passive versus active tumor targeting with
small (10 kDa; low EPR) versus large (40 kDa; high EPR) show that active targeting only enhances macroscopic whole-tumor accumulation in case of
poor passive targeting (i.e., for the 10 kDa polymer). Conversely, at the microscopic level, for both 10 and 40 kDa polymers, active targeting enhances
specific target/cancer cell uptake (versus very dominant passive uptake in tumor-associated macrophages). Images reproduced with permission.[9,25,52]

microbubbles, amongst others, radiotherapy, hyperthermia, and
photodynamic therapy can help to boost tumor accumulation.
Pharmacologically, increasing blood pressure in primary and
metastatic liver tumors to promote perfusion and extravasation
has been evaluated in animal models and in patients via intra-
arterial angiotensin administration.[33] In addition, strategies that
pharmacologically promote vascular permeability have been ex-
plored, including tumor necrosis factor (TNF), and agents that
generate nitric oxide (NO) and carbon monoxide (CO).[34–36] Last
but not least, pharmacologically inhibiting the activity of cancer-
associated fibroblasts, using agents such as losartan or trani-
last, has been shown to potently prime the tumor vasculature
and microenvironment for more efficient passive nanomedicine
accumulation.[37–39] A key advantage of physical tumor priming
is local control over treatment parameters, for example, accurate
localization, timing, and temperature/ultrasound exposure. The
most important downside is that physical priming can only be
applied to locally confined disease, and thus are not very use-
ful in case of metastatic cancer. Conversely, a key advantage of

pharmacological priming to enhance passive tumor targeting is
that it is more broadly applicable in case of systemic disease.
The main disadvantage is suboptimal control over spatial and
temporal treatment parameters, due to the inability to control
drug concentrations (and concentration windows) in tumors and
metastases. In general, it can be concluded that physical and
pharmacological priming hold significant promise to improve
passive tumor targeting and cancer nanomedicine treatment
efficacy.

2.2. Active Tumor Targeting

Active tumor targeting is based on the use of recognition motifs
that bind to receptors (or other structural features) present on
cancer cells, tumor endothelial cells, and/or other cells present
within the tumor microenvironment. Also extracellular matrix
(ECM) components, like collagen or fibronectin, can serve as
structures for active targeting.
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2.2.1. Antibodies

Traditionally, antibodies and peptides are employed as carrier ma-
terials for active tumor targeting. This has resulted in a num-
ber of clinical products. In 2000, gemtuzumab ozogamicin (My-
lotarg) became the first antibody-drug conjugate (ADC) to be ap-
proved for clinical use. Mylotarg targets the CD33 antigen on
myeloid cells in patients with acute myeloid leukemia (AML), and
like all ADC, it has a relatively low drug loading capacity (i.e., a
drug-to-antibody-ratio (DAR), typically around 2–4). Being a pio-
neer product, Mylotarg was voluntarily withdrawn from the mar-
ket for several years, as a result of issues related to both efficacy
and toxicity, but it was later re-introduced, at a lower dose, for a
different patient population, and as part of a different chemother-
apy combination regimen. In the 2010s, a good number of ADCs
followed in the footsteps of Mylotarg, and currently, ≈20 different
formulations are approved for clinical use[4,5] (which is similar to
the number of approved cancer nanomedicines; see Section 3).
Initially, ADC almost exclusively targeted hematological cancers,
such as leukemias and lymphomas. Over time, paralleled by ex-
ponential progress in the development of monoclonal antibody
therapeutics, also solid malignancies have gradually become ad-
dressed. The most prominent examples in this regard are Kadcyla
and Enhertu, which are both based on trastuzumab (Herceptin;
which binds to the human epidermal growth factor receptor 2;
HER2), and which are conjugated to the highly potent cytotoxic
agents emtansine and deruxtecan, respectively. Especially the lat-
ter is attracting a lot of attention, as it is able to achieve impres-
sive efficacy results also in tumors with low HER2 expression
levels.[40,41]

2.2.2. Peptides

Besides antibodies, multiple other biotechnological carriers have
been explored for active targeting. These include peptides, single-
chain antibodies, affibodies, nanobodies, diabodies, and ap-
tamers. Peptides have clinically had the biggest impact in oncol-
ogy, albeit almost exclusively for radionuclide delivery, and not
for classical drug delivery. The best-known compound in this
class of peptide receptor radionuclide therapeutics (PRRT) is Lu-
taThera, which is based on the 8-amino-acid targeting ligand
oxodotreotide coupled to the chelator DOTA, which can com-
plex both gallium-68 (for radionuclide imaging) and lutetium-
177 (for radionuclide therapy).[42] In a typical clinical scenario,
patients with neuroendocrine tumors are first administered the
peptide-based imaging agent, employing positron emission to-
mography (PET) to visualize and quantify the extent of tumor
(and metastasis) targeting. This guides decision-making with re-
gard to whether or not the peptide-based therapeutic agent Lu-
tathera is given. This is a classic example of theranostics, and
it exemplifies how imaging biomarkers can be used for patient
stratification, thereby contributing to more individualized inter-
ventions and improved treatment outcomes.[43,44]

2.2.3. Active Targeting in Nature

Active targeting has, for obvious reasons, become very popular
in nanomedicine and tumor targeting. One needs to consider,

however, that active targeting of antibodies and peptides is funda-
mentally different from active targeting of nanocarrier materials,
particularly if the latter are typically way beyond 35 nm in diame-
ter. A suitable starting point for appreciating and understanding
these differences can be obtained by looking at and learning from
nature. In our bodies, evolution has generated IgG antibodies –
which are ≈15 nm in size – for antigen targeting in the blood-
stream, in the lymphatic system, and in extracellular fluid in tis-
sues. Conversely, IgM antibodies – which are ≈35 nm in size – are
almost exclusively localized and active in the bloodstream and in
the lymphatic system, which aligns with their naturally evolved
function as the first antibodies produced by the body in response
to new infections. Consequently, it appears as if nature, via many
years of evolution, has designed antibody vectors in the range
of 10–15 nm for whole-body multi-compartment targeting, while
vectors with larger sizes (upwards of 35 nm) appear to be pri-
marily generated for targeting antigens and cells in the systemic
circulation.

2.2.4. ADC versus Nanomedicines

Theoretically, based on the European Science Foundation
definition,[45] ADC can be categorized as nanomedicines. This
is because their size dimensions are in the right 1–100(0) nm
range and because they contain both a carrier moiety and an ac-
tive pharmaceutical ingredient. Historically, however, the ADC
field and the nanomedicine field have been conceived, perceived,
progressed, and translated very differently. More details on this
are provided in Section 4. Of relevance in the current context
is that the size of ADC (≈15 nm) is typically smaller than that
of classical nanomedicines, that is, liposomes, protein conden-
sates, and micelles, which tend to be ≈50 to 150 nm in diam-
eter. In addition, ADCs are always “single molecules”, that is,
formulations in which the carrier and the drug are chemically
covalently conjugated. Certain types of nanomedicines are also
single molecules, for example, pegylated proteins, like pegaspar-
gase (Oncaspar), which is used for the treatment of acute lym-
phoblastic leukemia,[46] or some of the traditional PHPMA- or
PGA-based polymer-drug conjugates that have been evaluated in
phase I-III clinical trials in the 1990s-2000s.[47–50] The sizes of
these formulations typically are in the same range as those of
ADC, that is, 5–15 nm.

2.2.5. Active Nanomedicine Targeting

Drawing parallels from nature to nanomedicine, it seems ob-
vious that for active targeting to extravascular structures, such
as (receptors expressed on) cancer cells, particularly small-sized
carrier materials are optimal, in the size range between 5 and
35 nm. In this context, one has to take into account that mate-
rials that are smaller than 5–10 nm are typically rapidly cleared
from the bloodstream via renal filtration, and materials that are
larger than 35 nm may not extravasate and penetrate tumors well
enough to efficiently engage with extravascular receptors.[51,52]

Consequently, when actively targeting cancer cells with materials
such as liposomes, which typically have sizes of 80–150 nm, not
much improvement in total tumor levels is to be expected, as the
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initial phases of the delivery process, that is, prolonged circula-
tion, extravasation, and penetration are completely independent
of the presence of the targeting ligand (Figure 2e). Only after such
relatively large nanocarriers have completed these initial steps,
active ligand-receptor interactions can start setting in, resulting
at best in 1) an increase in target cell uptake, versus otherwise
predominant uptake by tumor-associated macrophages (TAM) in
case of solely passive targeting and 2) an increase in tumor reten-
tion, by binding to and/or internalization by target cells, versus
otherwise mainly retention mediated by uptake in TAM.

2.2.6. Active Nanomedicine Tumor Targeting – Conceptual Studies

The above notions are in line with the observations obtained
in key pioneering studies on active nanomedicine targeting
in the literature, showing, for example, that 1) transferrin-
modified gold nanoparticles and non-modified gold nanoparti-
cles present with similar levels of overall tumor accumulation,
but demonstrate a different level of cancer cell uptake and intratu-
moral distribution,[53] and that 2) HER2 antibody-modified PEG-
liposomes have similar tumor accumulation kinetics and peak
levels as compared to normal passively targeted PEG-liposomes,
with the only added value of active HER2-targeting being slightly
slower clearance of the liposomes from tumors, as evidenced via a
5–10% increase in tumor area-under-the-curve (AUC).[54] Of im-
portance in this regard is that these semi-positive results for ac-
tive targeting only apply to situations where the presence (and/or
the density) of the targeting ligand on the surface of the nanopar-
ticle does not negatively affect its long circulation times. If that
is the case, then the initial passive phases (i.e., circulation, perfu-
sion, extravasation) of the combined passive plus active targeting
process are affected to such an extent that overall tumor accumu-
lation is decreased, rather than increased. One of the first (and
unfortunately few; assumingly because many negative-results
stories on failed active targeting remain unpublished) studies sys-
temically showing this reported that trastuzumab modification
of gold nanoparticles substantially reduced the blood circulation
half-life times of the particles. As a consequence, less than half
of the actively targeted gold nanoparticles ended up in HER2-
positive tumors as compared to non-modified passively targeted
particles.[55] In the decade that followed these initial active target-
ing studies, many papers have been published with more posi-
tive claims. However, in the majority of cases, the underlying ra-
tionale(s) for how active targeting actually improves (nano-)drug
delivery and therapeutic efficacy are not properly touched upon
and conceptually oversimplified, and they typically do not make
much sense, at least not when considering the anatomical, physi-
ological and pharmacokinetic issues discussed above. Several ex-
amples of such considerations are discussed and referenced be-
low. Altogether, these notions to a large extent explain why thus
far, hardly any actively targeted nanomedicines have made it into
advanced stages of clinical trials.

2.2.7. Active Nanomedicine Tumor Targeting – Systematic
Follow-Up Studies

In the past decade, besides many oversimplified active target-
ing papers, also a number of systematic studies have been pub-

lished on the principles and potential of active nanomedicine tu-
mor targeting. Some of these papers focused on specific ligand-
mediated targeting to receptors specifically expressed by can-
cer cells, while other reports focused more broadly on targeting
structural features present in multiple cell types and/or more
widely available within the microenvironment of tumors. We
mainly focused on the latter, to try to exploit the potential added
value of active targeting to the fullest. To this end, in the first
exemplary study, we generated polymeric nanocarrier materi-
als that are within the ideal size range for active targeting (i.e.,
above 5–10 nm and below 35 nm), and we modified them ei-
ther with RGD and NGR peptides (for integrin and aminopep-
tidase targeting on endothelial, tumor cells and in the microen-
vironment) or with vitamin B2 (i.e., riboflavin; for targeting tu-
mor cells, cancer stem cells and endothelial cells).[56–59] For RGD
and NGR peptide-mediated active targeting of 67 kDa (10–20 nm)
pHPMA-based polymeric nanocarriers, we observed rapid and ef-
ficient binding to angiogenic blood vessels in two different tu-
mor models. However, due to presence of peptides, the poly-
meric nanocarriers were excreted more rapidly from the sys-
temic circulation, and their long-term levels of tumor targeting
(i.e., AUC) were lower than those of non-peptide-modified con-
trol polymers.[56] This shows that RGD- and NGR-targeting of
angiogenic endothelium does work, but does not result in long-
term enhancement of tumor accumulation. In a similar study,
we employed 10 kDa (≈7 nm) and 40 kDa (≈13 nm) star-PEG-
polymers, which are within the optimal size range for nature-
inspired active targeting to extravascular structures, to explore
riboflavin targeting.[58] This study design allowed us to demon-
strate that for small and fairly rapidly excreted nanocarriers, that
is, for the 10 kDa star-PEG polymer (t1/2 = 1 h), active target-
ing does make a difference in terms of total tumor retention,
whereas for the larger and longer circulating 40 kDa star-PEG
polymer (t1/2 = 13 h), there was no difference at the whole tu-
mor level between passive and active targeting (Figure 2f). Im-
portantly, however, in line with the above-mentioned conceptual
studies on active versus passive tumor targeting, a clear differ-
ence was found at the level of nanocarrier uptake by cancer cells
versus tumor-associated macrophages, with much higher frac-
tions of the actively targeted polymer taken up by target/cancer
cells (Figure 2g).

