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Abstract: Nanoparticle-based therapies have been proposed in oncology research using various
delivery methods to increase selectivity toward tumor tissues. Enhanced drug delivery through
nanoparticle-based therapies could improve anti-tumor efficacy and also prevent drug resistance.
However, there are still problems to overcome, such as the main biological interactions of nanocarriers.
Among the various nanostructures for drug delivery, drug delivery based on polymeric nanoparticles
has numerous advantages for controlling the release of biological factors, such as the ability to add a
selective targeting mechanism, controlled release, protection of administered drugs, and prolonging
the circulation time in the body. In addition, the functionalization of nanoparticles helps to achieve the
best possible outcome. One of the most promising applications for nanoparticle-based drug delivery
is in the field of onco-hematology, where there are many already approved targeted therapies, such as
immunotherapies with monoclonal antibodies targeting specific tumor-associated antigens; however,
several patients have experienced relapsed or refractory disease. This review describes the major
nanocarriers proposed as new treatments for hematologic cancer, describing the main biological
interactions of these nanocarriers and the related limitations of their use as drug delivery strategies.

Keywords: nanocarriers; delivery; cancer; polymeric NPs

1. Introduction

The eradication of diseases remains an elusive clinical goal, mainly to the hetero-
geneous and idiosyncratic nature of the individual disease and the inability to target
therapeutics to pathological areas without damaging normal tissues. Therefore, the ideal
drug is easy to administer, binds univocally to its specific target with high specificity and
affinity, does not modulate off-target functions, and persists in the body only for the time
necessary to have a therapeutic effect. The complex nature of cancer presents multiple
challenges to its treatment. The gold standard of cancer treatment is still represented by
chemotherapeutic drugs; however, this therapeutic strategy still presents inherent chal-
lenges. Among them, the most important is depicted by the poor accumulation in the
diseased microenvironment, due to the lack of specificity. Hence, undesired side effects
in healthy tissues occur, especially in the heart, bone marrow, gastrointestinal tract, and
nervous system [1,2].

Over the last years, nanomedicine has become an inescapable part of modern everyday
life, and most of the limits of traditional drugs can be bypassed by nanomedicine, which
uniquely focuses on medically related, patient-centric nanotechnologies [3] (Figure 1).
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Figure 1. Nanodevices in imaging and therapies. The compatibility between nanoparticle size and 
the biological systems, coupled with the ability to tailor their physicochemical properties, enhances 
a personalized approach to disease management, and therapies could considerably improve the 
diagnostics and therapeutics of various cancers. 

The European Science Foundation (ESF) has defined nanomedicine as a tool that uses 
a nano-sized device for the diagnosis, prevention, and treatment of diseases. Therefore, 
the focus of nanomedicine is to improve the quality of life of patients, encompassing the 
three main nanotechnology areas, which are developed for healthcare applications such 
as diagnostics, imaging agents, and drug delivery through innovative technologies and 
biomaterials. In this sense, the European Commission (EC) published the 
‘Recommendation on the definition of nanomaterials’ that defines whether a material can 
be considered a nanomaterial or not in terms of legislation and policy in the European 
Union [4]. According to the EC recommendation, “Nanomaterial” represents a material 
containing particles, aggregate or not and, where, for at least 50% of the particles, one or 
more external dimensions is in the size range 1–100 nm. In this context, nanoparticles 
(NPs) for medical applications are defined as particles with a size between 1 and 1000 nm 
[5–7], and they can be engineered to have different sizes, shapes, chemical compositions, 
surface chemical characteristics, and hollow or solid structures leading to them being 
suitable for the treatment of several diseases [8]. Moreover, nanomaterials, differently 
from other widespread materials, have a high ratio of surface area to volume, as well as 
electronic, magnetic, and biological properties. Indeed, all these features allow the 
development of personalized and safe drugs. Considerable technological successes have 
been achieved in this field, but the main obstacles to the widespread application of 
nanomedicine derive from the intrinsic features of the tumor and an incomplete 
understanding of nano–bio interactions [9]. With the progression of nanodevices, the idea 
is to include the optimal dose of a drug in a nano-system that actively reaches its target 
and here releases its content, improving efficacy. At the same time, the specificity for 
tumor cells prevents the interactions of NPs with healthy tissues, thus reducing side 
effects. In addition, these systems are able to protect themselves from degradation in vivo, 
prolonging their availability [1]. Thus, the choice of an appropriate nanocarrier is based 
on the more suitable application. 

