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Global cancer prevalence has continuously increased in the last decades despite substantial progress
achieved for patient care. Cancer is no longer recognized as a singular disease but as a plurality of different
ones, leading to the important choice of the drug administration route and promoting the development
of novel drug-delivery systems (DDS). Due to their structural diversity, therapeutic cancer drugs present
specific challenges in physicochemical properties that can adversely affect their efficacy and toxicity pro-
file. These challenges are addressed by innovative DDS to improve bioavailability, pharmacokinetics and
biodistribution profiles. Here, we define the drug delivery challenges related to oral, intravenous, subcu-
taneous or alternative routes of administration, and review innovative DDS, marketed or in development,
that answer those challenges.
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Cancer remains the second leading cause of death after cardiovascular diseases, with 9.6 million victims worldwide
in 2018, and cancer deaths are projected to increase by 60% in the next two decades [1]. The pharmaceutical
industry has been increasingly focusing its efforts on the research, development and marketing of new oncology
drug products to fulfill unmet medical need, leading to the approval of 90 new cancer drugs by the US FDA
since 2012 [2]. Among those new drugs, more than 30% are dedicated to the treatment of blood and lymph node
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Figure 1. Cancer treatment landscape over the past 5 years. US FDA-approved drugs in oncology since 2012 [2] were
classified according to their indication (A), molecule type (B), treatment scheme (C) and administration route (D).

cancers (leukemia, myeloma and lymphoma), and 12–13% are addressing the treatment of lung and skin cancers
(Figure 1A). Other indications represent less than 10% of the newly approved drugs.

Active pharmaceutical ingredients (API) used for cancer treatments are extremely diverse in terms of chemical
structure and pharmacological class, including small molecules, monoclonal antibodies (mAbs) and peptides [3].
Small molecules remain today the major therapeutic class for cancer treatments, representing nearly 63% of newly
approved drugs, although antibodies (Ab) are also a fast-growing market with 23 new Ab-based treatments approved
since 2012 (Figure 1B). Within those two therapeutic classes, tyrosine kinase inhibitors, such as Cabometyx R©, and
programmed death receptor-1 (PD-1)-blocking Ab are the two most commonly developed treatment approaches,
representing 33 out of 46 small molecules and nine out of 22 antibody-based treatments, respectively. Other thera-
peutic classes including proteins, systemic radiotherapies or cell-based therapies remain more rarely developed, with
the approval of Zaltrap R©, Xofigo R© and Kymriah R©, respectively [4]. Most of the current cancer therapeutics com-
monly used today are in combination regimens. Indeed, around 30% of the newly approved drugs are administered
in combination with one or more other therapeutic agents to increase treatment efficacy (Figure 1C). However, and
in order to be successful, these therapeutic entities always require: the selection of the best administration routes
for monotherapy and/or for combination and the optimization of the formulation and the drug-delivery systems
(DDS) to allow optimal access to the targeted cancer cells.

Different routes of administration are frequently used in cancer therapies, particularly oral administration and
intravenous (iv.) administration (Figure 1D), whereas subcutaneous (sc.) administration has very limited application
to date. Most of the time, the therapeutic modality used dictates the choice of the administration route. Hence,
oral delivery is the gold standard for small molecules, while iv. administration remains the preferred route for more
challenging molecules such as biologics, or innovative nano-DDS [5,6]. sc. administration is attractive and generates
constant preclinical research but remains less represented in cancer drug late-stage development and approval.
Therefore, innovative solutions in formulations and DDS would be required to provide more flexibility and more
options in the route of administration, allowing optimal drug delivery to the cancer cells or tissues. For instance,
recently, small molecules were formulated in innovative nano-DDS such as liposomes (Vyxeos R©, Onivyde R© and
Marqibo R©) or albumin-based nanoparticles (Abraxane R©) to improve access of the drug to the cancer cells and
hence increase efficacy of the treatment. The sc. administration was optimized for several Abs such as Xgeva R©,
Herceptin R© sc. or Humira R© [7] as well as for small molecules (Velcade R©, Synribo R©). Therefore, it appears that
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DDS bring a lot of advantages and opportunities to improve cancer treatment efficacy and access to tumor sites
regardless of the molecular class of the API.

Cancer treatments are also facing other challenges. For instance, some APIs have shown poor solubility with
limited bioavailability. They may also have a poor stability in the GI tract and poor permeability through the
intestinal epithelium making them not suitable for oral dosing. This is the case of large biological molecules, like
mAbs, for example, ocrelizumab (Ocrevus R©) or atezolizumab (Tecentriq R©), which are used as immunotherapeutic
agents and administrated intravenously to stimulate the cancer immune system. APIs may also present unfavor-
able physicochemical or pharmacokinetic properties. Small molecules such as paclitaxel (Taxol R©) or doxorubicin
(Adriamycin R©) are typically poorly soluble in biological media, requiring chemical modification or formulation
development to be administered at their therapeutic dose. These active molecules may also exhibit adverse effects
in normal tissues, which would limit their efficacy, due a low therapeutic index. Moreover, many tumor types,
such as pancreatic cancer, may be characterized by a very dense stromal compartment or by a poor or unfunctional
vascularization making them inaccessible to many kinds of treatments. Considering all these hurdles, there is an
increasing demand for effective and, ideally, noninvasive strategies in DDS to ensure the delivery of the right drug,
at the right location, over the right period of time while minimizing side effects on healthy cells.

In this review, we present and discuss the challenges and opportunities of the main administration routes and
how, when associated with the appropriate DDS, they can address some of the current challenges in cancer drug
delivery. Special emphasis will be placed on innovative delivery solutions that could significantly contribute to
changing the cancer treatment landscape.

Oral delivery route
Challenges & opportunities
The oral route is usually thought to be the preferred method of administration for patients, as it is the least invasive
delivery route, and it complies to cost-containment policies in place in most developed countries, encouraging
the move of cancer treatment away from hospital-based settings. Orally administered drugs may be designed to
have a systemic effect or a local effect when their targets are in the GI tract. After oral administration, drugs
designed to have a systemic effect are expected to enter the bloodstream by crossing the stomach-lining epithelium
or more often the intestinal epithelium, and then be subjected to first-pass metabolism by the liver, depending on
enzymatic stability [8]. To date, the oral route has been mainly used to deliver small molecules with a molecular
weight of less than 500 g/mol, although new drug-delivery approaches are also considered to expand this delivery
route to larger molecules, like peptides and proteins. Three main parameters are driving the bioavailability of small
molecules after oral administration: its solubility and stability in intestinal medium and its permeability through
the intestinal membrane. The Biopharmaceutical Classification System identifies four classes of drugs, depending
on their solubility and permeability. It has been estimated that oral delivery of 90% of molecules was limited by a
poor solubility in the intestinal fluid. Poor oral drug bioavailability is related to four major challenges summarized
in Table 1: low drug solubility; poor permeability poor stability, limited absorption and enzymatic degradation
of drugs (like e.g., large molecules) in the GI tract; the need for targeted delivery of the drug to specific GI tract
sections where cancer is located. The main strategies developed to address those challenges include the development
of formulations able to enhance drug solubility and permeability, the use of innovative nanocarriers to improve
crossing of the intestinal epithelium, and the development of site-specific delivery systems.

One of the mostly used approaches to address low drug solubility is the drug nanonization process. Drug
particle size reduction has been successfully applied to different molecules for many years, allowing the increase of
drug substance surface area, consequently enhancing dissolution rate or apparent solubility. This higher apparent
solubility improves bioavailability values by a factor of five- to ten-fold [9]. Drug nanocrystals usually exhibit an
average size below 1μm and are composed of 100% drug. Due to their potential physical instability (polymorphism,
Ostwald ripening, aggregation. . . ), these nanocrystals may be formulated with stabilizers as solid dosage forms
(capsules, tablets) or liquid suspensions. Nanonized drugs are dispersed and stabilized with surfactants or polymeric
steric stabilizers forming a drug nanosuspension, avoiding the use of organic solvents or extreme pH ranges for
solubilization and allowing high drug dose in low administration volumes. In addition to an enhanced apparent
solubility, increased surface area due to decreased particle size of nanocrystals and/or the presence of surfactants
are suspected to promote mucoadhesion, which can increase GI residence time and contribute to increased
bioavailability [10]. Many nanocrystal products reached the market since the first drug (Emend R©), for the treatment
of nausea and vomiting associated with chemotherapy, was introduced in 2000 [11]. More recently, several molecules
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Table 1. Summary of challenges and examples of drug-delivery solutions for oral administration of anticancer
drugs.
Challenge Example of drug-delivery solution Example of technology/product available Ref.