2.2.8. Active Nanomedicine Tumor Targeting – Clinical Translation

In the last decade, scientists have become increasingly aware of
both the conceptual shortcomings and the potential added value
of active tumor targeting. The former can be indirectly exempli-
fied by multiple clinical trials on actively targeted nanomedicines
failing at the phase II level. Important examples of this are
BIND-014 (ACUPA-targeted PLA nanoparticles loaded with doc-
etaxel; targeted towards the PSMA receptor but clinically mostly
explored for non-prostate cancer applications[60–62]) and MM-
302 (single-chain anti-HER2 antibody-targeted PEG liposomes
loaded with doxorubicin; targeted to the HER2-overexpressing tu-
mor cells, but clinically only explored in trastuzumab-refractory
breast cancer patients[63,64]). As alluded to below, the clinical trial
performance of the former could have likely been improved if
imaging or biopsy biomarkers had been employed to perform
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patient stratification, in order to only include patients with high
levels of PSMA expression in tumor lesions, thereby enrich-
ing the trial for potential responders. In case of the latter, one
could argue that if the HER2-binding single-chain antibody frag-
ment on the Doxil-like liposomes has pharmacological activ-
ity, it would then make sense to perform a clinical trial in
patients that are (still) responsive to HER2 inhibition, rather
than in patients which are refractory to trastuzumab. In such
a setup, much like some of our own older work on intrinsi-
cally active anti-EGFR nanobody-modified polymeric micelles
loaded with doxorubicin,[65] anti-HER2 antibody-fragment modi-
fied doxorubicin-liposomes could act as a double-drug therapeu-
tic, with a receptor-inhibiting anti- or nanobody moiety on the
surface, and with a small molecule chemotherapy drug entrapped
in the core of the nanoformulation. Via such combination ther-
apy strategies, significant added value in terms of increased ther-
apeutic efficacy can be realized via what was initially conceived
as an active targeting strategy.

2.2.9. Active Nanomedicine Tumor Targeting – Future Directions

Beyond active targeting-based combination therapy, active
nanomedicine targeting is increasingly being realized for cer-
tain specific applications. A nice first example of this is the de-
velopment of materials for the delivery of nucleic acid thera-
peutics into target cells. For hepatocytes and antigen-presenting
cells (APC), this already works quite well without the pres-
ence of a targeting ligand on the surface of the nanoparti-
cles. In the case of delivery to and into hepatocytes, which
express the LDL receptor, one could argue that a targeting
ligand, that is, apolipoprotein E, is physiologically added in
vivo in the bloodstream, as part of the LNP’s protein corona
formation.[6] When in the future aiming to address cancer
cells with nucleic acid-loaded nanoparticles, there seems to
be hardly any way around including targeting ligands serv-
ing as cancer cell recognition and internalization motifs in the
nanoparticle shell. Accordingly, the earliest pioneering efforts
in the area of siRNA delivery to solid tumors in humans were
based on nanoparticles incorporating transferrin as a target-
ing ligand.[66,67] Without such recognition motifs, nucleic acid-
containing nanoparticles would – even if they manage to reach
tumors in good amounts – not end up in cancer cells, but
predominantly in tumor-associated macrophages, where siRNA-
mediated gene knockdown or mRNA-mediated protein expres-
sion does not make much therapeutic sense (unless, of course,
specifically aiming for specific modulation of gene expression
in TAM). A second key example of directions in which active
nanomedicine targeting to malignant cells is increasingly real-
ized is in the area of hematological cancers. These advances con-
ceptually overlap with the early-day developments of antibody-
drug conjugates, which were initially also mainly explored for
leukemias and lymphomas. As a key example, using modular
antibody-functionalized LNP for nucleic acid delivery and bis-
pecific antibody-modified liposomes for small molecule delivery,
promising in vivo proof of concept for efficient active drug tar-
geting and effective drug treatment has recently been achieved in
diseases such as mantle cell lymphoma and high-risk childhood
leukemia.[68,69]

3. Products

A decent number of nanomedicine formulations have received
regulatory approval and are routinely used in the clinic for dis-
ease treatment. Depending on how strict the definition of a
nanomedicine drug product is applied, this number currently
varies from 32 to 100.[70–72]

3.1. Nanomedicine Drugs – Definition

Properly defining what a nanomedic(in)al drug is, and what not,
is more difficult than one may think. Consequently, current def-
initions are neither very strict, nor very clear, and they can there-
fore exclude (or include) formulations that obviously are (or are
not) nanomedicines. Some scientists have postulated a maximal
size dimension of 100 nm, or at least one dimension of the prod-
uct being less than 100 nm. That would exclude products such
as Abraxane, which is about 125 nm in all three dimensions (at
least prior to intravenous administration). According to the 2005
European Science Foundation Forward Look on Nanomedicine, a
nanomedicinal drug should have a carrier component and a phar-
macologically active component (typically referred to as an API,
active pharmacological ingredient).[45] That would exclude intrin-
sically active nanoformulations, such as iron oxides, which are
widely used for anti-anemia interventions, and to a lesser extent
also for anticancer hyperthermia therapy. Moreover, as already al-
luded to above, the ESF definition would include antibody-drug
conjugates, as these are in the right size range, and as they do
contain a carrier moiety and an API.

In a concerted answer to the question “What do we mean
when we say nanomedicine?”, the editors of ACS Nano recently
wrote, “Nanomedicine can be broadly defined as the branch of
medicine that makes use of nanotechnology for disease preven-
tion, monitoring, and intervention, through new modalities for
imaging, diagnosis, treatment, repair, and regeneration of bio-
logical systems. Whether this relates to new (or improved) thera-
pies or diagnostic methods, or the development of more efficient
biomaterials for tissue regeneration, the goal of nanomedicine
research is to reach the clinic and improve the patient’s health or
quality of life”.[73]

In its most simple and straightforward definition,
nanomedicine refers to the “application of nanotechnology
in medicine”. Narrowing this down – given the focus of the
present paper – to anticancer therapy, I propose that all formu-
lations that are >1 nm and < 1 μm in all three size dimensions,
and that for improved diagnostic or therapeutic performance de-
pend on size-specific formulation features, should be considered
cancer nanomedicines.

3.2. Cancer Nanomedicines – First Clinical Development

In 1905, Paul Ehrlich coined the term “Zauberkugel”, which in
German means “magic bullet”. He thereby pioneered the con-
cept of developing drugs that are able to specifically target and
eliminate pathological cells (in his case bacteria), while avoid-
ing drug localization in and/or activity against healthy cells.[74]

Ninety years after Ehrlich introduced the magic bullet concept,
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Figure 3. Cancer nanomedicine products. Overview of nanomedicines approved for clinical use. Note that 1) not all formulations are approved globally,
that is, some are only approved in certain countries; 2) multiple generic versions of liposomal doxorubicin are approved; 3) some formulations have
been taken off the market during the course of time (e.g., DepoCyt; due to production robustness issues).

Doxil, which is a pegylated long-circulating version of liposomal
doxorubicin, was approved in the United States as the first tumor-
targeted anticancer nano-drug.[8] In 1996, the same drug prod-
uct was approved in Europe under the trade name Caelyx. As
depicted in Figure 3, two additional anthracycline-containing li-
posomes were marketed in the years that followed, which were
both non-pegylated. While it is nearly impossible to trace down
the reasons for not pegylating these liposomes, it appears that is-
sues associated with patents and intellectual property rights (IPR)
are to be held responsible. In the years that followed, that is, be-
tween 2000 and 2010, several additional liposome products were
approved for clinical use, as were several pegylated proteins, in
which the PEG polymer served to improve protein stability, cir-
culation time, and/or target site accumulation, as well as to sup-
press immunogenicity.

3.3. Cancer Nanomedicines – Follow-up Developments

In the 2000s, the first nanomedicines based on albumin-
condensates and polymeric micelles gained approval. Both for-
mulations primarily aim to overcome adverse effects associated
with the use of the non-ionic surfactant Cremophor (i.e., ethoxy-
lated castor oil), which is extensively used as an administration

aid to assist in the i.v. application of the potent but also highly hy-
drophobic taxane drug paclitaxel. The polymeric PEG-b-PLA mi-
celle formulation Genexol-PM is only approved in Korea, while
albumin-based Abraxane is used globally, and extensively. Abrax-
ane creates significant added value for patients as compared to
standard Cremophor-based Taxol because it can be administered
in a shorter period of time (30–60 min vs 3–4 h), at a higher
dose (225 vs 175 mg m−2), and without corticosteroid and/or anti-
histamine co-medication.[75]

In the 2010s, several novel types of cancer nanomedicines
reached the market. These include inorganic nanoparticles, such
as Nanotherm and Hensify, which are not loaded with API but are
themselves serving as therapeutics. Both formulations are not de-
signed to systemically target tumors upon i.v. injection, but they
need to be injected into tumors, and they rely on activation via
external physical means (i.e., alternating magnetic fields and ra-
diotherapy, respectively) for their therapeutic efficacy.

3.4. Cancer Nanomedicines – Current Clinical Landscape

When looking at the performance of the cancer nanomedicines
that have been approved between the mid-1990s and today, it
needs to be noted that they have thus far mainly contributed
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to reducing side effects, rather than to improving therapeutic
efficacy. As a key example, Doxil/Caelyx significantly reduces
cardiomyopathy and several other side effects associated with
the use of free doxorubicin, for example, alopecia. Hair loss is
oftentimes not considered a very important side effect, and it
will indeed never be dose-limiting. However, when considering
that doxorubicin (which in free form massively induces alope-
cia) and Doxil/Caelyx are both approved for the treatment of ad-
vanced breast cancer, including for certain genetically induced
subtypes that already hit patients in their end-20s, 30s, or 40s,
one can easily appreciate why there is a significant added value
for patients in terms of improving their quality-of-life when us-
ing nanomedicines, since liposomal formulations barely induce
hair loss. This implies that females do not have to paint facial hair
and/or wear wigs to not publicly disclose they are being treated
for a severe disease. These notions are in line with the above-
mentioned added value achieved by Abraxane, which also mostly
benefits patient treatments by controlling the side effect profile
and practicality of drug administration, and not that much by pro-
moting improved therapy responses.

Along the same line of thinking, multiple recent develop-
ments in the cancer nanomedicine field relate to the ability to
broaden the clinical use of highly efficacious but at the same
time very poorly tolerable chemotherapy agents, such as irinote-
can. This drug works well against several difficult-to-treat can-
cers, such as colon, lung, and pancreatic cancer, but patients
barely tolerate it. Consequently, formulating irinotecan in lipo-
somes helps to promote the use of this very potent drug, with
fewer side effects, and in multi-drug regimens.[76] Another im-
portant recent development is the approval of liposomes for
multi-drug delivery. By co-loading cytarabine and daunorubicin
in a fixed 5:1 ratio, synergistic drug effects can be achieved, re-
sulting in improved therapeutic management of certain forms
of acute myeloid leukemia.[77] Recently, also a second albumin-
based nano-drug has gained approval, which is termed Fyarro.
This formulation contains the mTOR inhibitor sirolimus as an
API, is used in the clinic for the treatment of relatively rare
advanced perivascular epithelioid tumors (PEComas), and may
in the future become much more widely applied in a cancer
type-agnostic and biomarker-controlled manner in tumors with
mTOR-activating TSC1/2 mutations.[78]

3.5. Cancer Nanomedicines – Promising Platform Technologies
in Clinical Trials

In the past two decades, prominent progress has been made with
a next-generation liposome formulation termed ThermoDox.
This lysolipid-containing doxorubicin-liposome is temperature-
responsive in the clinically relevant range of 37–41 °C, enabling
site-specific drug release upon locally heating tumors. In initial
trials in patients with hepatocellular carcinoma (HCC), Thermo-
Dox was combined with radiofrequency ablation (RFA). RFA is
based on the use of needles which are injected into tumors, and
which locally ablate tumors by inducing significant hyperther-
mia, up to 50 °C. The initial rationale for combining RFA with
ThermoDox was that the liposomes could be used to target the tu-
mor margins surrounding the site of RFA application, in which
temperatures are typically not high enough to directly kill can-

cer cells. While initial clinical trials evaluating this concept were
unsuccessful – for a number of reasons – it is expected that fu-
ture optimization will result in clinical implementation.[79,80] In
this context, it is likely that cancer types beyond HCC will also
be evaluated, that the heating procedure will be optimized (e.g.,
replacing RFA by focused ultrasound) and that the liposome for-
mulation will be further fine-tuned. An example of the latter is
the Thermosome, which has a lipid composition optimized for
temperature-triggered intravascular drug delivery.[81,82] More in-
depth reflections on intravascular triggered drug release are pro-
vided below, in the section on future prospects.

A second class of cancer nanomedicines that have prominently
moved into clinical trials in the past decade is polymeric mi-
celles. As for liposomes, several generations of micelles have
been developed, starting off with relatively straightforward non-
stabilized self-assemblies, upon until core-crosslinked formula-
tions, in which metal complexation or conjugation chemistry is
employed to stabilize the hydrophobic core.[83–86] Prototypic ex-
amples of polymeric micelles evaluated in the clinic are based
on block copolymers of PEG and poly(amino acids), and of PEG
and p(HPMA)-Lac. An advantage of core-crosslinked micelles is
the ability to control multiple important parameters, for example,
size, drug release kinetics, and micelle degradation kinetics.[87]

To date, several advanced polymeric micelle formulations have
progressed up until phase II and III clinical trials, but none of
them has managed to gain regulatory approval to date, in spite
of extensive proof-of-concept in mouse models, and documented
prolonged circulation times and tumor targeting in patients. As
discussed in more detail in the next chapter, key reasons for this
are – as for cancer nanomedicines in general – high heterogeneity
in tumor physiology and tumor targeting, and the lack of proto-
cols for patient stratification.

4. Problems and Challenges

There are multiple problems and challenges associated with the
clinical translation of cancer nanomedicines. Not only are sev-
eral elements related to their production, upscaling, and regula-
tion not yet properly established, but also optimal protocols to
ensure their successful use in patients are lacking. Below, sev-
eral key conceptual, translational, and industrial challenges are
discussed, and potential solutions are proposed.