A major public health problem worldwide is represented by cancer, and it is still the 
second leading cause of death in the United States, even if in 2020 the diagnosis and 
treatment of cancer were hampered by the coronavirus disease 2019 (COVID-19) 
pandemic [10]. Childhood and juvenile cancer, which affects individuals between 0 and 
19 years old, consists of a set of diseases that have their characteristics concerning to 
histological type and clinical behavior of the disease. According to the World Health 

Figure 1. Nanodevices in imaging and therapies. The compatibility between nanoparticle size and
the biological systems, coupled with the ability to tailor their physicochemical properties, enhances
a personalized approach to disease management, and therapies could considerably improve the
diagnostics and therapeutics of various cancers.

The European Science Foundation (ESF) has defined nanomedicine as a tool that uses
a nano-sized device for the diagnosis, prevention, and treatment of diseases. Therefore,
the focus of nanomedicine is to improve the quality of life of patients, encompassing the
three main nanotechnology areas, which are developed for healthcare applications such
as diagnostics, imaging agents, and drug delivery through innovative technologies and
biomaterials. In this sense, the European Commission (EC) published the ‘Recommenda-
tion on the definition of nanomaterials’ that defines whether a material can be considered a
nanomaterial or not in terms of legislation and policy in the European Union [4]. According
to the EC recommendation, “Nanomaterial” represents a material containing particles,
aggregate or not and, where, for at least 50% of the particles, one or more external di-
mensions is in the size range 1–100 nm. In this context, nanoparticles (NPs) for medical
applications are defined as particles with a size between 1 and 1000 nm [5–7], and they
can be engineered to have different sizes, shapes, chemical compositions, surface chemical
characteristics, and hollow or solid structures leading to them being suitable for the treat-
ment of several diseases [8]. Moreover, nanomaterials, differently from other widespread
materials, have a high ratio of surface area to volume, as well as electronic, magnetic, and
biological properties. Indeed, all these features allow the development of personalized and
safe drugs. Considerable technological successes have been achieved in this field, but the
main obstacles to the widespread application of nanomedicine derive from the intrinsic
features of the tumor and an incomplete understanding of nano–bio interactions [9]. With
the progression of nanodevices, the idea is to include the optimal dose of a drug in a
nano-system that actively reaches its target and here releases its content, improving efficacy.
At the same time, the specificity for tumor cells prevents the interactions of NPs with
healthy tissues, thus reducing side effects. In addition, these systems are able to protect
themselves from degradation in vivo, prolonging their availability [1]. Thus, the choice of
an appropriate nanocarrier is based on the more suitable application.

A major public health problem worldwide is represented by cancer, and it is still
the second leading cause of death in the United States, even if in 2020 the diagnosis
and treatment of cancer were hampered by the coronavirus disease 2019 (COVID-19)
pandemic [10]. Childhood and juvenile cancer, which affects individuals between 0 and
19 years old, consists of a set of diseases that have their characteristics concerning to
histological type and clinical behavior of the disease. According to the World Health
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Organization (WHO), “Cancer is a leading cause of death for children and adolescents”
(World Health Organization 2021). In particular, in the States, cancer is the second most
common cause of death among children, surpassed only by accidents [10]. Moreover, in
most populations, childhood and juvenile cancer accounts for up to 4% of all malignant
tumors; however, in developing countries, where the child population represents a bigger
portion of the population, cancer accounts for up to 10% of all cancers [11]. Among them,
leukemia is the most common childhood cancer, accounting for 28% of cases, followed
by brain and other nervous system tumors (27%) [10]. Globally, acute lymphoblastic
leukemia (ALL) is the most common childhood cancer and is estimated to account for 19%
of total childhood cancer incidence, followed by non-Hodgkin lymphoma (NHL), Burkitt
lymphoma (BL), and retinoblastoma (Figure 2).
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Figure 2. Estimated total incident cancer cases in 2015 by the top 15 specified diagnoses and regions.
HIC: high-income countries; LIC: low-income countries (adapted from World Health Organization, 2021).