Low solubility/dissolution rate Nanonization NanoCrystal R© [10]

Lipid-based formulation SMEDDS [13]

Poor permeability across epithelium Permeation enhancers Peptelligence R©, Mycapssa R©, Eligen R©,
Rybelsus R©

[18]

Mucus-penetrating formulations Covalent coupling to CPP [27]

Intraepithelial microneedles RaniPill™, SOMA [36,38]

Low drug stability, enzymatic degradation Encapsulation in nanocarriers Polyarginine nanocapsules [33]

GI tract site-specific targeted delivery Gastroretentive formulation Star-shaped ultralong-lasting capsule,
alginate/polyacrylamide hydrogel

[40,41]

Enteric formulations Eudragit R© [43]

Colon-delivery: dual-responsive hydrogels (pH
and microbiota responsive)

Guar gum/PVA hydrogel [47]

Electronic smart pills Intellicaps R© [52]

CPP: Cell-penetrating peptide; SMEDDS: Self-microemulsifying DDS; SOMA: Self-orienting millimeter-scale applicator.

were approved using the delivery technologies NanoCrystals R© from Alkermes, DissoCube™ from SkyePharma and
Solumatrix™ from iCeutica. Finally, formulation of poorly soluble drugs such as homogeneous nanosuspensions
was shown to minimize inter- and intra-patient variability resulting from fed/fasted state [12], thus bringing a great
advantage for chronic treatment of patients with cancer.

Another delivery approach to address poor drug aqueous solubility is lipid-based formulations [13]. Simple oily
solutions of complex mixtures of oils and cosolvents, surfactants and cosurfactants can be obtained depending on
the drug properties and therapeutic expectations [14]. Microemulsions and self-microemulsifying DDS have been
widely explored to maximize the drug solubility in the GI tract. Due to their physical stability as isotropic mixtures
systems, the formulations can be filled into hard or soft capsules for oral delivery. These systems spontaneously form
lipid droplets in contact with intestinal fluids, achieving a faster and more uniform drug solubilization, permeation
and absorption through GI tract. Mostly developed for small hydrophobic molecules, self-microemulsifying DDS
could also be formulated with therapeutic peptides and proteins. However, because of their mainly hydrophilic
nature, drug loading is usually limited in lipidic formulations, unless hydrophobic ion pairing strategies and
additional formulation optimization routes are used [15]. Commercial successes were achieved with the formu-
lation of the immunosuppressant peptide cyclosporine A (Neoral R©), or antiretroviral drugs ritonavir (Norvir R©),
saquinavir (Fortovase R©) and tipranavir (Aptivus R©), showing the benefits of that type of DDS for cancer therapeutics
applications.

These lipidic systems combined with functional molecules known as permeation enhancers have the major
advantage of addressing both solubility and permeability issues [16]. The key issue associated with this strategy is
to ensure the simultaneous codelivery of the drug substance and the permeation enhancer at the absorption site
to achieve significant increase in bioavailability without inducing toxicity. Typically, drugs requiring permeation
enhancement strategies are peptides, peptide analogs or other polar high-molecular-weight molecules. The most
promising technologies were developed up to late clinical stage, such as Peptelligence R© from Enteris BioPharma and
Transient Permeation Enhancement (TPE R©) from Chiasma. Both technologies are based on enteric-coated solid
dosages forms, combining the drug substance with a permeation enhancer, acyl carnitine for Peptelligence R© [17] and
sodium caprylate for TPE R©. The simultaneous release of the permeation enhancer and the peptide drug increases
its solubility and absorption by improving passive paracellular transport through the tight junctions (TJ). Chiasma
recently announced acceptance by FDA of its new drug application resubmission for oral octreotide capsules
(Mycapssa R©) for the treatment of neuroendocrine tumors (NET) and acromegaly [18], a rare, debilitating disease
caused by a benign tumor of the pituitary gland. Moreover, Rybelsus R© developed by NovoNordisk based on the
Eligen R© technology was FDA-approved in September 2019. The oral delivery of the GLP-1 analog is achieved by
the creation of a noncovalent complex between the drug and the salcaprozate sodium protecting the peptide from
digestive enzymes and improving its permeability through the intestinal epithelium via a transcellular pathway.
This marketed technology could be adapted to oncology peptides, proteins or other large molecules [19,20].
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Upcoming challenges for oral administration appear to be the delivery of fragile molecules, such as peptides or
proteins, due to their extremely low stability in the GI tract and resulting in poor bioavailability [21]. Several strategies
to enhance stability and permeability of these molecules are currently explored at earlier stage of development [22].
Chemical modification of drugs to form prodrugs can be achieved by covalently linking nonpharmacologically active
molecules to the drug to increase their permeability and reduce their tendency to metabolism [23]. Among others,
the two strategies evaluated in early development phases were covalent coupling with poly(ethylene glycol) (PEG),
known as PEGylation [24], or with cell-penetrating peptides (CPPs), such as the transactivator of transcription of
HIV [25]. The most critical aspects in this approach are the identification of functional reactive groups for covalent
modification of the drug without modifying its pharmacological activity, and the selection of a linker strategy.
This strategy ensures the conjugate stability in the GI tract, while allowing drug release in a timely manner and
therapeutically active state at the site of action. Those advantages are key in cancer therapy for the delivery of peptides
and proteins. Other examples of CPPs can be cited as transepithelial carriers for the delivery of proteins or peptides
such as polyarginine and penetratin, which were mostly used to deliver insulin [26–28]. Chemical modification of
drug substances was also developed in the squalenoylation platform [29], in which small hydrophilic drugs are
coupled to the lipidic squalene to form an amphiphilic prodrug able to self-assemble and form nanoparticles. This
strategy has been applied to the oral delivery of cisplatin [30].

The use of nanocarriers has also been extensively explored to enhance drug bioavailability after oral administration
due to the nanoscale size of the carrier and the increased epithelial permeability related to a specific interaction
mechanism or cell-penetrating properties and many examples in preclinical development stage could be cited
here. One of them are the polyarginine (PArg) nanocapsules were specifically designed to deliver small anticancer
drugs into cells and were recently used in early development for the oral delivery of an antitumoral peptide,
elisidepsin. These nanocapsules are composed of an oily core of Mygliol R© and lecithin, and a PArg polymeric shell
whose guanidine functional groups, well known as CPPs, promote cellular internalization. The PArg nanocapsules
demonstrated prolonged retention in the GI tract following oral administration in mice.

Due to their interaction with the GI mucosa, they were likely able to develop interactions with TJ proteins
that would favor paracellular transport of hydrophilic drugs. Despite significant enhancement in bioavailability
compared with free drugs, the biggest challenge for those systems remains the permeation through the intestinal
membrane to reach the systemic circulation. Without proper surface modification such as the addition of CPP
moieties, due to their nanometer size range, nanocarriers can encounter difficulties to penetrate the intestinal mucus,
especially in the thickest parts of the GI tract walls [31,32]. Hence, optimization regarding size and surface properties
of nanocarriers are necessary to ensure they efficiently infiltrate the mucus layer before turnover occurs [33].

Oral nanocarriers also reached clinical development stages such as eRAPA, the encapsulated rapamycine currently
investigated in Phase II clinical trial for the treatment of nonmuscle invasive bladder cancer [34]. eRAPA is a
submicronic particle composed of poly(methyl metacrylate), a pH-sensitive polymer. Rapamycine given orally as a
free drug encounters a short half-life combined with a strong first-pass hepatic resulting in very low bioavailability.
The innovative encapsulated rapamycine, eRAPA, showed an increased bioavailability and promising safety of the
drug in clinical Phase Ib [35].