4.1. Conceptional Challenges

Cancer nanomedicine is an interesting and interdisciplinary
field. In the 20+ years the field exists, it has probably always en-
compassed (way) more people from material science and chem-
istry, than people from pharmacy and medicine. This may at first
glance seem remarkable, but it is actually to a certain extent un-
derstandable, because drug delivery and cancer therapy are both
very attractive topics to work on and because nanoparticles are
widely claimed to be useful for this purpose. The problem of this
field-specific development is that there has gradually become a
disconnect between what the real aim of the research is, and
what people are producing. One could argue that there is (way)
too much focus on generating novel nanoparticle designs, while
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there is insufficient attention on how and when nanoformula-
tions are actually accumulating in tumors, and for identifying
and overcoming the reasons why nanomedicine drugs are fail-
ing in clinical trials.[88,89]

4.2. Nanomedicines versus ADC

When comparing nanomedicines to antibody-drug conjugates
(ADC), it is remarkable to note how different the fields are per-
ceived, and how differently they are progressing. This goes be-
yond the size- and chemical-conjugation-dependent differences
discussed above, in Section 2. The former field is producing mil-
lions of papers per year, and mainly shooting for the stars and
for very difficult-to-treat cancers (e.g., pancreatic and brain), the
latter produces way fewer papers, typically in lower-impact jour-
nals, and aims mainly for low-hanging-fruit cancers (e.g., lym-
phomas). As a result of this divergence, the cancer nanomedicine
field has been receiving a lot of visibility, media attention, and
also criticism, while the ADC field has been developing a bit
more in the background. At this point in time, the number of
approved products is almost identical for cancer nanomedicines
and anticancer ADC (both ≈20). When visualized and quantified
via nuclear medicine (PET/SPECT) techniques, also the tumor-
targeting potential is comparable for nanomedicines and ADC.
The percentages of the injected dose per kilogram tumor tissue
(%ID kg−1) and the specific uptake values (SUV) – which are not
identical based on definition, but overall well-comparable – are
typically in the range of 2–10 for both types of formulations.[90–94]

Apart from these two similarities, the nanomedicine and ADC
fields could not be more different. They could have learned a lot
from each other if they would have interacted more. A very im-
portant advantage of anticancer ADC over cancer nanomedicines
is that the former are intrinsically coupled to a biomarker, which
guides patient stratification and helps to ensure successful clini-
cal translation. Regardless of whether CD30, CD19, HER2, Trop-
2, or other overexpressed surface markers serve as the receptor
target for ADC, patients are only included if the receptor is con-
firmed to be present on the malignant cells. In the case of can-
cer nanomedicine, no such biomarkers are available for patient
stratification. Cancer nanomedicines are essentially given to all
patients, without any upfront pathophysiological information on
whether or not the treatment may work.[88,89]

4.3. Translational Challenges – Cancer Nanomedicines Need
Biomarkers

Since nanomedicines’ mechanism of action is primarily based on
their ability to improve the target site localization of entrapped
or conjugated drugs, it would be good if biomarkers were avail-
able to assess (predict) their ability to promote tumor targeting.
Given that cancer is a very heterogeneous disease, it is not sur-
prising that tumor-targeted drug delivery is also very heteroge-
neous. While this has been known for many years, it is hardly
ever taken into account, in spite of likely being the #1 reason
for the thus far fairly disappointing and inefficient clinical trans-
lation of cancer nanomedicines. In this context, it needs to be
taken into account that for almost all new anticancer agents that

have made it to the clinic and to the market in the past cou-
ple of years (i.e., for antibody therapeutics, kinase inhibitors,
checkpoint blockers, and beyond), biomarkers are available for
patient stratification. These are typically based on histopatho-
logical or genetic analysis of tumor tissue, and sometimes also
on liquid biopsies, for example, assessment of genetic muta-
tions in circulating tumor cells. In the cancer nanomedicine
field, as discussed in more detail below, it is considered to be
truly crucial to identify similar ways forward toward patient
stratification.

4.4. Translational Challenges – Tumor Targeting is
Heterogeneous

From the few studies that have been published over the years on
nanomedicine (as well as on free drug[95,96] and ADC[90–92]) tu-
mor targeting in patients, it has become obvious that there is
a high variability in how efficient drugs and drug delivery sys-
tems accumulate at sites of malignancy. Among the most insight-
ful results reported with regard to nanomedicine tumor target-
ing are the papers published by Koukourakis and colleagues,[97]

and Harrington and colleagues.[93] The former group of clini-
cal scientists evaluated 99mTc-labeled pegylated liposomal dox-
orubicin tumor targeting in seven patients with different types
of sarcoma, while the latter studied the accumulation of 111In-
labeled pegylated liposomes in 17 patients with head and neck,
lung, breast, cervical, and brain cancers. Representative images
obtained in both clinical studies are provided in Figure 4a,b. They
disprove provocative statements made in the literature claim-
ing that “the EPR effect works in rodents but not in humans”
and that “tumor targeting cannot be proved in the clinic”.[23]

While one can indeed argue that the EPR effect may mecha-
nistically not be completely correct – besides vascular leakiness,
active transcytosis potentially playing a role in nanocarrier ac-
cumulation, and besides compromised lymphatic drainage, up-
take by tumor-associated macrophages (TAM) contributing to
nanocarrier retention[17–22] – it is very obvious when evaluat-
ing the liposome biodistribution and tumor accumulation pat-
terns in Figure 4a,b, that nanomedicines do clearly accumulate
at sites of malignancy, in patients with different types of can-
cer. Besides in tumors, nanomedicines also prominently accu-
mulate in the liver and spleen, which are characterized by similar
anatomical and physiological features, that is, high vascular den-
sity, leaky blood vessels, and prominent presence of phagocytic
cells. Not surprisingly, quantification of radiolabeled liposome tu-
mor accumulation shows significant variability in the amounts
of nanomedicines concentrating at pathological sites (Figure 4c).
In the 17 patients evaluated by Harrington et al, whole-body
gamma-scintigraphy imaging was able to detect liposomes in 12
out of 17 patients, while based on more sensitive single-photon
emission computed tomography (SPECT), even 15 out of 17 tu-
mors were found to be positive for nanomedicine accumula-
tion. This corresponds to proof of concept for nanomedicine
tumor targeting in 88% of patients. In these 15 patients, how-
ever, the efficiency of tumor targeting varied substantially, from
≤ 5% of the injected dose per kilogram of tumor tissue for
breast cancer to ≥ 50% ID kg−1 for head and neck cancer
(Figure 4c).
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 15214095, 2024, 26, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202312169, W
iley O

nline L
ibrary on [17/07/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

Figure 4. Nanomedicine tumor targeting in patients. a) Technetium-99m-labeled doxorubicin-loaded liposomes were i.v. administered to patients with
different types of sarcomas and tumor accumulation were visualized using gamma scintigraphy. b,c) Indium-111-labeled liposomes were administered to
patients with different types of solid tumors, and gamma scintigraphy (GS) and single-photon emission computed tomography (SPECT) were employed
to visualize and quantify the extent of tumor targeting. To promote inter-lesion cross-comparison, concentrations in tumors were normalized to mass
units and expressed as percentages of the injected dose per kilogram tumor (%ID kg−1). In the biodistribution images, T denotes tumor, L is liver, S is
spleen, CP is cardiac blood pool (representing systemic circulation), BM is bone marrow, and LN is a metastatic lymph node. d,e) Zirconium-89-labeled
core-crosslinked PEG-b-pHPMAmLacn polymeric micelles were i.v. administered to patients with metastatic cancers and their biodistribution and target
site accumulation was visualized and qualified using positron-emission tomography combined with computed tomography (PET-CT). Micelle tumor
targeting was studied at the full therapeutic dose (TD: corresponding to 60 mg m−2 docetaxel), as well as at an 80-fold lower companion diagnostic
dose (DD). Together, the liposome and micelle imaging studies clearly show that nanomedicine tumor targeting does work in patients, but also that it
is highly heterogeneous. Images and tables reproduced and adapted with permission.[93,94,97]

4.5. Nanomedicine Targeting to Metastases

Patients with non-hematological cancers typically die from
metastases, not from primary tumors. In addition, patients with
an isolated solid tumor are typically treated with surgery and ra-
diotherapy, in order to remove the tumorous mass from the body.
Chemotherapy can be added either prior to surgery and/or ra-
diotherapy (i.e., neo-adjuvant), to pre-shrink the tumor and fa-
cilitate complete removal, or it can be given afterward (i.e., adju-
vant), to prevent metastatic spread and/or to target tiny metastatic
lesions not detected via routine diagnostic protocols. Together,
these notions indicate that for solid malignancies, chemother-

apy is mainly useful as an add-on to surgery and radiother-
apy and that it is particularly needed in case of metastatic dis-
ease. Strikingly, however, the vast majority of nanomedicine
studies focus on primary tumors, oftentimes inoculated un-
der the skin, where they grow “in isolation”, with generally
no more than 20% or 30% of the tumor surface area con-
tacting non-cutaneous host tissue. This is obviously subopti-
mal for studying how nanomedicine can and should help in
real-life situations, where patients with metastases have can-
cerous lesions spreading from the primary tumor to various
distant sites, typically to lymph nodes, lung, liver, bone, and
brain.
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Many of the mouse models used to study nanomedicine tar-
geting to tumors versus metastases are suboptimal. Cell line-
derived xenograft (CDX) tumors only grow in immunodeficient
mice, which will affect microenvironment composition and their
metastatic spread behavior. CDX also do not properly reflect
the heterogeneity observed in human tumors. Patient-derived
xenografts (PDX) better reflect human tumor biology, the mi-
croenvironment in patients, and the heterogeneity that is typi-
cally observed in both of them. However, they also suffer from
the fact that they only grow in immunodeficient mice. In addi-
tion, only very few robustly metastasizing PDX models have been
described to date, which makes systematic studies on metastasis
targeting difficult. As a result of these limitations, the majority of
metastasis targeting experiments are done in syngeneic mouse
models of mouse cancer, such as 4T1 triple-negative breast can-
cer in BALB/c mice or B16 melanoma in C57BL/6 mice. If
properly induced (i.e., by waiting until orthotopically or subcu-
taneously inoculated cancer cells metastasize to host tissues, and
thus not via tail vein injection of cancer cells), these have the
advantage of really mimicking metastatic spread and growth,
and thus targeting pattern, albeit in mouse cancer. The same
holds true for genetically engineered mouse models (GEMM;
like, e.g., the mouse mammary tumor virus overexpressing the
polyomavirus middle T-antigen (MMTV-PyMT)), in which tu-
mors and metastases develop spontaneously.

How different nanomedicine tumor targeting versus metasta-
sis targeting is, is not well known, neither in mice nor in patients.
This likely depends on the type and stage of the primary tumor,
and on the location and size of the metastasis. It also seems rea-
sonable to assume that metastases adopt a somewhat host-tissue-
like phenotype in terms of vascularization and stromal composi-
tion, mixing features of the primary tumor with those of the or-
gan affected by metastasis. This is something we are currently
evaluating in the lab. In patients, we have evaluated how well
metastases can be targeted with mPEG-b-pHPMAmLacn-based
core-crosslinked polymeric micelles (CCPMs). These CCPMs
were co-loaded with docetaxel as a drug and 89Zr as a long-
lived radioisotope, for positron emission tomography (PET) -
based visualization and quantification (Figure 4d).[94] In seven
patients with a total of 46 metastases (according to inclusion cri-
teria, i.e., > 2 cm in diameter), we found that metastases suc-
cessfully accumulated CCPMs in 46% of cases (n = 21 lesions;
Figure 4e). Importantly, besides administering CCPMs at their
full therapeutic dose (corresponding to 60 mg m−2 docetaxel)),
they were also applied at an 80-fold lower diagnostic dose, to trial
the possibility of using them purely for patient stratification pur-
poses, without side effects, prior to the first therapeutic dose.
In this companion diagnostic dose setup, CCPM accumulation
could be visualized and quantified in 41% of cases (13 out of
32; note that only five patients were evaluated at this dose level).
Interestingly, the absolute number of CCPM particles adminis-
tered at this diagnostic dose (i.e., 2–4 × 1014) was below the pre-
dicted number of nanoparticles needed for prolonged circulation
(1.5 × 1015;[93]). This study therefore shows that the dose thresh-
old for long circulation and efficient nanoparticle tumor target-
ing does not seem to apply for these CCPMs because the circula-
tion kinetics in blood were similar for the diagnostic versus the
therapeutic dose.[94] This notion is further corroborated by our
earlier finding that mPEG-b-pHPMAmLacn-based CCPM show

hardly any protein adsorption,[99] and thus are unlikely to have
a protein corona in vivo, which is presumed to be responsible
for more rapid nanoparticle clearance from the bloodstream at
lower doses.[100] Actual patient stratification and prediction of
therapeutic outcome was impossible in this CCPM clinical trial,
because patients suffered from too different types and stages of
cancer, and were all heavily pretreated. Nonetheless, these efforts
nicely showcase that nanomedicine formulations are able to tar-
get metastases in patients, and they furthermore exemplify the
feasibility of using noninvasive and quantitative imaging tools
for patient stratification purposes.

4.6. Translational Challenges – Imaging versus Biopsy
Biomarkers

While noninvasive imaging is undeniably highly suitable for
cancer nanomedicine patient stratification, it is questionable
whether it is practically achievable. The reason for this is that
quantitative imaging using PET or SPECT requires access to
radiochemistry laboratories and dedicated imaging equipment,
which may not be widely available in community hospitals. In ad-
dition, given the prolonged circulation kinetics of nanomedicine
formulations and the fact that optimal tumor targeting typically
occurs at 1–4 days after i.v. administration, patients would either
have to stay in the hospital or come back for a scan a couple of
days after they have been injected. This complicates the use of
imaging for patient stratification purposes and makes it pragmat-
ically difficult to implement it in day-to-day clinical practice.