Moreover, summing productive years lost due to the mortality or disability of the
pathology, over a third of them are caused by leukemia [12]. As predictable, the most
common cancer differs by region; for example, the incidence of ALL is significantly lower
in sub-Saharan Africa than in other regions in contrast to statistics of BL, which are inverted
if compared. Since it is generally not possible to prevent malignancies in children, the most
effective strategy to reduce the burden of cancer and improve outcomes is to focus on a
prompt, correct diagnosis followed by the most effective treatment available [13].

This review describes nanocarriers that have been proposed mainly as carriers for
cancer treatments. Particular attention is paid to their composition and structure. In
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addition, the main biological interactions of nanocarriers and the related limitations of
their use as drug delivery strategies are described. Since a relevant number of targeted
therapies, such as immunotherapies using monoclonal antibodies, have been approved for
the treatment of hematologic neoplasms, a description of several tumor-associated antigens
as potential targets for drug delivery strategies for the treatment of hematologic neoplasms
is proposed.

2. Nanocarriers as Delivery Platforms

Delivering drugs loaded inside NPs to cancer cells is a highly complicated pro-
cess. Perhaps the right attitude could be to embrace the benefits of nanotechnologies
but acknowledge their limitations [1]; indeed, it is necessary that NPs evade immune
surveillance by avoiding opsonization by serum proteins and selectively extravasate at the
tumor site [14–16]. Among the essential NPs’ features to achieve homogeneous distribu-
tion throughout a tumor, there is the ability to overcome thick tumor stroma, uptake by
macrophages, high interstitial fluid pressure, and slow diffusion [17]. Among different
nanostructure morphologies for drug delivery, NP-based drug delivery shows numerous
advantages for controlling the release of biological factors. These advantages include the
possibility of adding a selective targeting mechanism, the controlled release, protection of
deliverable agents, the extension of the circulation time in the body, and the functional-
ization of the NPs, which help to achieve the best possible result. Luckily, in the research
landscape, there are plenty of different nano-delivery systems which increase the possibility
of better investigating cancer and choosing the more suitable vector for therapy. A vast
choice of materials, differing from natural to synthetic and to hybrid polymers, has been
developed in the form of delivery vesicles for anticancer treatment. Various biomaterials
were investigated for constructing therapeutic delivery carriers through the customization
of their chemical and physical properties to meet specific needs in different clinical applica-
tions. Nanocarriers, owing to their high surface-area-to-volume ratio, make it possible to
achieve high ligand density on the surface for targeting purposes [18]. Furthermore, chang-
ing the basic properties of NPs (i.e., diameter, shape, and surface charge) enable modulating
immunotherapy. Indeed, NPs with a diameter of over 500 nm can target macrophages and
be internalized; on the other hand, the smaller NPs (<50 nm) have an enhanced ability to
elicit the immune activities over larger NPs (>100 nm), because the smaller ones tend to
traffic to lymph nodes, whereas the larger ones are hindered [19]. These systems can also be
used to increase local drug concentration by carrying the drug within tumor cells and induc-
ing the controlled release of the payload after binding to and internalizing it into the target
cells [20]. NP-based drug delivery systems for systemic (i.e., intravenous) applications
have significant advantages over their free drug counterparts, showing nanomedicine and
nanotechnologies not as a futuristic revolution but as something already in action. In the
last twenty-five years, the FDA has approved different types of NPs for cancer treatment,
and, at present, many nanostructures are under investigation [1,2,21,22].

Since the early 1970s, when Gregoriadis et al. established the concept that liposomes
could be used as drug carriers, just like “putting old drugs into new clothing” [23], several
different kinds of nanocarriers were produced, characterized, and finally used for many
different purposes: liposomes, micelles, dendrimers, carbon nanomaterials, inorganic NPs,
and polymeric NPs (Figure 3) [19].