When reaching the intestinal lumen, some anticancer drugs face poor mucus penetration. To address this
challenge, several innovative delivery systems are currently under investigation preclinically and clinically. These
systems are based on the use of dissolvable drug-loaded microneedles embarked in smart devices placed in gastro-
resistant capsules. When reaching the intestinal section of the GI tract, the microneedles are inserted into the
intestinal epithelium. The drug loaded inside the microneedles is then released upon dissolution and reaches
the systemic circulation. This is the case with the RaniPill™ system, developed by Rani Therapeutics [36]. This
system is currently under preclinical evaluation for the delivery of several peptides and proteins and demonstrated
bioequivalence to SC injection with a GLP-1 analog, PTH and a TNF-α inhibitor. The first-in-human safety study
was successfully completed in March 2019 focusing on the tolerability of the device with no drug loaded [37]. The
major limitation of this technology is the low drug loading of 3–5 mg of API per pill. This might be an issue when
evaluating small molecules for cancer treatment, which usually require higher doses. Another example is the self-
orienting millimeter-scale applicator (SOMA) device developed by MIT in collaboration with NovoNordisk, at a
preclinical stage for the oral administration of insulin. This promising device demonstrated similar pharmacokinetics
profiles of the insulin compared with standard SC administration [38].

Apart from systemic delivery, oral route of administration can be used as a local delivery route of the drug
substance to a GI site-specific tumor such as gastric, intestinal or colorectal cancer. To address this need, several
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drug-delivery strategies are currently being evaluated. Stomach is the easiest GI section that can be reached after
oral administration of a drug. However, the drug residence time in the stomach is usually short and therefore
may limit the therapeutic efficacy of the delivered drug. Most advanced systems include gastroretentive dosage
forms, to increase the gastric residence time [39]. One of those systems, developed for a noncancer treatment, is
an ultralong-acting capsule that deploys a star-shaped dosage form preventing its transit through the pylorus, and
delivers a sustained therapeutic dose of ivermectin against malaria up to 14 days [40]. Another system is based on
two types of alginate and polyacrylamide networks that are interpenetrated and cross-linked, forming an hydrogel
with significant swelling and mechanical properties allowing to withstand in vivo gastric forces [41]. Interestingly,
this system can be dissolved and eliminated on demand, by simply swallowing a biocompatible chelator and a
reducing agent. This property would be an absolute necessity in the case of, but not limited to, cancer therapy, to
be able to stop the treatment in case of any adverse reaction. The major challenge faced when targeting an intestinal
cancer is to resist the harsh milieu of the stomach and deliver the drug only in the more neutral environment of
the intestine. Such properties are generally achieved using enteric-coated formulations formed with polyanionic
pH-sensitive polymers that dissolve only at neutral pH [42]. Cellulose derivatives such as cellulose acetate, phthalate
or methacrylate copolymers (e.g., Eudragit R©, polymers from Evonik) were shown to efficiently protect drugs from
the acidic environment of the stomach allowing drug release in the intestinal fluid [43].

Oral delivery may also give the opportunity to reach the intestinal lymphatic system, which can be extremely
useful for the treatment of lymphoma and some metastatic cancers [44]. This delivery route that has the advantage of
circumventing the first pass effect, would be attractive for drugs sensitive to liver metabolism but the bioavailability
of the molecules is relatively low through this route of absorption. Since the intestinal lymphatic system plays a
major role in the absorption of dietary lipids via phagocytosis of chylomicrons, most strategies to target this system
are using lipid-based formulations and chemical modifications of drugs to form lipid prodrugs [45].

Finally, drug delivery targeting the colon part of the GI tract may be used to improve delivery to colorectal tissues,
especially in the case of colorectal cancers [46]. This strategy can also improve systemic absorption of macromolecules,
due to lower proteolytic activity, decreased expression of efflux transporters and increased residence time. Delivery
to the colon faces two challenges: the drug needs to reach the colon without being released neither in the stomach
nor in the intestine, and to cross the thick mucus layer present in this part of the GI tract [47]. Guar gum, a natural
polysaccharide is solely and specifically degraded by the colon anaerobic microbiota into monosaccharides, has
been used to deliver the anticancer drug, 5-fluorouracil (5-FU) [48]. It could form a pH-responsive hydrogel when
combined with polymers such as poly(vinyl) alcohol [49]. However, these strategies need to be carefully adjusted to
the disease state, which can easily modify both the pH and the microbiota of the colon.

The next generation of oral drugs will likely take advantage of innovative technologies such as 3D printing [50].
Beyond the possibilities of rapid prototyping, 3D printing offers unprecedented flexibility in the design and
manufacturing of drugs, which is particularly well suited for personalized medicines. Hence, 3D printing is gaining
growing interest in the pharmaceutical field, especially since the FDA approval in 2015 of Spritam R© (levetiracetam)
3D-printed tablets for the treatment of epileptic seizures [51]. The Spritam tablet is built by powder liquid layer-
by-layer deposition until the desired dosage is achieved. It allows for a high dose of medicine to be loaded into
a relatively compact pill. The pill is porous, enabling it to disintegrate quickly with a sip of liquid to make it
easier for patients who have trouble swallowing and to comply with their therapeutic regimen. Looking at the near
future, innovative drug delivery digital devices are also currently explored for personalized therapy. This includes the
electronic smart pill Intellicap R© from Medimetrics Personalized Drug Delivery, which can measure individual GI
residence times, temperature and local pH, and communicate the results in real time via a wireless transceiver [52].
This should allow determining the location of the capsule, and tightly and remotely controlling drug delivery
to a targeted region. This smart drug delivery pill will likely enable a range of novel therapies and transform
the conventional oral delivery pill to a key building block of a future personalized and interconnected healthcare
environment.

Conclusion on oral delivery of anticancer drugs
Challenges and examples of drug-delivery solutions for the oral administration of anticancer drugs are summarized in
Table 1. The oral route remains the preferred mode of delivery for most drug substances, owing largely to simplicity
and noninvasiveness and improving quality of life of patients with cancer [53]. This route of administration makes
perfect sense for the treatment of gastrointestinal and colorectal cancers, since it ensures a direct access to the
tumor knowing that the drug absorption in the colon can present some variability. Moreover, the dosage form
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developed must be appropriate for a localized delivery requiring complex and expensive technologies such as
smart pills. This route can also provide a specific entry into the systemic lymphatic system through the intestinal
lymphatic network, relevant in the context of lymphoma and in some cases of metastatic cancers, using lipid-based
formulations. It is also commonly used in multiple other indications such non-small-cell lung cancer, renal cell
carcinoma or hepatocellular carcinoma. However, systemic biodistribution via oral administration still needs to
overcome numerous challenges to improve bioavailability and fully compete with IV administration, especially for
the delivery of large molecules such as peptides and biologics. When developing a novel oral formulation, it is
also critical to consider the usually high dose of macromolecules or small molecules to be administered and adapt
the technology to this challenge [54]. For cytotoxic agents with a narrow therapeutic window, oral administration
might be limited by intra- and interpatient absorption variability, and the necessity to closely monitor the treatment
regimen and tolerability. Conversely, more recent cancer drugs such as noncytotoxic-targeted agents or hormonal
therapy, as described earlier, involving therapeutic molecules with wider therapeutic windows, may largely benefit
from novel oral formulations such as the nanotechnologies [55,56].

iv. delivery route
Challenges & opportunities
iv. administration refers to the direct injection – infusion or bolus – of drugs into the bloodstream, allowing
direct access to any organ vasculature in the body. iv. injections ensure higher bioavailability and lower inter-
and intra-patient variability compared with the oral route. However, this delivery route for drug cancer therapies
still faces four main challenges to significantly improve patient quality of life: long infusion times are usually
required due to poor pharmacokinetics and biodistribution properties of the drug substance, in other words, rapid
plasmatic clearance, strong metabolism, fast excretion or short residence time at the tumor site. Conventional
chemotherapeutic agents are usually nonspecific and distribute both in normal and tumor tissue, leading to severe
side effects and off-target toxicity therefore requiring targeted therapies to increase therapeutic efficacy. Moreover,
targeted therapies could help reach some isolated organs due to specific biological barriers, such as the blood–brain
barrier (BBB) for brain targeting. Some other cancer therapies, such as immunotherapies or targeted therapies, may
also have a broader expression of the target, not only limited to tumor sites but also present in multiple normal
organs, leading to undesirable side effects (toxicity on targets present in healthy organs not containing any tumor).
Finally, treatment strategies that need to be fine-tuned to the patient and to the tumor sites only, usually involve
the use of combination therapies and imaging modalities.