As an alternative, we set out to study whether biomarkers
extracted from tumor tissue can be used to predict whether
nanomedicines accumulate in tumors.[101] To this end, we started
off by staining 23 different (patho)physiological features in three
subcutaneous tumor models, with low, medium, and high levels
of tumor accumulation. Gradient tree boosting-based machine
learning was employed to extract the most important features,
identifying six parameters as statistically meaningful. Of these,
five were related to vasculature, while the other one was TAM
density. When considering the fundamental principles of tumor-
directed drug delivery, it is not surprising that these features sur-
face, as blood vessels are needed to take nanomaterials to and into
tumors, while TAM keep them there (and oftentimes also play
a role in activating them, by mediating nanocarrier degradation
and drug release). The identified biomarkers were subsequently
validated in three orthotopic tumors in immunocompetent mice,
as well as in 10 cell line-derived and patient-derived xenografts. In
these experiments, liposomes were used instead of polymers, and
we also switched from fluorescence staining and fluorescence
microscopy to clinically relevant DAB staining and histopatholog-
ically standard light microscopy. Ten blinded observers, includ-
ing 3 clinical pathologists, scored tumor blood vessel and TAM
density in 30 sections from the 10 CDX and PDX tumors, and
the resulting scores were correlated with liposomal doxorubicin
accumulation in these models. Our newly conceived biomarker
product score correctly identified three out of three tumor models
with low liposome accumulation as true negatives, and 6 out of 7
tumor models with medium to high levels of nanomedicine ac-
cumulation as true positives (AUROC = 0.91). One tumor model
was found to be an outlier, with very low vessel and TAM scores,
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Figure 5. Challenges in nanomedicine clinical translation. Key translational and industrial aspects of nanomedicine product development are depicted.
Challenges are traditionally approached in a bottom-up manner. However, also considering challenges in a top-down manner, from the vantage point of
end-users, with commercial, practical, and clinical feasibility firmly in mind, is considered to be important for ensuring success. The top-down analysis
allows for the identification – from the initiation of the clinical translation process onwards – of the most important issues that can be encountered along
the way, triggering proactive thinking and planning to overcome potential challenges already at early stages. Image reproduced with permission.[102]

but – unexplainably – very high levels of liposome accumula-
tion. Findings were confirmed in biobanked patient tumor tis-
sues and biopsies, for lesions type- and stage-matched with the
liposome tumor accumulation patterns reported by Harrington
et al. (Figure 4b). Together, these efforts indicate that it is pos-
sible to use histopathological biomarkers based on tumor biop-
sies (NB, which are readily and easily available, for all patients,
because they are used for disease diagnosis) for patient stratifica-
tion, aiming to identify those individuals that should be excluded
from clinical trials, because their tumors are unlikely to accumu-
late nanomedicines in significant amounts.

4.7. Translational and Industrial Challenges

Cancer nanomedicine development and translation are tradition-
ally approached in a bottom-up manner. Translational efforts typ-
ically start with nanoformulation design and CMC, that is, chem-
istry, manufacturing, and controls. CMC covers all relevant phar-
maceutical production steps, as well as the physical and chemical
characteristics of the starting materials, intermediates, and end-
products, ensuring their purity, quality, and consistency. From
a combined feasibility, efficiency, impact, and industrial point
of view, we have argued that it would be wise and valuable to
also look at (cancer) nanomedicine development and transla-
tion in a top-down manner.[102] As illustrated in Figure 5, this
would entail taking the perspective of end-users, to single out
those products and trajectories which really have clinical and
commercial potential. To this end, key commercial and clinical
feasibility questions have to be asked and answered very early
on. This could include addressing the classical 5R principles in

reversed order, starting from the end, 1) right commercial po-
tential (market, clinical need, price premium); 2) right patient
(biomarkers, inclusion criteria, endpoints); 3) right safety (use
of known vs novel materials, standard vs immuno-toxicity); 4)
right tissue (dedicated pharmacokinetic and biodistribution anal-
ysis, whole-body imaging as part of early clinical development,
tumor vs non-tumor targeting); 5) right target (depending on the
drug delivered and/or on the receptor addressed in case of ac-
tive targeting).[12] In parallel, it is important that preclinical effi-
cacy and toxicology experiments are planned in such a way that
they proactively and dedicatedly address some of the key ques-
tions and uncertainties that may come up during clinical devel-
opment. Identifying and addressing such key clinical challenges
and industrial considerations as early on as possible, and ideally
doing this in a top-down translational scenario, will help to im-
plement and integrate adequate risk-mitigation strategies. This is
something that investors and other commercial parties typically
already want to see from the very early stages of development
onwards.

5. Prospects

The prospects of generating clinical impact with cancer
nanomedicines are bright. To realize these prospects, academic
mindsets may have to change and translational trajectories will
have to be revisited. There has been quite a bit of criticism on
cancer nanomedicine in the last decade, and this is partially jus-
tified, because of the overly blunt, naive, and optimistic claims
made in the literature. However, as for almost all technological
developments, according to Gardner’s hype cycle, after a trough
of disillusionment, there will be a slope of enlightenment, and
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Figure 6. Challenges and opportunities in cancer nanomedicine and tumor-targeted drug delivery. As part of the German Research Foundation (DFG) -
funded Research and Training Group 2375, entitled 2(TD) – Tumor-Targeted Drug Delivery, concerted efforts are being made to identify and address
key challenges and opportunities. Challenges were mainly addressed in the first half of the 9-year funding period, with 12–24 doctoral researchers
performing research at the interfaces of the 3 key contributing fields tumor biology, chemical engineering, and translational medicine. In the currently
ongoing second funding phase, prospects and opportunities in cancer nanomedicine and tumor-targeted drug delivery are being explored. Altogether,
research and training in RTG 2(TD) will contribute to a better biological and pathophysiological understanding of cancer, to enhanced nanoformulation
design and production engineering, and to viable concepts to promote cancer nanomedicine clinical translation.

then a plateau of productivity. For cancer nanomedicine, we are
currently on the slope of enlightenment, and productivity and im-
pact are already growing. In the years to come, progress and pro-
ductivity will undoubtedly continue to increase. This will likely
be particularly prominent in the research directions alluded to
below.

5.1. From Challenges to Opportunities

In the 1980′s up until the 2000′s, there was a lot of positive at-
tention for cancer nanomedicine and tumor-targeted drug deliv-
ery. In the 2010′s, several experts became increasingly critical,
and righteously so. With the enormous advancements in nano-
material conception and construction, there was a general ten-
dency towards producing ever more nanoparticles and making
ever stronger claims on their potential. Typically for drug de-
livery applications, and in 9 out of 10 cases for cancer therapy.
Without realizing that in the case of cancer, drug therapies typ-
ically fail due to heterogeneity, as well as due to highly unfa-
vorable pathophysiology, including very poor access to tumors
and tumor cells. Beyond these key challenges, there are multi-
ple additional biological, chemical, and clinical barriers hinder-
ing tumor-targeted drugs and drug delivery systems from mak-
ing to the market. In a large Research and Training Group funded
by the German Research Foundation (DFG; RTG2375; entitled
2(TD) – Tumor-Targeted Drug Delivery; coordinated by Fabian
Kiessling and Twan Lammers; Figure 6), we set out to systemati-
cally address the most important barriers and challenges. These
have included the hostile pathophysiological microenvironment
in solid tumors and metastases, and the lack of biomarkers for
cancer nanomedicine patient stratification. In the second fund-
ing phase of this project, we have also integrated recent advances
and opportunities, such as the use of novel drugs (e.g., RNA),
tools (e.g., machine learning), and technologies (e.g., 3D print-
ing), the priming of tumors with pharmacological and physical

co-treatments, and the combination of nanomedicine with im-
munotherapy (Figure 6).

5.2. Tumor Perfusion

Starting all the way at the beginning of tumor-targeted drug de-
livery, the process of tumor perfusion – that is, efficient blood
flow through tumor blood vessels – has been emerging as a mas-
sively overlooked barrier. Presuming that a nano-drug is fully sta-
ble in circulation, one of its key advantages over a small molecule
drug is prolonged presence in the bloodstream, thereby making it
more likely that the nano-drug eventually accumulates in the can-
cerous lesions. Consequently, when critically contemplating the
tumor-targeted drug delivery process, it is striking that efficient
tumor perfusion is often taken for granted and that the deliber-
ation typically starts at the level of vascular permeability and/or
transcytosis, upon which follow-up processes such as perivascu-
lar transport, penetration, and intratumoral distribution are con-
sidered. However, it has remained largely neglected to date that
tumor perfusion per se is highly heterogeneous and that it can
be very poor, both in mouse models and in patients. In multi-
ple conceptual, preclinical, and clinical papers focusing on tu-
mor perfusion imaging, it has been found that tumor blood flow
is inconsistent and suboptimal.[103–106] This notion has to date
largely gone without considering what this means for tumor-
directed drug delivery and drug therapy.[107,108] Among the most
noteworthy efforts to center-stage tumor perfusion and come up
with strategies to enhance tumor blood flow is the concept of
vessel normalization.[109,110] This can, for example, be achieved
by medium-dose anti-angiogenic therapy, as well as by targeting
the stromal cells and stromal compartment which can mechan-
ically compress tumor blood vessels. A number of pioneering
(pre)clinical studies have shown that vascular normalization can
enhance tumor perfusion, drug delivery, and the efficacy of an-
ticancer (nano)therapy.[111–113] Since efficient tumor blood flow
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is crucial for almost all cancer treatments, including chemother-
apy, radiotherapy, hormone therapy, and immunotherapy, it is
critically important to start identifying, exploring, and translating
probes and protocols that are able to promote tumor perfusion.

5.3. Tumor Priming and Combination Therapies

Building upon and extending several of the above notions, tumor
priming and nanomedicine-based combination therapies are pre-
dicted to play increasingly important roles in future medical prac-
tice. Tumors can be primed for improved delivery and thera-
peutic outcomes both pharmacologically and physically. Exam-
ples of pharmacological priming are vascular permeabilization,
vascular promotion, and vascular normalization, as well as anti-
stromal pharmacotherapies, aiming to promote drug and drug
delivery system penetration, via reducing extracellular matrix
deposition.[30,114] The key advantage of pharmacological priming
is that it works systemically, thus affecting both the primary tu-
mor as well as distant metastases. Moreover, pharmacological
priming treatments can typically be administered relatively easily,
without the need for hospitalization. The most important down-
side is that it is quite difficult to identify the optimal drug doses
for inducing pharmacological priming in individual patients and
tumors, taking the highly heterogeneous nature of tumors and
metastases into account. Physical tumor priming, for example,
via hyperthermia, ultrasound, or radiotherapy, can be performed
in a more tailorable manner, particularly also because it is often
done under imaging guidance. However, physical tumor prim-
ing is more labor- and cost-intensive and typically requires semi-
elaborate clinical procedures. Key pros thus are an enhanced level
of control, plus the ability to individually tailor interventions, via
theranostic protocols. Key cons are the intrinsic locality of the
approach, making it less suitable for treating systemic disease.
Although one can confidently claim that priming primary tu-
mors using local physical treatments holds the potential to pro-
mote systemic (nano)immunotherapy. Beyond pharmacological
and physical priming, also certain physiological strategies can be
considered. As an example, we recently showed that priming of
the tumor microenvironment via intermittent fasting promotes
vascularization and reduces extracellular matrix deposition, re-
sulting in improved tumor-targeted drug delivery and enhanced
antitumor activity, for both standard small molecule drugs and
for nano-drugs.[115]

In general, one needs to consider in this context that one of
the key advantages of using nanomedicine formulations for an-
ticancer therapy is that they make combination therapies more
tolerable and more efficient. This is crucial, and often over-
looked. The clinical use of classic cancer nanomedicines, such
as Doxil and Abraxane, is most broadly justified by their abil-
ity to reduce the spectrum of side effects of multimodal com-
bination therapy. If tolerability is improved, patient compliance
typically goes up, benefiting overall therapeutic outcomes. Sev-
eral combination therapy setups can be envisaged in which the
use of nanoformulations is advantageous, including, for exam-
ple, radio(chemo)therapy and nano-immunotherapy.[116–118] Ex-
amples of the former encompass carrier-based radiochemother-
apy concepts, as well as intrinsically radiotherapy-promoting
nanomedicines, such as hafnium oxide- and gadolinium-based

nanoformulations, which are approved for clinical use and
evaluated in clinical trials, respectively.[119–123] Examples of the
latter, that is, nanomedicine-combination therapy and nano-
immunotherapy, are separately discussed in the sections below.

5.4. Nanomedicine-Based Multi-Drug Delivery

A very attractive prospect of nanomedicine-based anticancer
therapy is its (cap)ability to improve multi-drug treatment.
Nanomedicines are – because of their size dimensions and de-
sign features – exquisitely useful for concerting the delivery
of multiple active pharmaceutical ingredients (API). Pioneering
and prominent clinical evidence for nanomedicine-based multi-
drug delivery has been obtained using Vyxeos, a clinically used
dual-drug liposome delivering cytarabine and daunorubicin to
cancer cells in a fixed 5:1 ratio. This fixed ratio has been shown
to be synergistic with respect to killing leukemia cells.[124,125] If
both agents were administered intravenously in free form, they
would spread throughout the body completely differently, be-
cause of their different physicochemical and pharmacokinetic
properties. Consequently, even if co-administered at synergistic
doses in free form, they would be very unlikely to act synergis-
tically in vivo. When co-encapsulated in liposomes, the nanofor-
mulation dictates the pharmacokinetic profile of the agents, and
it ensures that both APIs reach the same compartments at the
same time in the right ratio, thereby producing pharmacolog-
ical synergy. Beyond Vyxeos, increasingly many nanoformula-
tions are explored for multi-drug delivery.[126] Fifteen to twenty
years ago, this already involved the co-loading of two chemother-
apy drugs in liposomes, as well as the co-conjugation of two
anticancer drugs to long-circulating polymers.[127–130] Somewhat
more recently, efforts in this regard have opened up towards mi-
celles and other nanoparticles, as well as towards formulations
in which different drugs with different mechanisms of action are
combined. Examples of the latter, for example, include a combi-
nation of chemotherapy drugs with siRNA molecules for knock-
ing down drug efflux pumps to overcome resistance, as well as
co-loading of chemotherapy drugs with agents that affect angio-
genesis, modulate the tumor microenvironment, or activate the
immune system.[131–136] Recently, also triple-drug nanomedicine
formulations have been explored, showing that statistical mix-
tures of polymer-prodrugs are able to deliver synergistic ratios
of three anti-multiple myeloma agents to tumors in vivo, produc-
ing potently enhanced therapeutic effects.[137] It is expected that
these and other cancer nanomedicine-based co-formulations will
play increasingly important roles in future targeted therapy and
clinical practice.