2.1. Composition of Nano-Systems

Liposomes (Figure 3a) are artificial vesicles composed of a uni- or multi-layer(s) of
phospholipids that can incorporate hydrophilic compounds in their aqueous compart-
ment(s) and, possibly, hydrophobic compounds in their lipid bilayer(s). Liposomes are
biodegradable and easily modifiable both with targeting agents to improve the selectivity
and with coating agents to be made more biocompatible. Moreover, their surface can be
modified to prolong their circulation and prevent their elimination from the circulatory
system with the aid of natural or biocompatible polymers to shield them from opsonins,
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which are proteins able to bind foreign substances or cells, inducing their phagocytosis.
The liposome dimension is between 30 nm and 50 µm. They are spherical vesicles, able to
self-assemble in an aqueous solution due to their amphiphilic nature. The polar shell is
capable of holding lipophilic molecules, and, by contrast, the aqueous core can be loaded
with hydrophilic molecules [24]. Just like other nanostructures, their surface can be func-
tionalized with different molecules in order to target specific cells or tissues. Despite the
success of liposome-based nanocarriers as drug delivery systems, there are some limitations
in their widespread application. Indeed, liposomes are characterized by low stability in
long-term storage, and the amount of loadable materials is limited [25].
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Liposomes can release their content in response to a specific trigger signal (such as
hyperthermia, pH variations, an alternation of the external magnetic field, or ultrasound).
This triggered release is extremely useful to avoid side effects and increment therapeutic
efficacy. Since the first description, they have experienced exponential growth [23,26].
Particularly, in 1995 a formulation based on these nano-vectors loaded with doxorubicin
and known as Doxil® was approved by the FDA [27]. This formulation demonstrated an
improved circulation half-life of doxorubicin and an increased accumulation in the tumor
tissue [28]. To this day, more than eighteen liposomal drugs have been approved by the
FDA for the treatment of cancer and many other diseases [24].

Polymeric micelles (Figure 3b) are self-assembled nanostructures made by amphiphilic
block copolymers, which aggregate in order to reduce contact with water molecules pro-
ducing vesicles [24]. These structures are usually found in applications regarding the
delivery of hydrophobic drugs, which can be loaded into their core. Micelles can also be
used to carry small organic molecules, peptides, carbohydrates, monoclonal antibodies
(mAbs), and DNA/RNA aptamers. Even if not yet widely utilized clinically, micelles have
several advantages, such as being a facility to be prepared and loaded with drug agents,
biocompatibility, and high, although limited, stability in biological fluids [29].

Differently, dendrimers (Figure 3c) represent a relatively new field in polymer chem-
istry. They are synthetic, tree-like structures fabricated through a stepwise process, which
yields molecules possessing a core, interior layers, and an exterior with terminal functional-
ities attached to the outmost generations. The outer can be easily conjugated with targeting
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molecules, imaging agents, and drugs due to the high water solubility and well-defined
chemical structures. These features, together with their biocompatibility, render dendrimers
promising for biomedical applications. Since 1984, when the first article introduced the
term “dendrimer”, a variety of dendrimers have been investigated for cancer treatment, but
these are more expensive than other NPs and require many repetitive steps for synthesis,
posing a challenge for large-scale production [20,27,30].

Carbon nanotubes (Figure 3d) have also been analyzed for cancer treatment. These
structures can be linked to various biological materials and enter cells via endocytosis.
Single-walled carbon nanotubes (SWCNTs) are suitable for biological applications thanks
to the high stability of the suspensions in physiological buffers. Treatments based on the
use of SWCNTs are promising due to their interesting optical properties; in fact, SWCNTs
can be used for photothermal and photodynamic therapy [27,31]. Carbon nanotubes
were demonstrated to induce severe side effects such as asbestos-like inflammation and
granulomas in female mice; moreover, severe impacts on the cardiovascular system were
reported with specific types of carbon-based nanomaterials, such as single- or multi-walled
carbon nanotubes [30].