Hence, the development of highly versatile and modular formulations is required to address the challenges
described above. Although other technologies such as the synthesis of bioconjugates have been implemented, the
main innovative strategies that will be described in the following sections are based on the use of nanotechnologies
applied to the therapeutic field, usually referred to as nanomedicine [57]. Due to its versatility, nanotechnology
could be one common answer to the four challenges stated above.

Initial interest in nanocarriers has been largely related to their ability to increase drug substance circulation time
and modify tissue distribution profile due to their size and surface properties [57], therefore addressing the key
challenge of unfavorable pharmacokinetics, biodistribution and toxicity profiles of iv. cancer drugs.

To achieve this, nanocarriers used as nanosuspensions, such as liposomes, nanoparticles or nanocapsules, were
developed. Longer circulation times were obtained, thanks to surface modifications, mostly using PEG, to limit
opsonization and the subsequent rapid capture and clearance by the macrophages of the reticuloendothelial
system [58,59]. The PEG, an hydrophilic FDA-approved polymeric excipient, is widely used as a surface modifier of
macromolecules and particulates to improve pharmacokinetics and pharmacodynamics properties [58]. For example,
PEGylated phospholipids were used in the composition of Doxil R©, a liposomal formulation of doxorubicin. In
patients, the total body exposure, expressed as area under the curve, of the encapsulated doxorubicin was 300-fold
greater than the free drug demonstrating the significant impact of the PEG chains at the liposome surface [60].
However, PEG itself presents the disadvantage of a nonbiodegradable main chain, and anti-PEG immune responses
have been observed and correlated to loss of therapeutic activity and adverse reactions in several clinical reports after
chronic administrations [61]. In addition to the formation of Ab following multiple administrations of PEGylated
therapeutics, the pre-existence of anti-PEG Ab in the general population exposed to PEG through other means can
also contribute to the overall immune response [62–64]. These findings bring to light a need for improved awareness
regarding anti-PEG Ab [65], especially in the drug delivery field [66]. Interestingly, over the past decades, alternatives
to PEG have been investigated at the research stage to increase the circulation half-life of nanocarriers [63], such
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as the use of polyglycerols [67], polysialic acid [68] or polyamino acids [69], although these molecules have not yet
reached the market as nanocarrier surface modifiers due to less promising effects on improving drug circulation
half-life [70]. As long-circulating stealth nanocarriers are obtained due to their surface modification, the control over
tissue distribution is primarily based on their nanometric size (usually <200 nm), allowing passive accumulation
within the tumor mass through the enhanced permeability and retention (EPR) effect. It was demonstrated the
passive accumulation of nanocarriers is usually related to tumor physiology, especially its leaky vasculature, the poor
lymphatic drainage [71] and the increased inflammatory tumor response [72]. Similarly to nanoencapsulation, the
nanonization of drugs to form nanosuspensions [10] and the development of albumin-based drug nanoparticles [73]

were implemented to enhance loading capacity of insoluble compounds and reduce infusion time and volume.
Therefore, nanotechnology takes the advantage of the cancer pathophysiology to passively address the carriers to the
tumor site. Although the EPR effect has become the foundation of nanocarriers delivery to solid tumors, this effect
presents a high variability among tumor types, tumor development stage [74], tumor microenvironment and stroma
characteristics [71]. Within one tumor type, several strategies were proposed to take interpatient variability into
account and select patients according to their EPR capability, such as the use of companion imaging particles [75],
the development of radiolabeled nanocarriers [76] or the evaluation of circulating EPR-predictive gene, protein or
cell biomarkers [77]. Tissue distribution of encapsulated drugs can also be significantly improved if a component of
the nanocarrier (ligand) specifically interact with a molecule overexpressed in the tumor, providing active targeting.
This strategy led to the FDA approval of Abraxane R© for the delivery of paclitaxel in 2005 for the treatment
of pancreatic ductal adenocarcinoma, using albumin-based paclitaxel nanoparticles (Abraxane R©). In this context,
a glycoprotein, SPARC (secreted protein acidic and rich in cysteine), is highly expressed in the tumor stroma,
and it has been suggested that this protein could sequester Abraxane R©, enhancing the delivery of paclitaxel into
the tumor microenvironment [78]. Although the associations between Abraxane R© and SPARC remain to be fully
demonstrated, several clinical trials are currently ongoing in order to investigate the combination of Abraxane R©

with chemotherapies (in particular gemcitabine), or immunotherapies, for the treatment of pancreatic ductal
adenocarcinoma [79]. Active targeting can also address the tissue distribution challenge for the delivery of cancer
therapies to cross cellular membranes and reach intracellular targets [80]. To answer this challenge, nanocarriers
were designed to improve specific cellular uptake, usually with targeting ligands that recognize specific receptors
on the tumor cell surface [81]. Several companies carried out clinical trials on targeted nanoparticles such as BIND
Therapeutics Inc., evaluating in Phase II the targeted polymeric nanoparticle BIND-014 against prostate cancer,
non-small-cell lung cancer and cervical cancer [82]. BIND-014 is a Prostate-Specific Membrane Antigen (PSMA)-
targeted nanoparticle formulation encapsulating docetaxel. PSMA is a protein specifically expressed on prostate
cancer cells surface and in the tumor neovasculature but not on healthy tissue vasculature. This specific expression of
PSMA was used as a target-ligand couple for the tumor cell internalization of the docetaxel-loaded nanoparticle [83].
Similarly, Synergene Therapeutics is currently evaluating transferrin-targeted immunolipoplexes encapsulating p53
DNA sequence in Phase II clinical trials for the treatment of pancreatic cancer and glioblastoma [84]. Synergene
Therapeutics exploited the increased expression of transferrin receptors at the BBB for an efficient and specific
targeting of the brain parenchyma. A major barrier in pharmacology remains the BBB that prevents more than 98%
of endogenous and exogenous molecules circulating in the bloodstream to reach the brain [85]. Noninvasive brain
delivery strategies such as the one of Synergene Therapeutics aims to exploit existing pathways to cross the BBB, by
either forming prodrugs able to cross or circumvent the barrier [86], or by encapsulating the drug into nanocarriers
decorated with a BBB-targeting moiety [87,88]. However, regardless of the type of drug encapsulated in the past
decades, no more than 1% of the injected dose has reached the brain parenchyma so far, when using such targeted
and multifunctional nanocarriers. Overall, a thorough understanding of the surface charge interactions between
the nanocarrier and biological systems, especially circulating proteins and cells, is needed before translating passive
or active targeting strategies to the clinic. Increased uptake by tumor cells could also be achieved by exploiting
size- and shape-dependent cell internalization mechanisms [89,90]. These aspects are currently highly explored at
a preclinical stage on metal nanoparticles (Gold, Silver, Copper) [91–93], as well as on organic and biodegradable
polymer nanoparticles [94,95]. As an example, this challenge has been addressed by specifically printing nanoparticles
with precisely defined size and shape and evaluating preclinically their fate after iv. administration [96,97]. Liquidia
Technology translated the PRINT technology from research to cGMP manufacturing scale with two current clinical
programs for noncancer diseases [98]. They demonstrated the versatility of the technology versus the molecule type
and the route of administration. Most of the recent examples highlighted above on innovative nanomedicines
have been developed for the encapsulation of small molecules or macromolecules (proteins, peptides. . . ). A
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relatively more recent challenge associated to nanodrug delivery is the encapsulation of gene therapy (DNA, RNA
sequences) to target intracellular compartments. Two main nanocarrier families were investigated: the viral vectors
and the nonviral vectors (liposomes, polymer or lipid nanoparticles) already described above with their associated
challenges [99,100]. Viral vectors, mainly retroviruses, adenoviruses and lentiviruses structures, are known for their
efficient and fast cellular uptake and their capacity to deliver the cargo to the intracellular target. Their ability to
overcome extracellular and/or intracellular barriers due to their specific structure, size, shape and surface properties.
However, safety concerns were highlighted in preclinical and clinical studies with the apparition of off-target
immunogenicity, inflammatory response and toxicity [101,102].