5.5. Indirect Tumor Targeting

Not all nanomedicine-based anticancer therapies rely on tumor
targeting, that is, on extravasation or transcytosis across the en-
dothelial lining. Alternative methods of getting drugs delivered
to cancer cells can entail concepts such as intravascular triggered
release and immune cell hitchhiking. A key example of the for-
mer is hyperthermia-responsive drug release using temperature-
triggerable liposomes. The most well-known formulation for this
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specific application is Thermodox,[79,80] which was already intro-
duced above as a promising product in clinical trials in Section 3.
Thermodox contains lysolipids with single fatty acid tails in their
its bilayer, which liquefy the liposome membrane when heated
slightly above physiological temperature.[138] Besides Thermo-
dox, multiple follow-up versions of temperature-response lipo-
somes have been created, including non-lysolipid formulations,
all aiming for optimally controlled triggerable drug release in
the range of 39–42 °C.[81,82,139,140] Hyperthermia used to be per-
formed exclusively with needles, in a radiofrequency ablation
(RFA) setup, but it is nowadays more and more done completely
non-invasively, using focused ultrasound, typically under mag-
netic resonance imaging guidance.[141] A fairly common mis-
perception in this context is that temperature-responsive lipo-
somes first accumulate in the tumor via EPR, and are then ac-
tivated afterward to induce drug release. This is not the case,
tumors are pre-heated just before liposome i.v. administration
and heating is then continued for a certain period of time (typ-
ically up to max. 1 h). It has been mathematically and experi-
mentally shown that this protocol is favorable over other admin-
istration protocols.[142,143] To date, several advanced-stage clinical
trials have been performed in primary liver cancer using Ther-
modox combined with RFA. Thus far, however, without convinc-
ing clinical evidence for improved outcomes. There are multi-
ple reasons why these studies have not worked out, including
the fact that there was no proper methodological standardiza-
tion, and also because liver cancer is – in general – very dif-
ficult to treat.[144,145] Multiple phase I-II trials have been com-
pleted or are ongoing in liver and pancreatic cancer in which
RFA is replaced by focused ultrasound in combination with
temperature-sensitive liposomes,[146–148] together indicating sig-
nificant promise for future clinical impact.

Another attractive, but clinically clearly less mature, method
for indirect tumor targeting is via hitchhiking with circulating
cells. This has been best explored for myeloid immune cells and
can be exploited in both ex vivo and in vivo setups. Regarding the
former, myeloid cells can be ex vivo incubated and endowed with
phagocytosis-resistant and cytokine-loaded polymeric backpacks,
to promote their in vivo performance.[149–151] Regarding the latter,
cRGD-peptide-modified liposomes have been shown to be able
to engage with neutrophils and macrophages in systemic circu-
lation in vivo, and subsequently localize to tumors and sites of
inflammation by exploiting myeloid cells’ intrinsic propensity to
target these lesions.[19,152]

A last key example of indirect tumor targeting is discussed in
detail below, as part of the cancer nano-immunotherapy section,
summarizing efforts to deliver drugs not to tumors, but instead
to spleen and bone marrow, for systemic immunopriming. Alto-
gether, indirect tumor targeting approaches are – among other
reasons – useful and promising because they help to bypass lim-
itations associated with heterogeneity in tumor vascularization
and microenvironment make-up, thereby bypassing the need for
efficient direct nanoparticle tumor targeting.

5.6. Nano-Immunotherapy

Immunotherapy probably is the most impactful recent addition
to the cancer therapy armamentarium. It is in principle enor-

mously powerful, employing the body’s own adaptive and innate
defense mechanisms against cancer cells. The primary concepts
of cancer immunotherapy date back to the 19th century and ar-
guably start with Rudolf Virchow’s observation that leukocytes
can often be found within solid tumors. At the end of the 19th

century, William Coley started bottom-up exploring its therapeu-
tic use, injecting killed bacteria into cancer patients, inspired by
some of his previous observations of spontaneous regression or
even disappearance of solid tumors in patients with infections.
From this time onwards, it took almost a century before can-
cer immunotherapy really started taking off. In the 1990s, the
first CAR (i.e., chimeric antigen receptor) -expressing T cells
were generated, and the first immune checkpoints (i.e., CTLA-
4 and PD-1) were discovered.[153–156] These events kick-started
the immune-oncology revolution, with ever-increasing numbers
of CAR T cell products and immune checkpoint-inhibiting anti-
bodies gaining approval for clinical use in the 2–3 decades that
followed.[157,158]

Immunotherapy has already substantially contributed to pro-
longed patient survival times. However, there is still significant
room for improvement (Figure 6a). Nanomedicine formulations
hold, for multiple reasons, enormous promise and potential to
promote the performance of cancer immunotherapy. CAR T cells
are typically prepared ex vivo, that is, the harvesting, isolation,
and transfection of patients’ own T cells takes place outside of
their bodies, upon which they are then re-injected into the same
patients for therapeutic purposes. Given their cellular nature,
large size, relatively short circulation time, and relatively low vol-
ume of distribution, they are to date mainly used for non-solid
hematological cancers, particularly for lymphomas. Using nan-
otechnology, however, it has recently been shown that CAR T cells
can also be generated in vivo. Initial proof of concept for this
has been provided by showing that T cells can be targeted and
transfected in vivo in mice using CD5-targeted lipid nanoparti-
cles loaded with mRNA encoding for the antigen receptor.[159]

Immune checkpoint-inhibiting antibodies are nowadays
widely used for the treatment of many solid tumors.[160] They
are particularly effective against cancers characterized by large
amounts of genetic mutations, such as melanoma and lung
cancer, as the resulting neo-epitopes expressed on the surface
of cancer cells make them more readily recognizable to the
immune system. However, patients with tumors with a low(er)
mutational burden, and also a significant fraction of patients
with melanoma and lung cancer, do not respond well to immune
checkpoint blockade. This is oftentimes not only the result of too
low mutational load, too few neo-epitopes, and too inefficient
cancer cell recognition, but it can also arise from local and/or
systemic immuno-suppression. The mechanisms responsible
for locally and/or systemically suppressing responses to immune
checkpoint-inhibiting antibodies can be manyfold, and they tend
to be highly heterogeneous, both inter- and intra-individually.[161]

They can, for example, include insufficient neo-antigen expres-
sion, impaired immune cell infiltration in tumors, impaired
pro-inflammatory (particularly interferon-gamma [IFN𝛾 ]) sig-
naling, presence of immunosuppressive cells (prominently
M2-like tumor-associated macrophages (TAM), regulatory T
cells (Tregs) and myeloid-derived suppressor cells [MDSC]), and T
cells exhaustion and/or epigenetic modification.[162] Biomarker
tools, such as the cancer immunogram or immunoscore, are
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Figure 7. Promise and principles of nano-immunotherapy. a) Immunotherapy has revolutionized cancer therapy by substantially prolonging patient
survival times. For an ever-increasing number of malignancies, it has been shown that treatment with CAR T cells or immune checkpoint-inhibiting
antibodies can induce complete cures and significantly increase the proportion of long-term survivors. Combining immunotherapy with nanomedicine
is expected to further boost response rates and long-term survival times. b) Nanomedicine can promote cancer immunotherapy at various levels and in
different ways, including at the cancer cell, tumor microenvironment, and systemic level. Figure partially reproduced with permission.[155]

increasingly employed to get a grip on heterogeneity and
treatment response.[163,164]

Nanomedicines can assist in some of the above situations
and hold value for improving cancer immunotherapy.[165–167] As
schematically sketched in Figure 7b, they can be employed to en-
hance the tumor-targeted delivery of (chemotherapeutic) agents
that induce immunogenic cell death (ICD;[168]), they can con-
tribute to beneficial priming of the tumor immune microen-
vironment (TIME;[169]), and they can target non-tumor tissues
to promote systemic antitumor immunity. Regarding the for-
mer, using doxorubicin or oxaliplatin as potent ICD inducers
in free form as well as in nanoformulations, especially also
together in one nanoformulation with agents that can help
to relieve immune suppression, has been shown to potently
promote therapeutic outcomes in patients and mouse models,
respectively.[170–173] With regard to TIME priming, given the key
role of tumor-associated macrophages (TAM) and other myeloid
suppressor cells (MDSC) in suppressing antitumor immunity, as
well as the intrinsic propensity of nanoformulations to efficiently
accumulate in such cell types, many efforts are being undertaken
to target and repolarize them towards more immune-permissive
phenotypes.[20,174] Lastly, to promote systemic antitumor immu-
nity, nanomedicines hold promise for delivering cargo to non-
tumorous immune-modulating organs and tissues. This has be-
come widely appreciated in the COVID-19 pandemic, show-
casing how intramuscularly injected lipid nanoparticles (LNP)
can target lymph nodes, promote mRNA-mediated antigen ex-
pression, and induce strong and specific systemic immune re-
sponses. It is important to keep in mind in this regard that BioN-
Tech already started exploring their mRNA-loaded lipid nanopar-
ticles in cancer patients years before COVID-19, with formula-
tions optimized for delivery of neo-epitope-encoding mRNA to
antigen-presenting cells in the spleen, to induce patient-specific
systemic antitumor immune responses.[175,176] Nanomedicines
can also be designed to target myeloid progenitor or stem cells
in the bone marrow, to help train the innate immune sys-
tem for improved immunotherapy outcomes.[177–179] Such nano-
immunotherapy strategies hold great promise for boosting the
efficacy of anticancer therapy.

6. Conclusion

Nanomedicine is a very popular and productive research field.
Nanomedicine formulations are widely explored to assist in
improving tumor-targeted drug delivery and anticancer treat-
ment efficacy. The clinical translation of cancer nanomedicines
has been lagging behind expectations, though, for several rea-
sons. Some of these reasons are more obvious than oth-
ers. This manuscript describes the basic principles of tumor-
targeted delivery, summarizes relevant recent progress, provides
an overview of cancer nanomedicine products currently used in
the clinic, outlines the most prominent problems and pertinent
challenges hindering translation, and discusses the most promis-
ing future directions for the use of nanomedicine formulations
for cancer therapy.

Acknowledgements
The author gratefully acknowledges support by the European Re-
search Council (ERC, Starting, Consolidator and Proof-of-Concept Grants,
NeoNaNo, Meta-Targeting, CONQUEST, PIcelles and PRIME), Euro-
pean Union (ERANET – EuroNanoMedIII, NSC4DIPG), German Re-
search Foundation (DFG, RTG2735, LA2937/2-1, LA2937/4-1, SFB/TRR57,
SFB1066, KFO5011), and German Federal Ministry of Research and Edu-
cation (BMBF, i3-STM, TAKTIRA, PP-TNBC).

Open access funding enabled and organized by Projekt DEAL.

Conflict of Interest
The authors declare no conflict of interest.

Keywords
biomarkers, cancer, drug delivery, nanomedicine, tumor targeting

Received: November 14, 2023
Revised: January 24, 2024

Published online: April 12, 2024

Adv. Mater. 2024, 36, 2312169 2312169 (16 of 20) © 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH

 15214095, 2024, 26, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202312169, W
iley O

nline L
ibrary on [17/07/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

[1] D. Peer, J. M. Karp, S. Hong, O. C. Farokhzad, R. Margalit, R. Langer,
Nat. Nanotechnol. 2007, 2, 751.

[2] T. Lammers, W. Hennink, G. Storm, Br. J. Cancer 2008, 99, 392.
[3] R. K. Jain, T. Stylianopoulos, Nat. Rev. Clin. Oncol. 2010, 7, 653.
[4] E. L. Sievers, P. D. Senter, Annu. Rev. Med. 2013, 64, 15.
[5] C. H. Chau, P. S. Steeg, W. D. Figg, Lancet 2019, 394, 793.
[6] A. Akinc, M. A. Maier, M. Manoharan, K. Fitzgerald, M. Jayaraman,

S. Barros, S. Ansell, X. Du, M. J. Hope, T. D. Madden, B. L. Mui, S.
C. Semple, Y. K. Tam, M. Ciufolini, D. Witzigmann, J. A. Kulkarni, R.
van der Meel, P. R. Cullis, Nat. Nanotechnol. 2019, 14, 1084.

[7] X. Huang, N. Kong, X. Zhang, Y. Cao, R. Langer, W. Tao, Nat. Med.
2022, 28, 2273.

[8] Y. Barenholz, J. Controlled Release 2012, 160, 117.
[9] T. Lammers, F. Kiessling, W. Hennink, G. Storm, J. Controlled Release

2012, 161, 175.
[10] J. Shi, P. W. Kantoff, R. Wooster, O. C. Farokhzad, Nat. Rev. Cancer

2017, 17, 20.
[11] T. J. Anchordoquy, Y. Barenholz, D. Boraschi, M. Chorny, P. Decuzzi,

M. A. Dobrovolskaia, Z. S. Farhangrazi, D. Farrell, A. Gabizon, H.
Ghandehari, B. Godin, N. M. La-Beck, J. Ljubimova, S. M. Moghimi,
L. Pagliaro, J. H. Park, D. Peer, E. Ruoslahti, N. J. Serkova, D.
Simberg, ACS Nano 2017, 11, 12.

[12] J. Hare, T. Lammers, M. Ashford, S. Puri, G. Storm, S. Barry, Adv.
Drug Delivery Rev. 2017, 108, 25.

[13] P. Desai, A. Dasgupta, A. M. Sofias, Q. Peña, R. Göstl, I. Slabu,
U. Schwaneberg, T. Stiehl, W. Wagner, S. Jockenhövel, J. Stingl,
R. Kramann, C. Trautwein, T. H. Brümmendorf, F. Kiessling, A.
Herrmann, T. Lammers, Adv. Healthcare Mater. 2023, 12, 2301062.