Many targeted therapies have to face the issue of side effects due to the ubiquitous distribution of the targeted
receptor in healthy organs also, even if usually overexpressed at the tumor site. To address this challenge and reduce
the drug concentration in healthy tissues while retaining the antitumor activity, the drug release can be precisely
controlled by using a biological stimulus specific from the targeted site. The Probody R© technology platform
(CytomX R© Therapeutics) designed therapeutic prodrug–Ab to be specifically converted by enzymatic activity at
the tumor location from a nonactive entity to its active form. The modified IgG antibody was transformed in the
Probody R© inactive form with the addition of a masking peptide linked to the light chain N-terminal via a protease-
cleavable linker. After IV administration, once the Probody R© construct is located in the tumor extracellular matrix,
the masking peptide is removed through the cleavage of the linker, therefore releasing the peptide [103,104]. Due to
the overexpression of the converting protease in the tumor environment, the nonactive Ab is specifically activated
at the tumor site, reducing on-target side effects and increasing the benefit/risk ratio of the drug [105]. Finally,
control over drug distribution can also be achieved by precisely controlling drug release using stimuli-responsive
nanocarriers [106]. External stimulations such as heat, light, magnetic field or ultrasounds enable tailored drug-release
profiles with time and space control. This external stimulus is fully independent from any biological stimulus (pH,
redox state or enzyme activity) that could introduce an additional inter- and intra-patient variability. For example,
the thermosensitive liposomal formulation of doxorubicin, ThermoDox R©, is currently explored in a Phase III
trial for the treatment of nonresectable hepatocellular carcinoma [107]. ThermoDox R©, delivered by iv. infusion, is
used in combination with heat-producing techniques, typically microwave hyperthermia or high-intensity-focused
ultrasound applied on the area to be treated. Reaching a temperature above the lipid mixture glass transition, usually
around 40–45◦C, the structure of heat-sensitive bilayer becomes more fluid, creating openings in the liposome.
This fluidity enables doxorubicin release specifically into and around the targeted area [108].

Similar to this approach, the use of ultrasound-mediated drug delivery in combination with gas microbubbles of
1–10 μm in diameter could be a promising strategy to reach the brain parenchyma. Gas microbubbles mechanically
disrupt BBB TJ providing potential for enhanced anticancer treatment, especially in terms of spatial specificity [109].
In this setting, drugs can be formulated either directly inside the microbubbles used to disrupt the junctions, or
in adjunction of free molecules, or encapsulated in another type of nanocarrier. Interestingly, this strategy can
be coupled to MRI, to monitor BBB permeation [110] and provide a noninvasive theranostic tool [111]. Finally, as
ultrasounds can also be used to generate heat and disrupt thermosensitive liposomes such as previously described for
ThermoDox R©, using this technique could provide a way to both locally deliver the liposomes and release the drug
in a timely manner. This DDS presents advantages in noninvasive imaging and the delivery of drug in neurological
disorders and brain cancer but the safety has to be monitored closely due to potential thermal and mechanical
injuries in the BBB, as well as risks of inflammation, hemorrhages and functional effects [112,113].

As stated before, cancer monotherapy had so far limited clinical benefits due to drug-resistance or dose-limiting
toxicity. As an alternative, combination therapies of chemotherapy drugs were applied for years in clinical practice,
combining different therapeutic approaches such as cytotoxic small molecules, immunotherapy, targeted therapy
or gene therapy. The goal of combination therapy is to obtain a synergistic effect, to achieve maximal therapeutic
efficacy and minimal toxicity. In this context, the main challenge is to ensure the delivery of each drug compo-
nent with the appropriate pharmacokinetics and distribution, and the optimal drug-to-drug ratio [114]. Combined
therapies can be provided as the simple administration of two or more standard chemotherapies, or the coadminis-
tration of one standard molecule with an encapsulated one, or the coencapsulation of the molecules in one unique
nanosystem. Coencapsulation provides the highest control over site and time delivery of both components, thus
increasing intracellular drug concentrations within one cell, and coordinating drug synergy. Due to their structural
versatility, nanocarriers offer the possibility to coencapsulate multiple drugs within a single nanomedicine. One
combination treatment, Vyxeos R©, was recently approved as a liposomal coformulation of daunorubicin and cytara-
bine for the treatment of newly diagnosed therapy-related acute myeloid leukemia [115]. The two drugs are delivered
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Table 2. Summary of challenges and examples of drug-delivery solutions for intravenous administration of
anticancer drugs.
Challenge Example of drug-delivery solution Example of technology/product available Ref.

Short half-life, fast metabolism and rapid elimination PEGylation Doxil R© [60]

Nonspecific distribution to healthy tissues Albumin-based nanoparticles Abraxane R© [79]

Targeted nanoparticles BIND-014/Accurins R© technology [82]

Nonspherical nanoparticles PRINT R© technology [96,97]

Thermosensitive delivery ThermoDox R© [107]

Limited therapeutic efficacy of monotherapy Coencapsulation Vyxeos R© [115]

Necessity to stratify patient and follow-up treatment
responsiveness (theragnostic)

External stimuli to open the biological
barrier

Ultrasounds and microbubbles [109]

Systemic radiotherapy Somatostatin analog linked to a chelator
cage filled with 68Ga or 177Lu

[116]

‘All-in-one’ nanocarrier Nanoporphyrin [119]

simultaneously in a unique formulation to the patient, decreasing volumes of administration and improving patient
compliance.

Combination therapies may also integrate either a diagnostic tool or a therapeutic approach into a single
formulation to form a theranostic agent. Such theranostic strategy is currently explored with the development of
systemic radiation therapies (SRT). One example of SRT development is the coupling of a somatostatin analog
with a chelator cage filled with a radionuclide-emitting beta radiation, in the context of metastasized NET.
Depending on the chelator cage, 68Ga or 177Lu is used for diagnostic or treatment, respectively [116]. Lutathera R©

(lutetium 177Lu dotatate) was FDA approved as the first systemic radiation therapy in 2018. It is indicated for
the treatment of somatostatin receptor-positive gastroenteropancreatic-NET, a rare group of cancers with limited
treatment options [117,118]. Given the possibility to codeliver different molecules, nanomedicines were also explored
to develop theranostic agents. An example of such system is a highly versatile ‘all-in-one’ porphyrin-based organic
nanoconstruct (nanoporphyrin) made of a single organic building block (a porphyrin/cholic acid hybrid polymer),
and able to integrate a variety of imaging (NIR-fluorescence, MRI, PET. . . ) and therapeutic functions in a core–
shell structure [119]. However, clinical development of such complex nanocarriers for the theranostic approach poses
new challenges stemming from the escalating complexity in chemistry, manufacturing and controls [120]. Moreover,
those systems will likely require the development of new assays and regulatory standards to ensure controllable and
reproducible synthesis as well as consistent in vivo performances [121].

Conclusion on iv. delivery of anticancer drugs
Challenges and examples of drug-delivery solutions for the iv. administration of anticancer drugs are summarized
in Table 2. iv. administration remains the main delivery route for anticancer treatments since it ensures controlled
bioavailability and low interpatient variability. This delivery route requires the intervention of a nurse or a physician
to administer the drug. The patients are therefore closely followed-up by healthcare professionals and side effects
or drug–drug interactions are accurately monitored. However, patient quality of life and compliance associated
with this delivery route suffer from the low therapeutic window of most anticancer drugs, due to poor stability
in circulation and low specificity to tumor tissues, which induces toxicities and on-target or off-target side effects.
Nanomedicine has offered innovative solutions, some of them already implemented in the clinic, especially to
increase circulation time and promote tumor accumulation (Table 2). Due to their versatility, nanocarriers also
offer great promises regarding the delivery of fragile biomolecules, as well as the implementation of combination
treatments, theranostic strategies and personalized approached. Those very innovative approaches lead to additional
development costs, which are reflected in the final price of the marketed drug. Depending on the healthcare policy
of each country, this can be an important issue in terms of cost reimbursement or even access to care.

sc. delivery route
Challenges & opportunities
sc. injection is usually performed using a wide variety of needle gauge (18–30G) and can be completed by patients
themselves, such as in the case of the autoinjection of diabetes chronic treatment. Upon sc. injection, as described in
the literature, low-molecular-weight molecules (<16 kDa) can diffuse and reach the systemic circulation through
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capillaries, whereas absorption through the lymphatic network is the predominant pathway in the case of larger
molecules [122–124]. Therefore, sc. bioavailability can be variable, compared with the iv. route depending on the
physicochemical properties of the drug substance. The usual injection volume in the sc. compartment is 1.5 ml and
volumes higher than 2.5 ml are considered to be associated with pain and adverse events at the injection site [125,126].
Therefore, it requires highly concentrated formulations to deliver the right therapeutic doses to the patient [127].
Highly concentrated solutions or suspensions usually present a high viscosity that results in poor injectability and
consists in one of the main challenges of this delivery route. As an alternative to iv. injection, sc. injection is
usually dedicated to chronic treatments. To limit the number of administrations, the second challenge is to develop
sustained-release formulations to prolong drug release over longer time periods without inducing local toxicity due
to the high activity of anticancer drugs. Ideally, one would also like to control the rate of drug release to allow drug
combinations or specific treatment schemes in a single formulation. The main strategies to address those challenges
rely on the use of polymer mixtures with different physicochemical properties to create injectable suspensions of
microparticles/microcapsules, soluble polymer-prodrugs, polymeric implants or polymeric liquid gels, liquid in
situ forming implant formulations, as well as the development of implantable microchips able to deliver drugs on
demand through closed loop systems or wireless control. These formulations were successfully developed for the
past 15 years, mostly to deliver small molecules and peptides.

Different technologies were explored to address the challenge of injectability of highly concentrated peptide
formulations. For example, the FluidCrystal R© technology (Camurus) is currently being evaluated for the delivery
of the peptide octreotide in a Phase III clinical trial [128]. The FluidCrystal R© technology relies on the solubilization
of the peptide in a nonaqueous solution containing lipids, glycerides and organic solvents, which is administered
as an organic depot using small needles of 23–27G. In contact with the aqueous environment of the subcutis,
the depot self-organizes in situ into a liquid crystal matrix, able to slowly release the drug upon lipase degradation
and diffusion. Hence, this technology combines both advantages of being a ready-to-use formulation, with a low
viscosity at the time of administration. An in situ forming implant, Eligard R©, was also developed for the delivery of
leuprolide as a palliative treatment for advanced prostate cancer [129]. The leuprolide is mixed with biocompatible
organic solvent (NMP) and biodegradable polymers (poly(lactic-co-glycolic) acid, PLGA) and administered as a
liquid that solidifies in the body due to diffusion of the solvent in the SC environment followed by polymer
precipitation. The slow release of the drug over time is dependent on the polymer degradation rate by usual biologic
processes. Since solidification only occurs after administration, this system significantly improves the injectability
of the treatment [130]. Similarly, the sc. delivery of mAbs also requires high concentrated formulations to reach
therapeutic efficacy. High concentrations of mAb solutions were achieved, using crystalline suspensions [131] or gel
beads [132]. The derivatization of Abs or proteins as PEG conjugates was also described for their sc. administration
to increase their hydrodynamic diameter, reduce the kidney excretion and enhance their lymphatic uptake [133],
such as in the case of Somavert R©, a PEG-HGH antagonist marketed by Pfizer for the treatment of acromegaly [134].
The SC administration can also take advantage of intrinsic properties of the drug substance. Sustained-release
highly concentrated formulations of peptides are achieved by exploiting peptide self-assembly properties [5], like
in the case of Somatuline R© Autogel R©/Depot. Despite its inherent viscosity, this simple self-assembled semisolid
formulation of lanreotide acetate forming nanotubes is a unique highly innovative ready-to-use marketed product
for the treatment of acromegaly and gastroenteropancreatic-NET [135].

In systemic treatments, the therapeutic properties of the drug are mostly controlled by the rate and extent of drug
absorption, rather than the administered dose [136]. Hence, numerous sustained-release systems were developed over
the years, to tightly regulate release profiles and maintain drug concentration within an optimal therapeutic range for
prolonged duration of treatment. The sc. space is a unique local environment where such systems can be implanted
to form a depot able to steadily release the drug over time. Decapeptyl R© SR, a prolonged release formulation of
triptorelin for the treatment of prostate cancer based on PLGA microparticles, was the first product to reach the
market by exploiting such specific properties of the SC environment [137]. Formulating PLGA microparticles of
the hydrophilic triptorelin acetate salt by coacervation provide a release period of 1 or 3 months, whereas the more
hydrophobic triptorelin pamoate salt microparticles produced by hot-melt extrusion, provides a release period of
6 months. The challenge encountered with the formulation of polymer microparticles is to obtain a sufficiently
high drug loading of the compound in the delivery system to be able to administer the dose for a 1- to 6-months
treatment within a restricted volume of 1–2 ml. Moreover, it is important to design the system to ensure the release
kinetic profiles are correlated to the PLGA degradation rates in vivo based on polymer length and lactide/glycolide
ratio. Due to its localized aspect and well-characterized structure, the drug diffusion through the sc. interstitial
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matrix can be precisely described by mathematical models, and used to design drug formulations accordingly [123].
Such models have been used to develop new formulations by understanding the release characteristics from the
PLGA microparticles [138]. Moreover, as the sc. administration of small cytotoxic drugs is usually limited by their
irritant character, their encapsulation inside micro- or nano-carriers is a route option to increase the injected dose
leading to higher local concentration at injection site, without inducing local toxicity [139].

DDS based on drug conjugates were developed to fine-tune the drug release depending on the covalent linker
choice between the drug and the polymer. Numerous technologies were developed with PEG–drug conjugates,
since PEG is well characterized and already marketed in FDA-approved drug products. Among others we can cite
Enzon’s PEGylation Linker Technology, Nektar R©’s polymer conjugation technology, or TransCon™ technology.
The latter, developed by Ascendis Pharma, enables sustained delivery of small molecules, peptides and proteins [140].
This technology platform was clinically evaluated across multiple therapeutic molecules and indications, ultimately
the FDA submission for registration of TransCon hGH is ongoing. The technology is described as a transient
binding between the parent drug and a linker-carrier, whose role is to reduce receptor activity and shield it from
blood clearance. Following sc. injection, the traceless linker is intended to autohydrolyze and release the unmodified
parent drug at a predictable rate. Ascendis™ to date has generated a pipeline of three clinical candidates utilizing
TransCon technology, and is currently developing these candidates in the oncology and rare disease endocrinology
therapeutic areas [141]. Even though most of the highly concentrated formulations are usually highly viscous, it
has to be noted that TransCon technology demonstrated that the polymer-drug conjugates are enabling high drug
concentration and low viscosity formulation for sc. injection, and usually decrease local toxicity at the injection site.
As discussed above, since the administration of PEG can be related to immunogenic adverse events, alternatives are
under investigation to develop non-PEG polymers maintaining its intrinsic advantages (increased half-life, sustained
release, increased solubility) and reducing the immunogenicity [142]. Among the few technologies developed based
on non-PEG drug conjugates, two are investigating the oncology therapeutic area at preclinical stage. XTEN R©