[14] Y. Matsumura, H. Maeda, Cancer Res. 1986, 46, 6387.
[15] L. E. Gerlowski, R. K. Jain, Microvasc. Res. 1986, 31, 288.
[16] H. Maeda, J. Wu, T. Sawa, Y. Matsumura, K. Hori, J. Controlled Re-

lease 2000, 65, 271.
[17] S. Sindhwani, A. M. Syed, J. Ngai, B. R. Kingston, L. Maiorino, J.

Rothschild, P. MacMillan, Y. Zhang, N. U. Rajesh, T. Hoang, J. L.
Y. Wu, S. Wilhelm, A. Zilman, S. Gadde, A. Sulaiman, B. Ouyang,
Z. Lin, L. Wang, M. Egeblad, W. C. W. Chan, Nat. Mater. 2020, 19,
566.

[18] C. Cole, J. Qiao, T. Kottke, R. M. Diaz, A. Ahmed, L. Sanchez-Perez,
G. Brunn, J. Thompson, J. Chester, R. G. Vile, Nat. Med. 2005, 11,
1073.

[19] A. M. Sofias, Y. C. Toner, A. E. Meerwaldt, M. M. T. van Leent,
G. Soultanidis, M. Elschot, H. Gonai, K. Grendstad, Å. Flobak, U.
Neckmann, C. Wolowczyk, E. L. Fisher, T. Reiner, C. L. Davies, G.
Bjørkøy, A. J. P. Teunissen, J. Ochando, C. Pérez-Medina, W. J. M.
Mulder, S. Hak, ACS Nano 2020, 14, 7832.

[20] M. A. Miller, Y. R. Zheng, S. Gadde, C. Pfirschke, H. Zope, C.
Engblom, R. H. Kohler, Y. Iwamoto, K. S. Yang, B. Askevold, N.
Kolishetti, M. Pittet, S. J. Lippard, O. C. Farokhzad, R. Weissleder,
Nat. Commun. 2015, 6, 8692.

[21] Z. P. Lin, L. N. M. Nguyen, B. Ouyang, P. MacMillan, J. Ngai, B. R.
Kingston, S. M. Mladjenovic, W. C. W. Chan, ACS Nano 2022, 16,
6080.

[22] L. N. M. Nguyen, Z. P. Lin, S. Sindhwani, P. MacMillan, S. M.
Mladjenovic, B. Stordy, W. Ngo, W. C. W. Chan, Nat. Mater. 2023,
22, 1261.

[23] J. W. Nichols, Y. H. Bae, J. Controlled Release 2014, 190, 451.
[24] F. Danhier, J. Controlled Release 2016, 244, 108.
[25] B. Theek, M. Baues, T. Ojha, D. Moeckel, S. Veetil, J. Steitz, L. Van

Bloois, G. Storm, F. Kiessling, T. Lammers, J. Controlled Release 2016,
231, 77.

[26] S. Wilhelm, A. J. Tavars, Q. Dai, S. Ohta, J. Audet, H. F. Dvorak, W.
C. W. Chan, Nat. Rev. Mater. 2016, 1, 16014.

[27] T. Lammers, F. Kiessling, M. Ashford, W. Hennink, D. Crommelin,
G. Storm, Nat. Rev. Mater. 2016, 1, 16069.

[28] I. Lentacker, I. De Cock, R. Deckers, S. C. De Smedt, C. T. Moonen,
Adv. Drug Delivery Rev. 2014, 72, 49.

[29] S. Snipstad, E. Sulheim, C. L. Davies, C. Moonen, G. Storm, F.
Kiessling, R. Schmid, T. Lammers, Expert Opin. Drug Delivery 2018,
5, 1249.

[30] V. P. Chauhan, R. K. Jain, Nat. Mater. 2013, 12, 958.
[31] T. Ojha, V. Pathak, Y. Shi, W. E. Hennink, C. T. W. Moonen, G. Storm,

F. Kiessling, T. Lammers, Adv. Drug Delivery Rev. 2017, 119, 44.
[32] S. Golombek, J. May, B. Theek, L. Appold, N. Drude, F. Kiessling, T.

Lammers, Adv. Drug Delivery Rev. 2018, 130, 17.
[33] A. Nagamitsu, K. Greish, H. T. Maeda, Jpn. J. Clin. Oncol. 2009, 39,

756.
[34] T. Seki, F. Carroll, S. Illingworth, N. Green, R. Cawood, H. Bachtarzi,

V. Subr, K. D. Fisher, L. W. Seymour, J. Controlled Release 2011, 156,
381.

[35] J. Islam, T. Fang, T. Imamura, V. Etrych, K. Subr, H. Ulbrich, J. Maeda,
Mol. Cancer Ther. 2018, 17, 2643.

[36] J. Fang, R. Islam, W. Islam, H. Yin, V. Subr, T. Etrych, K. Ulbrich, H.
Maeda, Pharmaceutics 2019, 11, 343.

[37] B. Diop-Frimpong, V. P. Chauhan, S. Krane, Y. Boucher, R. K. Jain,
Proc. Natl. Acad. Sci. U. S. A. 2011, 108, 2909.

[38] Y. Zhao, J. Cao, A. Melamed, M. Worley, A. Gockley, D. Jones, H. T.
Nia, Y. Zhang, T. Stylianopoulos, A. S. Kumar, F. Mpekris, M. Datta,
Y. Sun, L. Wu, X. Gao, O. Yeku, M. G. Del Carmen, D. R. Spriggs, R.
K. Jain, L. Xu, Proc. Natl. Acad. Sci. U. S. A. 2019, 116, 2210.

[39] M. Panagi, C. Voutouri, F. Mpekris, P. Papageorgis, M. R. Martin,
J. D. Martin, P. Demetriou, C. Pierides, C. Polydorou, A. Stylianou,
M. Louca, L. Koumas, P. Costeas, K. Kataoka, H. Cabral, T.
Stylianopoulos, Theranostics 2020, 10, 1910.

[40] J. Cortés, S. B. Kim, W. P. Chung, S. A. Im, Y. H. Park, R. Hegg, M.
H. Kim, L. M. Tseng, V. Petry, C. F. Chung, H. Iwata, E. Hamilton, G.
Curigliano, B. Xu, C. S. Huang, J. H. Kim, J. W. Y. Chiu, J. L. Pedrini,
C. Lee, Y. Liu, J. Cathcart, E. Bako, S. Verma, S. A. Hurvitz, N. Engl.
J. Med. 2022, 386, 1143.

[41] S. A. Hurvitz, R. Hegg, W. P. Chung, S. A. Im, W. Jacot, V. Ganju, J. W.
Y. Chiu, B. Xu, E. Hamilton, S. Madhusudan, H. Iwata, S. Altintas,
J. W. Henning, G. Curigliano, J. M. Perez-Garcia, S. B. Kim, V. Petry,
C. S. Huang, W. Li, J. S. Frenel, S. Antolin, W. Yeo, G. Bianchini, S.
Loi, J. Tsurutani, A. Egorov, Y. Liu, J. Cathcart, S. Ashfaque, J. Cortés,
Lancet 2023, 401, 105.

[42] U. Hennrich, K. Lutathera, Pharmaceuticals 2019, 12, 114.
[43] E. O. Aboagye, T. D. Barwick, U. Haberkorn, Ca–Cancer J. Clin. 2023,

73, 255.
[44] J. Zhang, T. Zhao, V. Jakobsson, X. Chen, Nat. Rev. Bioeng. 2023, 1,

612.
[45] ESF Scientific Forward Look on Nanomedicine, https://www.

archives.esf.org/fileadmin/Public_documents/Publications/
Nanomedicine_01.pdf (accessed: October 2023).

[46] P. A. Dinndorf, J. Gootenberg, M. H. Cohen, P. Keegan, R. Pazdur,
Oncologist 2007, 12, 991.

[47] J. Kopecek, P. Kopecková, T. Minko, Z. Lu, Eur. J. Pharm. Biopharm.
2000, 50, 61.

[48] C. Li, Adv. Drug Delivery Rev. 2002, 54, 695.
[49] R. Duncan, Nat. Rev. Cancer 2006, 6, 688.
[50] T. Lammers, K. Ulbrich, Adv. Drug Delivery Rev. 2010, 62, 119.
[51] H. S. Choi, W. Liu, P. Misra, E. Tanaka, J. P. Zimmer, B. Itty Ipe, M.

G. Bawendi, J. V. Frangioni, Nat. Biotechnol. 2007, 25, 1165.
[52] H. Cabral, Y. Matsumoto, K. Mizuno, Q. Chen, M. Murakami,

M. Kimura, Y. Terada, M. R. Kano, K. Miyazono, M. Uesaka, N.
Nishiyama, K. Kataoka, Nat. Nanotechnol. 2011, 6, 815.

[53] C. H. Choi, C. A. Alabi, P. Webster, M. E. Davis, Proc. Natl. Acad. Sci.
U. S. A. 2010, 107, 1235.

[54] D. B. Kirpotin, D. C. Drummond, Y. Shao, M. R. Shalaby, K. Hong,
U. B. Nielsen, J. D. Marks, C. C. Benz, J. W. Park, Cancer Res. 2006,
66, 6732.

Adv. Mater. 2024, 36, 2312169 2312169 (17 of 20) © 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH

 15214095, 2024, 26, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202312169, W
iley O

nline L
ibrary on [17/07/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advmat.de
https://www.archives.esf.org/fileadmin/Public_documents/Publications/Nanomedicine_01.pdf
https://www.archives.esf.org/fileadmin/Public_documents/Publications/Nanomedicine_01.pdf
https://www.archives.esf.org/fileadmin/Public_documents/Publications/Nanomedicine_01.pdf


www.advancedsciencenews.com www.advmat.de

[55] N. Chattopadhyay, Z. Cai, J. P. Pignol, B. Keller, E. Lechtman, R.
Bendayan, R. M. Reilly, Mol. Pharm. 2010, 7, 2194.

[56] S. Kunjachan, R. Pola, F. Gremse, B. Theek, J. Ehling, D. Moeckel,
B. Hermanns-Sachweh, M. Pechar, K. Ulbrich, W. E. Hennink, G.
Storm, W. Lederle, F. Kiessling, T. Lammers, Nano Lett. 2014, 14,
972.

[57] J. Jayapaul, M. Hodenius, S. Arns, W. Lederle, T. Lammers, P. Comba,
F. Kiessling, J. Gaetjens, Biomaterials 2011, 32, 5863.

[58] Y. Tsvetkova, N. Beztsinna, M. Baues, D. Klein, A. Rix, S. K.
Golombek, W. Al Rawashdeh, F. Gremse, M. Barz, K. Koynov, S.
Banala, W. Lederle, T. Lammers, F. Kiessling, Nano Lett. 2017, 17,
4665.

[59] M. Darguzyte, R. Holm, J. Baier, N. Drude, J. Schultze, K. Koynov,
D. Schwiertz, S. M. Dadfar, T. Lammers, M. Barz, F. Kiessling, Bio-
conjugate Chem. 2020, 31, 2691.

[60] J. Hrkach, D. Von Hoff, M. Mukkaram Ali, E. Andrianova, J. Auer,
T. Campbell, D. De Witt, M. Figa, M. Figueiredo, A. Horhota, S.
Low, K. McDonnell, E. Peeke, B. Retnarajan, A. Sabnis, E. Schnipper,
J. J. Song, Y. H. Song, J. Summa, D. Tompsett, G. Troiano, T. Van
Geen Hoven, J. Wright, P. LoRusso, P. W. Kantoff, N. H. Bander, C.
Sweeney, O. C. Farokhzad, R. Langer, S. Zale, Sci. Transl. Med. 2012,
4, 128ra39.

[61] D. D. Von Hoff, M. M. Mita, R. K. Ramanathan, G. J. Weiss, A. C.
Mita, P. M. LoRusso, H. A. Burris 3rd, L. L. Hart, S. C. Low, D. M.
Parsons, S. E. Zale, J. M. Summa, H. Youssoufian, J. C. Sachdev,
Clin. Cancer Res. 2016, 22, 3157.

[62] K. A. Autio, R. Dreicer, J. Anderson, J. A. Garcia, A. Alva, L. L. Hart,
M. I. Milowsky, E. M. Posadas, C. J. Ryan, R. P. Graf, R. Dittamore,
N. A. Schreiber, J. M. Summa, H. Youssoufian, M. J. Morris, H. I.
Scher, JAMA Oncol. 2018, 4, 1344.

[63] H. Lee, A. F. Shields, B. A. Siegel, K. D. Miller, I. Krop, C. X. Ma, P.
M. LoRusso, P. N. Munster, K. Campbell, D. F. Gaddy, S. C. Leonard,
E. Geretti, S. J. Blocker, D. B. Kirpotin, V. Moyo, T. J. Wickham, B. S.
Hendriks, Clin. Cancer Res. 2017, 23, 4190.

[64] P. Munster, I. E. Krop, P. LoRusso, C. Ma, B. A. Siegel, A. F. Shields,
I. Molnár, T. J. Wickham, J. Reynolds, K. Campbell, B. S. Hendriks,
B. S. Adiwijaya, E. Geretti, V. Moyo, K. D. Miller, Br. J. Cancer 2018,
119, 1086.

[65] M. Talelli, S. Oliveria, C. Rijcken, E. Pieters, T. Etrych, K. Ulbrich,
C. Van Nostrum, G. Storm, W. Hennink, T. Lammers, Biomaterials
2013, 34, 1255.

[66] M. E. Davis, Mol. Pharmaceutics 2009, 6, 659.
[67] M. E. Davis, J. E. Zuckerman, C. H. Choi, D. Seligson, A. Tolcher, C.

A. Alabi, Y. Yen, J. D. Heidel, A. Ribas, Nature 2010, 464, 1067.
[68] S. Weinstein, I. A. Toker, R. Emmanuel, S. Ramishetti, I. Hazan-

Halevy, D. Rosenblum, M. Goldsmith, A. Abraham, O. Benjamini,
O. Bairey, P. Raanani, A. Nagler, J. Lieberman, D. Peer, Proc. Natl.
Acad. Sci. U. S. A. 2016, 113, E16.

[69] R. Kedmi, N. Veiga, S. Ramishetti, M. Goldsmith, D. Rosenblum,
N. Dammes, I. Hazan-Halevy, L. Nahary, S. Leviatan-Ben-Arye, M.
Harlev, M. Behlke, I. Benhar, J. Lieberman, D. Peer, Nat. Nanotech-
nol. 2018, 13, 214.

[70] D. Bobo, K. J. Robinson, J. Islam, K. J. Thurecht, S. R. Corrie, Pharm.
Res. 2016, 33, 2373.

[71] A. C. Anselmo, S. Mitragotri, Bioeng. Transl. Med. 2021, 6, 10246.
[72] X. Shan, X. Gong, J. Li, J. Wen, Y. Li, Z. Zhang, Acta Pharm. Sin. B

2022, 12, 3028.
[73] L. M. Liz-Marzan, A. E. Nel, C. J. Brinker, W. C. W. Chan, C. Chen,

D. Chen, D. Ho, T. Hu, K. Kataoka, N. A. Kotov, W. J. Parak, M. M.
Stevens, ACS Nano 2022, 16, 13257.

[74] K. Strebhardt, A. Ullrich, Nat. Rev. Cancer 2008, 8, 473.
[75] W. J. Gradishar, S. Tjulandin, N. Davidson, H. Shaw, N. Desai, P.

Bhar, M. Hawkins, J. O’Shaughnessy, J. Clin. Oncol. 2005, 23, 7794.

[76] A. Wang-Gillam, C. P. Li, G. Bodoky, A. Dean, Y. S. Shan, G. Jameson,
T. Macarulla, K. H. Lee, D. Cunningham, J. F. Blanc, R. A. Hubner,
C. F. Chiu, G. Schwartsmann, J. T. Siveke, F. Braiteh, V. Moyo, B.
Belanger, N. Dhindsa, E. Bayever, D. D. Von Hoff, L. T. Chen, Lancet
2016, 387, 545.

[77] M. Alfayez, H. Kantarjian, T. Kadia, F. Ravandi-Kashani, N. Daver,
Leuk. Lymphoma 2020, 61, 288.

[78] A. J. Wagner, V. Ravi, R. F. Riedel, K. Ganjoo, B. A. Van Tine, R. Chugh,
L. Cranmer, E. M. Gordon, J. L. Hornick, H. Du, B. Grigorian, A.
N. Schmid, S. Hou, K. Harris, D. J. Kwiatkowski, N. P. Desai, M. A.
Dickson, J. Clin. Oncol. 2021, 39, 3660.

[79] R. Lencioni, D. Cioni, Hepat. Oncol. 2016, 3, 193.
[80] W. Y. Tak, S. M. Lin, Y. Wang, J. Zheng, A. Vecchione, S. Y. Park, M.

H. Chen, S. Wong, R. Xu, C. Y. Peng, Y. Y. Chiou, G. T. Huang, J. Cai,
B. J. J. Abdullah, J. S. Lee, J. Y. Lee, J. Y. Choi, J. Gopez-Cervantes, M.
Sherman, R. S. Finn, M. Omata, M. O’Neal, L. Makris, N. Borys, R.
Poon, R. Lencioni, Clin. Cancer Res. 2018, 24, 73.

[81] W. J. M. Lokerse, A. Lazarian, A. Kleinhempel, M. Petrini, P. Schwarz,
M. Hossann, L. M. Holdt, V. Mailänder, L. H. Lindner, J. Controlled
Release 2021, 333, 1.

[82] L. C. Sebeke, J. D. Castillo Gómez, E. Heijman, P. Rademann, A. C.
Simon, S. Ekdawi, S. Vlachakis, D. Toker, B. L. Mink, C. Schubert-
Quecke, S. Y. Yeo, P. Schmidt, C. Lucas, S. Brodesser, M. Hossann,
L. H. Lindner, H. Grüll, J. Controlled Release 2022, 343, 798.

[83] K. Kataoka, A. Harada, Y. Nagasaki, Adv. Drug Delivery Rev. 2001, 47,
113.

[84] M. Talelli, M. Barz, C. Rijcken, F. Kiessling, W. Hennink, T. Lammers,
Nano Today 2015, 10, 93.

[85] H. Cabral, K. Miyata, K. Osada, K. Kataoka, Chem. Rev. 2018, 118,
6844.

[86] C. J. F. Rijcken, F. De Lorenzi, I. Biancacci, R. G. J. M. Hanssen, M.
Thewissen, Q. Hu, F. Atrafi, R. M. J. Liskamp, R. H. J. Mathijssen, I.
H. C. Miedema, C. W. Menke-van der Houven van Oordt, G. A. M. S.
van Dongen, D. J. Vugts, M. Timmers, W. E. Hennink, T. Lammers,
Adv. Drug Delivery Rev. 2022, 191, 114613.

[87] Q. Hu, C. J. F. Rijcken, E. van Gaal, P. Brundel, H. Kostkova, T. Etrych,
B. Weber, M. Barz, F. Kiessling, J. Prakash, G. Storm, W. E. Hennink,
T. Lammers, J. Controlled Release 2016, 244, 314.

[88] T. Lammers, J. Controlled Release 2019, 294, 372.
[89] R. Van der Meel, E. Sulheim, Y. Shi, F. Kiessling, W. Mulder, T.

Lammers, Nat. Nanotechnol. 2019, 14, 1007.
[90] K. Tamura, H. Kurihara, K. Yonemori, H. Tsuda, J. Suzuki, Y. Kono,

N. Honda, M. Kodaira, H. Yamamoto, M. Yunokawa, C. Shimizu, K.
Hasegawa, Y. Kanayama, S. Nozaki, T. Kinoshita, Y. Wada, S. Tazawa,
K. Takahashi, Y. Watanabe, Y. Fujiwara, J. Nucl. Med. 2013, 54, 1869.

[91] J. E. Mortimer, J. R. Bading, J. M. Park, P. H. Frankel, M. I. Carroll, T.
T. Tran, E. K. Poku, R. C. Rockne, A. A. Raubitschek, J. E. Shively, D.
M. Colcher, J. Nucl. Med. 2018, 59, 38.

[92] A. J. Even, O. Hamming-Vrieze, W. van Elmpt, V. J. Winnepenninckx,
J. Heukelom, M. E. Tesselaar, W. V. Vogel, A. Hoeben, C. M. Zegers,
D. J. Vugts, G. A. van Dongen, H. Bartelink, F. M. Mottaghy, F.
Hoebers, P. Lambin, OncoTargets Ther. 2017, 8, 3870.

[93] K. J. Harrington, S. Mohammadtaghi, P. S. Uster, D. Glass, A. M.
Peters, R. G. Vile, J. S. Stewart, Clin. Cancer Res. 2001, 7, 243.

[94] I. H. C. Miedema, G. J. C. Zwezerijnen, M. C. Huisman, E.
Doeleman, R. H. J. Mathijssen, T. Lammers, Q. Hu, G. A. M. S. van
Dongen, C. J. F. Rijcken, D. J. Vugts, Adv. Mater. 2022, 34, 2201043.

[95] A. A. van der Veldt, N. H. Hendrikse, E. F. Smit, M. P. Mooijer, A.
Y. Rijnders, W. R. Gerritsen, J. J. van der Hoeven, A. D. Windhorst,
A. A. Lammertsma, M. Lubberink, Eur. J. Nucl. Med. Mol. Imaging
2010, 37, 1950.

[96] A. A. van der Veldt, M. Lubberink, R. H. Mathijssen, W. J. Loos, G.
J. Herder, H. N. Greuter, E. F. Comans, H. B. Rutten, J. Eriksson,

Adv. Mater. 2024, 36, 2312169 2312169 (18 of 20) © 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH

 15214095, 2024, 26, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202312169, W
iley O

nline L
ibrary on [17/07/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

A. D. Windhorst, N. H. Hendrikse, P. E. Postmus, E. F. Smit, A. A.
Lammertsma, Clin. Cancer Res. 2013, 19, 4163.

[97] M. I. Koukourakis, S. Koukouraki, A. Giatromanolaki, S. Kakolyris, V.
Georgoulias, A. Velidaki, S. Archimandritis, N. N. Karkavitsas, Acta
Oncol. 2000, 39, 207.

[98] B. Ouyang, W. Poon, Y. N. Zhang, Z. P. Lin, B. R. Kingston, A. J.
Tavares, Y. Zhang, J. Chen, M. S. Valic, A. M. Syed, P. MacMillan,
J. Couture-Senécal, G. Zheng, W. C. W. Chan, Nat. Mater. 2020, 19,
1362.

[99] I. Alberg, S. Kramer, M. Schinnerer, Q. Hu, C. Seidl, C. Leps, N.
Drude, D. Möckel, C. J. F. Rijcken, T. Lammers, M. Diken, M.
Maskos, S. Morsbach, K. Landfester, S. Tenzer, M. Barz, R. Zentel,
Small 2020, 16, 1907574.

[100] T. Lammers, Nat. Mater. 2020, 19, 1257.
[101] J. May, J. Moss, F. Mueller, S. Golombek, I. Biancacci, L. Rizzo,

A. Elshafei, F. Gremse, R. Pola, M. Pechar, T. Etrych, S. Becker,
C. Trautwein, R. Buelow, P. Boor, R. Knuechel, S. Von Stilfried,
G. Storm, S. Puri, S. Barry, V. Schulz, F. Kiessling, M. Ashford, T.
Lammers, Nat. Biomed. Eng.

[102] J. M. Metselaar, T. Lammers, Drug Delivery Transl. Res. 2020, 10, 721.
[103] R. K. Jain, Cancer Res. 1988, 48, 2641.
[104] L. T. Baxter, R. K. Jain, Microvasc. Res. 1990, 40, 246.
[105] J. Ehling, B. Theek, F. Gremse, S. Baetke, D. Moeckel, J. Maynard,

S. Ricketts, H. Gruell, M. Neeman, R. Knuechel, W. Lederle, F.
Kiessling, T. Lammers, Am. J. Pathol. 2014, 184, 431.

[106] T. Opacic, S. Dencks, B. Theek, M. Piepenbrock, D. Ackermann, A.
Rix, T. Lammers, E. Stickeler, S. Delorme, G. Schmitz, F. Kiessling,
Nat. Commun. 2018, 9, 1527.

[107] S. Stapleton, C. Allen, M. Pintilie, D. A. Jaffray, J. Controlled Release
2013, 172, 351.

[108] B. Theek, F. Gremse, S. Kunjachan, S. Fokong, R. Pola, M. Pechar, R.
Deckers, G. Storm, J. Ehling, F. Kiessling, T. Lammers, J. Controlled
Release 2014, 182, 83.

[109] R. K. Jain, Science 2005, 307, 58.
[110] J. D. Martin, G. Seano, R. K. Jain, Annu. Rev. Physiol. 2019, 81, 505.
[111] V. P. Chauhan, T. Stylianopoulos, J. D. Martin, Z. Popovíc, O. Chen,

W. S. Kamoun, M. G. Bawendi, D. Fukumura, R. K. Jain, Nat. Nan-
otechnol. 2012, 7, 383.

[112] T. Stylianopoulos, R. K. Jain, Proc. Natl. Acad. Sci. U. S. A. 2013, 110,
18632.

[113] J. E. Murphy, J. Y. Wo, D. P. Ryan, J. W. Clark, W. Jiang, B. Y. Yeap,
L. C. Drapek, L. Ly, C. V. Baglini, L. S. Blaszkowsky, C. R. Ferrone,
A. R. Parikh, C. D. Weekes, R. D. Nipp, E. L. Kwak, J. N. Allen, R. B.
Corcoran, D. T. Ting, J. E. Faris, A. X. Zhu, L. Goyal, D. L. Berger,
M. Qadan, K. D. Lillemoe, N. Talele, R. K. Jain, T. F. DeLaney, D.
G. Duda, Y. Boucher, C. Fernández-Del Castillo, et al., JAMA Oncol.
2019, 5, 1020.

[114] A. Zinger, L. Koren, O. Adir, M. Poley, M. Alyan, Z. Yaari, N. Noor,
N. Krinsky, A. Simon, H. Gibori, M. Krayem, Y. Mumblat, S. Kasten,
S. Ofir, E. Fridman, N. Milman, M. M. Lübtow, L. Liba, J. Shklover,
J. Shainsky-Roitman, Y. Binenbaum, D. Hershkovitz, Z. Gil, T. Dvir,
R. Luxenhofer, R. Satchi-Fainaro, A. Schroeder, ACS Nano 2019, 13,
11008.

[115] S. Becker, J. Momoh, I. Biancacci, D. Möckel, Q. Wang, J. N. May, H.
Su, L. S. Candels, M. L. Berres, F. Kiessling, M. Hatting, T. Lammers,
C. Trautwein, Small 2023, 19, 2208042.

[116] T. Lammers, Adv. Drug Delivery Rev. 2010, 62, 203.
[117] T. Lammers, Expert Rev. Clin. Pharmacol. 2012, 5, 105.
[118] Y. Shi, T. Lammers, Acc. Chem. Res. 2019, 52, 1543.
[119] T. Lammers, V. Subr, P. Peschke, R. Kühnlein, W. E. Hennink, K.

Ulbrich, F. Kiessling, M. Heilmann, J. Debus, P. E. Huber, G. Storm,
Br. J. Cancer 2008, 99, 900.

[120] T. Lammers, V. Subr, K. Ulbrich, P. Peschke, P. E. Huber, W. E.
Hennink, G. Storm, F. Kiessling, Nanomedicine 2010, 5, 1501.

[121] S. Bonvalot, P. L. Rutkowski, J. Thariat, S. Carrère, A. Ducassou, M. P.
Sunyach, P. Agoston, A. Hong, A. Mervoyer, M. Rastrelli, V. Moreno,
R. K. Li, B. Tiangco, A. C. Herraez, A. Gronchi, L. Mangel, T. Sy-Ortin,
P. Hohenberger, T. de Baère, A. Le Cesne, S. Helfre, E. Saada-Bouzid,
A. Borkowska, R. Anghel, A. Co, M. Gebhart, G. Kantor, A. Montero,
H. H. Loong, R. Vergés, et al., Lancet Oncol. 2019, 20, 1148.