technology, developed by Amunix Pharmaceuticals, relies on a proprietary linear polypeptide made of hydrophilic
amino acids covalently coupled to a drug substance (peptide, protein or small molecule). XTEN demonstrated
to have low immunogenicity while extending the drug substance half-life. Therefore, Amunix has designed the
XPAT™ platform (XTENylated Protease-Activated T-Cell Engager) based on the well-established and validated
XTEN technology as a linker for T-cell engagers in solid tumors. The recombinant structure is composed of the
therapeutic molecule (T-cell engager, peptide, protein) linked to the XTEN polypeptide via a proprietary protease
release site specific of the targeted tumor environment. This innovative technology is currently under preclinical
evaluation (lead optimization stage) and was licensed in January 2020 to Roche for nononcology applications [143].
A second promising technology is being developed by Serina Therapeutics in a Phase II clinical trial for Parkinson
therapy and currently under preclinical investigation in oncology. The POZ™ drug-delivery platform is based on a
water-soluble, low-viscosity polymer poly(2-oxazoline) and can be adapted to proteins, peptides, aptamers or small
molecules. The structure of the polymer (linear, branched, pendent) can be designed based on the drug loading
required and the terminal site of the polymer can be functionalized to achieve an active targeting of the delivery
system. This POZ platform provides a nonimmunogenic delivery system, biodegradable and releasing the drug
substance in a sustained manner after SC administration [144,145].

To address the challenge of specific release rates or on-demand release, polymeric implants and microchips were
developed for sc. administration [146]. Implants are able to release drug substances over different periods of time,
depending on the cancer type and treatment schedule. This technology is already marketed for other indications, for
example, as nonbiodegradable birth control implants. In the cancer field, the biodegradable PLGA-based Zoladex R©

implants were developed about 25 years ago for the delivery of gosereline over 1–3 months, for the treatment of
prostate cancer in different settings [147]. One implant was developed by Alza to deliver leuprolide acetate over a
period of 12 months at a controlled rate [148]. Also, nonbiodegradable implants are marketed such as Viadur R©

implant, a 4 × 45 mm titanium reservoir, including polyurethane membranes, osmotic tablets and an elastomeric
piston to control the drug release over time. More recently, implantable microchips able to store multiple drugs
in their most stable form were developed. The drugs are released at the appropriate time and dose by telemetry,
either due to a closed loop system based on feedbacks from sensors in the body, or on demand by the patient or the
clinician through wireless signals [149,150]. Each microchip contains an array of reservoirs filled either with liquid or
solid-phase formulations, according to the stability of the molecules in each of the forms [151]. The first-in-human
testing of such wirelessly controlled microchip demonstrated the possibility to obtain equivalent and reproducible
daily pharmacokinetic profiles for up to 20 days. The microchip was shown to be biocompatible and well tolerated
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Table 3. Summary of challenges and examples of drug-delivery solutions for subcutaneous administration of
anticancer drugs.
Challenge Example of drug-delivery solution Example of technology/product available Ref.

Administration of high viscosity, highly
concentrated formulations

Organic depot able to self-organize into a
liquid crystal nanostructured matrix

FluidCrystal R© [128]

In situ solidifying implant Eligard R© [129]

Peptide self-assembly Somatuline R© Depot [135]

Sustained drug release PLGA microparticles Decapeptyl R© SR, Lupron R© [148,153]

Polymer-prodrug PEG: TransCon™ (Ascendis Pharma), PEGylation
Linker Technology (ENZON), Polymer
Conjugaison Technology (Nektar)
Non-PEG: XTEN R© (Amunix Pharma), POZ™
(Serina Therapeutics)

[141,143,145]

PLGA implant Zoladex R© [147]

Delivery of combination treatments and
on-demand drug release

Controllable, multicompartments, implants Wireless microchips [151]

Table 4. Summary of challenges and examples of drug-delivery solutions for other route of administration of
anticancer drugs.
Challenge Route of administration Example of technology/product available Ref.

Limited access to parenchymal tissue due to
biological barriers

Lung local delivery Nanoparticle inhalation [160,161]

Brain local delivery Biodegradable polymer implant Gliadel R© [162,163]

CED of nanocarriers [165,166]

Reverse immune response against tumor cells Intramuscular, intratumoral or intravenous Personalized cancer vaccine [170,172]

CED: Convection-enhanced delivery.

by patients and could potentially be optimized to deliver daily doses of drugs for more than a year. The major
challenge remains the very small volume of each reservoir (<1 μl), hence requiring very potent drugs or highly
concentrated formulations and the nonbiodegradability of the system [152].

Conclusion on sc. delivery of anticancer drugs
Challenges and examples of drug delivery solutions for the sc. administration of anticancer drugs are summa-
rized in Table 3. Overall, limited efforts were devoted to the potential of sc. administration of small-molecule
anticancer drugs, likely because of both local pain at injection site generating tolerance issues [127], and limited
volumes of administration requiring highly concentrated formulations and/or highly potent drugs. So far, the main
developments were performed for the delivery of hormone agonist or antagonist peptides, for the treatment of
hormone-dependent cancer patients, which would require chronic administration. However, this route of admin-
istration offers numerous benefits including overall reduced administration costs and might allow for ambulatory
treatment and self-administration after patient training therefore increasing patient compliance. It also carries the
potential to ultimately implement drug reservoirs that could release drug on demand, or according to an internal
dosing schedule. However, as illustrated by the limited number of newly approved sustained-release formulations
for sc. administration of cancer drugs since 2005, progression to the market for these formulations still remains a
major challenge.

Alternative drug delivery routes
Oral, iv. and sc. routes of administration are the most widely developed routes in the field of oncology DDS.
However, some alternative DDS were designed to be administered through a specific route to answer a precise
challenge or to reach a specific organ and are summarized in Table 4.

As an example, pulmonary delivery via inhalation is one way to target lung cancer or lung metastases. Indeed,
inhalation enables the local delivery of high drug doses while reducing the potential systemic side effects due to low
diffusion of the drug in blood circulation. Inhaled chemotherapy was developed with drugs such as doxorubicin [154],
cisplatin [155], carboplatin [156] in clinical trials and was recognized as feasible in most of these trials. However,
studies failed in Phase II at best due to several limitations of the delivery route. First of all, the high drug potency
combined with the local deposition of the drug in the lungs led to local severe toxicity [157,158]. Moreover, the massive
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loss of drug in the pulmonary tract required the administration of high doses, therefore inducing long inhalation
periods to deliver the right dose. Due to a low benefit/risk ratio, a high financial cost and the need for a specialized
device, inhalation as a route of administration is not the most widely recommended route for chemotherapies.
However, some early trials are ongoing to address the challenges described above. As such, liposomes or solid lipid
nanoparticles showed a reduced local toxicity due to the protection of the drug inside the carrier [159], and a potential
modification of the drug release or a specific cell targeting via ligands covalently linked to the nanocarrier [160,161].

Local drug delivery was also developed for brain tumor treatment with the direct implantation in the tumor
resection cavity of a marketed biodegradable wafer, Gliadel R©. The Gliadel implant is able to release the cytotoxic
small-molecule carmustin and was approved in 1996 as an adjunct to surgery to prolong survival in patients with
recurrent glioblastoma multiform [162]. However, since transport of the drug substance in the brain parenchyma
relies on diffusion, clinical benefit of Gliadel was limited [163]. Other biodegradable polymeric delivery technologies
were explored besides macroscopic wafer technologies. Biodegradable copolymer PLGA microspheres, loaded with
antitumor therapies can be administered by stereotaxic, computer-assisted approaches to brain areas in a very precise
manner. Their small size enables multiple and spatially distributed implantations in the walls of the tumor cavity,
compared with a macroscopic wafer. This strategy was evaluated in an open-label Phase II study using microspheres
loaded with the radio-sensitizing 5-FU, after tumor resection followed by radiotherapy. No significant difference
in median overall survival was observed, likely due to a poor design and insufficient power of the study to be able
to demonstrate the potential increase in survival further to the diffusion and the implantation of 5-FU-loaded
microspheres in the wall of the cavity resection [164]. Convection-enhanced delivery using hydrostatic pressure to
drive the drug deeper into the tumor tissue has attempted to overcome this challenge [165]. Recent clinical trials
showed that convection-enhanced delivery is safe and feasible, and this technique was recently coupled to the
formulation of drugs into nanoparticles, providing the optimized nanoformulation in terms of size and surface
properties to be able to circulate through brain pores [166].

Finally, in the field of immuno-oncology, the therapeutic cancer vaccination concept was developed over the past
20 years [167]. Therapeutic cancer vaccination is based on the administration of tumor-associated antigen combined
with an adjuvant to modify the T-cell ignorance and reverse the immune response against the tumor cells [168,169].
These vaccines are usually administered via parenteral routes, for example, intramuscular, sc. or intramuscular.
Intramuscular injection is the most common one due the simple injection and the low local reactions that can be
observed compared with intradermal. Despite the successful early clinical data, most of the clinical trials in cancer
vaccines failed in Phase I/II due to insufficient therapeutic efficacy. One of the most advanced systems currently
developed for the intracellular delivery of biomacromolecules are lipid-based nanoparticles, exploited by Moderna
Therapeutics Inc. to deliver mRNA vaccines and increase the therapeutic efficacy of the vaccines. The developed
vaccines are administered either through intramuscular or direct intratumoral injection. After demonstrating the
initiation of a strong innate immune response in a rhesus macaque model [170], Moderna launched clinical trial Phase
II study using mRNA-4157 loaded lipid-based nanoparticles, for the treatment of multiple types of solid tumors
and melanoma [171] and recently a Phase I study on mRNA-5671 ro colorectal cancer, lung cancer and pancreatic
cancer. Similarly, BioNTech SE is clinically evaluating their FixVac R© technology platform. The drug candidates
are RNA lipoplexes comprising at least one cationic lipid and a combination of unmodified, pharmacologically
optimized mRNA, encoding known cancer-specific shared antigens. Organ-specific mRNA delivery aims to ensure
that the active proteins are produced exclusively in tissues and cells of interest. Multiple candidates are currently
under clinical trials Phase I and II for several cancer indications: melanoma, head and neck cancer, prostate cancer,
breast cancer and other solid tumors [172,173].

Conclusion
Increasing the understanding of cancer pathology and development of novel therapeutic approaches have led to the
idea that cancer is not only one but many diseases even within one single indication, that need to be tackled with
well-defined and rationalized cancer treatments. DDS have a major role to play in the efficient administration of
anticancer drugs orally, intravenously or subcutaneously. The development of innovative formulations has already
proven to significantly improve efficacy and toxicity profiles of many therapeutic modalities, as described in this
review.

Key challenges and opportunities for each delivery route discussed above are summarized in Figure 2. In oral
delivery of cancer drugs, enhancing the bioavailability and decreasing inter- and intra-patient variability will likely
remain key challenges. We consider that a better understanding of GI barriers crossing mechanisms at different
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Figure 2. Key challenges and opportunities for each delivery route for the coming years. Digestive track system,
venous system and subcutis are from Servier Medical Art, under the terms of the license Creative Commons
Attribution 3.0, France.
Electronic pill scheme is from www.medimetrics.com, stimuli-responsive nanomedicine scheme is reproduced with
permission from [106] and implantable microchips picture is from microchipsbiotech.com.

delivery sites along the GI tract would allow to fine-tune delivery systems, according to the physicochemical
characteristics of the drug and the considered indication. Moreover, innovative technologies for oral delivery
need to take into account the low bioavailability of the drug and therefore the need to deliver high doses of
biologics or small molecules regularly. iv. administration has been the most explored delivery route to implement
personalized treatment schemes using more challenging molecules such as biologics, or innovative nano-DDS. This
delivery route will likely remain among the most preferred administration route, ensuring the best control over
bioavailability, although challenges associated with drug distribution need to be addressed to significantly improve
patient quality of life. Finally, the administration of chemotherapies via SC administration still does not encounter
much momentum as an appropriate delivery route for anticancer treatments with only one FDA approved drug
since 2013, Xgeva R© from Amgen. As stated above, the main innovative strategies for sc. delivery are the development
of polymer–prodrugs to develop highly concentrated formulations that upon sc. injection form a depot for drug
sustained and controlled release.

Future perspective
Regarding the evolution of the field in the next decades, the oral delivery route is already encountering a renewed
interest with the development of cancer drugs with wider therapeutic windows, as well as the advances in 3D-
printing and personalized delivery digital devices.
iv. route is continuously exploring new technologies toward personalized medicine, especially in the field of nan-
otechnologies. To our knowledge, efforts are expected to be focused on the development of optimized nanomedicines
and their industrialization, in which versatility offers the possibility to tackle the different challenges associated with
cancer diversity, from patient selection to therapeutic response follow-up. From a long-term perspective, significant
progress in the development of sc. implantable microchips that could deliver drugs on demand through closed
loop systems or wireless control, will likely make pharmaceutical companies reconsider this administration route
for future treatment schemes.

Overall, increasing understanding of cancer progression and resistance mechanisms and continuous development
of innovative DDS make the outlook for anticancer drugs delivery promising. We believe that the close collaboration

future science group www.future-science.com 69

http://www.medimetrics.com/
http://microchipsbiotech.com


Review Lorscheider, Gaudin, Nakhlé, Veiman, Richard & Chassaing

between drug delivery scientists, biologists and clinical oncologists is a key enabler to pursue the implementation
of personalized therapies. This should allow developing the most appropriate DDS that is optimized to suit each
therapeutic drug and to ensure a major clinical benefit for the patient through delivery of the right drug at the right
place and over the right period of time while reducing off-target toxicity.

Executive summary

Current challenges in anticancer drug delivery
• Challenges associated with the delivery of cancer treatments are the multiplicity of available drugs and their

associated physicochemical properties, the safety of the administration, the potential difficulty to reach a specific
tumor location and the complexity of treatment schemes.

• The development of a drug-delivery strategy and the choice of administration route should consider altogether
the aforementioned challenges.

Oral administration
• Oral route is the patients’ preferred mode of delivery due to simplicity and noninvasiveness.
• This route faces two major challenges: the low bioavailability of the drug substance (solubility and/or

permeability issues depending on the molecule) and the targeted delivery to a defined section of the GI tract.
• The main innovative strategies include drug nanonization, lipid-based formulations, permeation enhancers and

gastroretentive dosage forms.
• Oral route is commonly used in multiple cancer indications and is perfectly appropriate for gastrointestinal

cancers. It also provides a specific entry into the lymphatic system relevant in lymphoma and some metastatic
cancers.

• More recent modalities of treatment such as noncytotoxic targeted agents, immunotherapy or hormonal therapy,
characterized by a wider therapeutic window, may benefit from novel oral formulations.

Intravenous administration
• Intravenous administration is the most commonly route for cancer drugs, ensuring high bioavailability and low

inter-/intra-patient variability.
• This delivery route faces numerous challenges such as: non-favorable pharmacokinetics parameters of the drug

substance, nonspecificity of some chemotherapeutic agents leading to severe side effects (off- and on-target
toxicity) and difficulty to overcome highly protective barriers (e.g., the blood–brain barrier).

• The main innovative strategies are currently based on the use of nanomedicines.
• Initially developed to deliver cytotoxic small molecules, rational design of the nanocarriers should extend their

use to the delivery of biomolecules (peptides, proteins or RNA/DNA).
Subcutaneous administration
• Strong efforts have been devoted to the subcutaneous administration of anticancer drugs but very few approvals

have been so far registered.
• This delivery route faces two major challenges: the administration of sustained doses over longer period of time,

and the control of multiple release rates.
• The main innovative strategies are the polymer-prodrugs systems enabling highly concentrated formulations to

form a subcutaneous depot for drug-controlled release. Some of the developed technologies will enable a
significant decrease of the viscosity and facilitate injectability.

• More ambitious and complex technologies such as implantable microchips will be able to deliver drugs on
demand through closed loop systems or wireless control and polymer-prodrugs bioconjugates for drug-controlled
release and reduced local toxicities.
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