[122] C. Verry, S. Dufort, B. Lemasson, S. Grand, J. Pietras, I. Troprès, Y.
Crémillieux, F. Lux, S. Mériaux, B. Larrat, J. Balosso, G. Le Duc, E. L.
Barbier, O. Tillement, Sci. Adv. 2020, 6, aay5279.

[123] G. Bort, F. Lux, S. Dufort, Y. Crémillieux, C. Verry, O. Tillement, Ther-
anostics 2020, 10, 1319.

[124] L. Mayer, T. Harasym, P. Tardi, N. Harasym, C. Shew, S. Johnstone,
E. Ramsay, M. Bally, A. Janoff, Mol. Cancer Ther. 2006, 5, 1854.

[125] P. Tardi, S. Johnstone, N. Harasym, S. Xie, T. Harasym, N. Zisman,
P. Harvie, D. Bermudes, L. Mayer, Leuk. Res. 2009, 33, 129.

[126] A. Sofias, T. Lammers, Nat. Nanotechnol. 2023, 18, 104.
[127] T. Harasym, P. Tardi, N. Harasym, P. Harvie, S. Johnstone, L. Mayer,

Oncol. Res. 2007, 16, 361.
[128] I. Shaikh, K. Tan, A. Chaudhury, Y. Liu, B. Tan, B. Tan, G. Chiu, J.

Controlled Release 2013, 172, 852.
[129] M. Vicent, F. Greco, R. Nicholson, A. Paul, P. Griffith, R. Duncan,

Angew. Chem., Int. Ed. 2005, 117, 4129.
[130] T. Lammers, V. Subr, K. Ulbrich, P. Peschke, P. Huber, W. Hennink,

G. Storm, Biomaterials 2009, 30, 3466.
[131] A. Sengupta, D. Eavarone, I. Capila, G. Zhao, N. Watson, T. Kiziltepe,

R. Sasisekharan, Nature 2005, 436, 568.
[132] H. Meng, M. Liong, T. Xia, Z. Li, Z. Ji, J. Zink, A. Nel, ACS Nano 2010,

4, 4539.
[133] H. Meng, W. Mai, H. Zhang, M. Xue, T. Xia, S. Lin, X. Wang, Y. Zhao,

Z. Ji, J. Zink, A. Nel, ACS Nano 2013, 7, 994.
[134] J. Wu, C. Tang, C. Yin, Acta Biomater. 2017, 47, 81.
[135] Q. Zhou, Y. Li, Y. Zhu, C. Yu, H. Ji, B. Bao, H. Hu, C. Xiao, J. Zhang,

X. Zeng, Y. Wan, H. Xu, Z. Li, X. Yang, J. Controlled Release 2018, 275,
67.

[136] S. Guo, C. Lin, Z. Xu, L. Miao, Y. Wang, L. Huang, ACS Nano 2014,
8, 4996.

[137] A. Detappe, H. Nguyen, Y. Jiang, M. Agius, W. Wang, C. Mathieu,
N. Su, S. Kristufek, D. Lundberg, S. Bhagchandri, I. Ghobrial, P.
Ghoroghchian, J. Johnson, Nat. Nanotechnol. 2023, 18, 184.

[138] D. Needham, G. Anyarambhatla, G. Kong, M. W. Dewhirst, Cancer
Res. 2000, 60, 1197.

[139] L. Lindner, M. Eichhorn, H. Eibl, N. Teichert, M. Schmitt-Sody, R.
Issels, M. Dellian, Clin. Cancer Res. 2004, 10, 2168.

[140] N. Sadeghi, R. Deckers, B. Ozbakir, S. Akthar, R. J. Kok, T. Lammers,
G. Storm, Int. J. Pharm. 2018, 18, 778.

[141] H. Grüll, S. Langereis, J. Controlled Release 2012, 161, 317.
[142] A. Gasselhuber, M. Dreher, F. Rattay, B. Wood, D. Haemmerich,

PLoS One 2012, 7, 47453.
[143] A. Manzoor, L. Lindner, C. Landon, J. Park, A. Simnock, M. Dreher,

S. Das, G. Hanna, W. Park, A. Chilkoti, G. Koning, T. Ten Hagen, D.
Needham, M. Dewhirst, Cancer Res. 2012, 72, 5566.

[144] Y. Dou, K. Hynynen, C. Allen, J. Controlled Release 2017, 249, 63.
[145] M. Renegold, P. Bannigan, J. Evans, A. Waspe, M. Temple, C. Allen,

Nanomedicine 2022, 40, 102484.
[146] P. Lyon, M. Gray, C. Mannaris, L. Folkes, M. Stratford, L. Campo, L.

Campo, D. Chung, S. Scott, M. Anderson, R. Goldin, R. Carlisle, F.
Wu, M. Middleton, F. Gleeson, C. Coussios, Lancet Oncol. 2018, 19,
1027.

[147] M. Gray, P. Lyon, C. Mannaris, L. K. Folkes, M. Stratford, L. Campo,
D. Chung, S. Scott, M. Anderson, R. Goldin, R. Carlisle, F. Wu, M.
Middleton, F. Gleeson, C. Coussios, Radiology 2019, 291, 232.

[148] L. Spiers, M. Gray, P. Lyon, S. Sivakumar, N. Bekkali, S. Scott, L.
Collins, R. Carlisle, F. Wu, M. Middleton, C. Coussios, BMC Cancer
2023, 23, 896.

Adv. Mater. 2024, 36, 2312169 2312169 (19 of 20) © 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH

 15214095, 2024, 26, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202312169, W
iley O

nline L
ibrary on [17/07/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

[149] N. Doshi, A. J. Swiston, J. B. Gilbert, M. L. Alcaraz, R. E. Cohen, M.
F. Rubner, S. Mitragotri, Adv. Mater. 2011, 23, H105.

[150] C. W. Shields 4th, M. A. Evans, L. L. Wang, N. Baugh, S. Iyer, D. Wu,
Z. Zhao, A. Pusuluri, A. Ukidve, D. C. Pan, S. Mitragotri, Sci. Adv.
2020, 6, aaz6579.

[151] N. Kapate, M. Dunne, N. Kumbhojkar, S. Prakash, L. L. Wang, A.
Graveline, K. S. Park, V. Chandran Suja, J. Goyal, J. R. Clegg, S.
Mitragotri, Proc. Natl. Acad. Sci. U. S. A. 2023, 120, 2221535120.

[152] A. Sofias, G. Bjorkoy, J. Ochando, L. Sonstevold, M. Hegvik, C. De
Lange Davies, O. Haraldseth, T. Lammers, W. Mulder, S. Hak, Adv.
Sci. 2021, 8, 2170077.

[153] Z. Eshhar, T. Waks, G. Gross, D. Schindler, Proc. Natl. Acad. Sci. U.
S. A. 1993, 90, 720.

[154] D. R. Leach, M. F. Krummel, J. P. Allison, Science 1996, 271, 1734.
[155] Y. Ishida, Y. Agata, K. Shibahara, T. Honjo, EMBO J. 1992, 11, 3887.
[156] G. J. Freeman, A. J. Long, Y. Iwai, K. Bourque, T. Chernova, H.

Nishimura, L. J. Fitz, N. Malenkovich, T. Okazaki, M. C. Byrne, H. F.
Horton, L. Fouser, L. Carter, V. Ling, M. R. Bowman, B. M. Carreno,
M. Collins, C. R. Wood, T. Honjo, J. Exp. Med. 2000, 192, 1027.

[157] I. Mellman, G. Coukos, G. Dranoff, Nature 2011, 480, 480.
[158] J. Tang, A. Shalabi, V. M. Hubbard-Lucey, Ann. Oncol. 2018, 29, 84.
[159] J. G. Rurik, I. Tombácz, A. Yadegari, P. O. Méndez Fernández, S. V.

Shewale, L. Li, T. Kimura, O. Y. Soliman, T. E. Papp, Y. K. Tam, B. L.
Mui, S. M. Albelda, E. Puré, C. H. June, H. Aghajanian, D. Weissman,
H. Parhiz, J. A. Epstein, Science 2022, 375, 91.

[160] J. Tang, J. X. Yu, V. M. Hubbard-Lucey, S. T. Neftelinov, J. P. Hodge,
Y. Lin, Nat. Rev. Drug Discovery 2018, 17, 854.

[161] S. Bagchi, R. Yuan, E. G. Engleman, Annu. Rev. Pathol.: Mech. Dis.
2021, 16, 223.

[162] R. W. Jenkins, D. A. Barbie, K. T. Flaherty, Br. J. Cancer 2018, 118, 9.
[163] C. U. Blank, J. B. Haanen, A. Ribas, T. N. Schumacher, Science 2016,

352, 658.
[164] D. Bruni, H. K. Angell, J. Galon, Nat. Rev. Cancer 2020, 20, 662.
[165] D. J. Irvine, E. L. Dane, Nat. Rev. Immunol. 2020, 20, 321.
[166] Y. Shi, T. Lammers, Acc. Chem. Res. 2019, 52, 1543.
[167] J. D. Martin, H. Cabral, T. Stylianopoulos, R. K. Jain, Nat. Rev. Clin.

Oncol. 2020, 17, 251.
[168] G. Kroemer, L. Galluzzi, O. Kepp, L. Zitvogel, Annu. Rev. Immunol.

2013, 31, 51.
[169] M. Binnewies, E. W. Roberts, K. Kersten, V. Chan, D. F. Fearon, M.

Merad, L. M. Coussens, D. I. Gabrilovich, S. Ostrand-Rosenberg, C.
C. Hedrick, R. H. Vonderheide, M. J. Pittet, R. K. Jain, W. Zou, T. K.
Howcroft, E. C. Woodhouse, R. A. Weinberg, M. F. Krummel, Nat.
Med. 2018, 24, 541.

[170] J. Lu, X. Liu, Y. P. Liao, F. Salazar, B. Sun, W. Jiang, C. H. Chang, J.
Jiang, X. Wang, A. M. Wu, H. Meng, A. E. Nel, Nat. Commun. 2017,
8, 1811.

[171] L. Voorwerk, M. Slagter, H. M. Horlings, K. Sikorska, K. K. van
de Vijver, M. de Maaker, I. Nederlof, R. J. C. Kluin, S. Warren,
S. Ong, T. G. Wiersma, N. S. Russell, F. Lalezari, P. C. Schouten,
N. A. M. Bakker, S. L. C. Ketelaars, D. Peters, C. A. H. Lange,
E. van Werkhoven, H. van Tinteren, I. A. M. Mandjes, I. Kemper,
S. Onderwater, M. Chalabi, S. Wilgenhof, J. B. A. G. Haanen, R.
Salgado, K. E. de Visser, G. S. Sonke, L. F. A. Wessels, et al., Nat.
Med. 2019, 25, 920.

[172] K. Roemhild, H. C. Besse, B. Wang, Q. Peña, Q. Sun, D. Omata, B.
Ozbakir, C. Bos, H. W. Scheeren, G. Storm, J. M. Metselaar, H. Yu,
R. Knüchel-Clarke, F. Kiessling, C. T. W. Moonen, R. Deckers, Y. Shi,
T. Lammers, Theranostics 2022, 12, 4791.

[173] J. Q. Luo, R. Liu, F. M. Chen, J. Y. Zhang, S. J. Zheng, D. Shao, J. Z.
Du, ACS Nano 2023, 17, 8966.

[174] C. Liang, X. Bai, C. Qi, Q. Sun, X. Han, T. Lan, H. Zhang, X. Zheng,
R. Liang, J. Jiao, Z. Zheng, J. Fang, P. Lei, Y. Wang, D. Möckel, J.
M. Metselaar, G. Storm, W. E. Hennink, F. Kiessling, H. Wei, T.
Lammers, Y. Shi, B. Wei, Biomaterials 2021, 266, 120432.

[175] L. M. Kranz, M. Diken, H. Haas, S. Kreiter, C. Loquai, K. C. Reuter, M.
Meng, D. Fritz, F. Vascotto, H. Hefesha, C. Grunwitz, M. Vormehr,
Y. Hüsemann, A. Selmi, A. N. Kuhn, J. Buck, E. Derhovanessian, R.
Rae, S. Attig, J. Diekmann, R. A. Jabulowsky, S. Heesch, J. Hassel,
P. Langguth, S. Grabbe, C. Huber, Ö. Türeci, U. Sahin, Nature 2016,
534, 396.

[176] U. Sahin, E. Derhovanessian, M. Miller, B. P. Kloke, P. Simon, M.
Löwer, V. Bukur, A. D. Tadmor, U. Luxemburger, B. Schrörs, T.
Omokoko, M. Vormehr, C. Albrecht, A. Paruzynski, A. N. Kuhn, J.
Buck, S. Heesch, K. H. Schreeb, F. Müller, I. Ortseifer, I. Vogler, E.
Godehardt, S. Attig, R. Rae, A. Breitkreuz, C. Tolliver, M. Suchan, G.
Martic, A. Hohberger, P. Sorn, et al., Nature 2017, 547, 222.

[177] W. J. M. Mulder, J. Ochando, L. A. B. Joosten, Z. A. Fayad, M. G.
Netea, Nat. Rev. Drug Discov. 2019, 18, 553.

[178] B. Priem, M. M. T. van Leent, A. J. P. Teunissen, A. M. Sofias,
V. P. Mourits, L. Willemsen, E. D. Klein, R. S. Oosterwijk, A. E.
Meerwaldt, J. Munitz, G. Prévot, A. Vera Verschuur, S. A. Nauta,
E. M. van Leeuwen, E. L. Fisher, K. A. M. de Jong, Y. Zhao, Y. C.
Toner, G. Soultanidis, C. Calcagno, P. H. H. Bomans, H. Friedrich,
N. Sommerdijk, T. Reiner, R. Duivenvoorden, E. Zupančič, J. S. Di
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