NPs can be divided into two classes: organic and inorganic NPs. Inorganics NPs
(Figure 3e) are made of metal atoms (metallic) or a mixture of metal and non-metal atoms
(semi-conducting). Each of these types of NPs show peculiar features and are used for
different applications. Metallic NPs usually find medical applications as diagnostic probes
for positron emission tomography (PET), magnetic resonance imaging (MRI), optical imag-
ing, and X-ray. The strength and durability of these materials are unique properties that
make them suitable as delivery tools [32]. Inorganic crystalline NPs approved by the FDA
are limited to hydroxyapatite and calcium phosphate for use as bone graft substitutes;
nevertheless, nanocrystals are helpful in overcoming the solubility issues related to several
drug compounds and are marketed for a range of indications [32].

Another type of nanocarrier, frequently considered as an alternative to liposomal
vehicles, is represented by organic NPs; they can be produced using different polymers
or lipids, resulting in biodegradable and efficient drug delivery systems [22]. Polymeric
NPs (Figure 3f) are attractive because of their high in vivo stability and loading efficiency;
as a consequence, polymers result as the most common materials for constructing NP-
based drug carriers. One of the earliest reports of their use for cancer therapy dates to
1979. Polymeric NPs are structurally defined by a core and a shell. The therapeutic agent
could be conjugated to the surface of the NP or encapsulated and protected inside the
polymeric core [33]. These nanostructures can be assembled using both synthetic and
natural polymers, allowing the generation of a variety of applications such as imaging,
detection of apoptosis, and drug delivery [34,35].

2.1.1. Biodegradable Polymers

Since 1976, when Langer and Folkman demonstrated that biodegradable polymers
can be used for controlled release, this kind of nanodevice earned considerable success [36].
Despite the progress in the development of lipid-based NPs, polymeric materials are in-
creasingly emerging as a better system of controlled and prolonged drug release. The
process and its extent depend upon parameters relating to the nature of the carrier system.
For example, the payload can diffuse through the polymer wall with a diffusion rate that
is dependent on the degree of crosslinking of the matrix. Alternatively, the release can be
caused by the erosion of the NPs’ surface or polymer matrix degradation. However, both
processes depend on a progressive alteration of the NPs’ structure, as the degradation of
the entire polymeric network results in greater drug release [36]. Following this discovery,
considerable successes have been achieved in the therapeutic field, and, over the years,
several different types of polymers have been studied as potential delivery tools. Poly-
meric NPs were initially based on poly(methyl methacrylate) (PMMA), polyacrylamide,
polystyrene, and polyacrylates. Those were non-biodegradable, and therefore, they showed
several issues in terms of disposal, degradation, and toxic accumulation in tissues. Thus, it
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was necessary to promote the elimination of NPs via feces or urine or physically remove
them. Moreover, the use of these polymers was often associated with chronic toxicity
and inflammation. These disadvantages led to a shift in the focus on biodegradable poly-
mers. Biodegradable polymers (Table 1) are both based on natural materials including
albumin, alginate, chitosan and gelatin, or synthetic materials such as poly(amino acids),
poly(ε-caprolactone) (PLC), poly(lactide) (PLA), and poly(lactide-co-glycolide) copolymers
(PLGA) [35,37].

Table 1. Summary of natural and synthetic polymers and their advantages.

Biodegradable Polymers Advantages Ref.

Natural polymers

Chitosan

Abundant in nature
Biodegradable

Inexpensive
Mucoadhesive

Non-toxic

[38–42]

Alginate

Able to form gel
Biodegradable

Low immunogenicity
Mucoadhesive

Non-toxic
Polyanionic

[43–46]

Hyaluronic Acid
Biocompatible
Biodegradable

Low immunogenicity
[47,48]

Dextran
Biodegradable
Biocompatible
Hydrophilic

[49–51]

Gelatin

Biodegradable
Crosslinking potential

Hydrophilic
Non-toxic

[52,53]

Synthetic polymers

Poly(Lactide-co-Glycolide) Acid
(PLGA)

Biodegradable
Controlled release kinetics [54,55]

Poly-ε-Caprolactone (PCL) Biodegradable
Mucoadhesive [56,57]

Polyvinyl alcohol (PVA)

Biocompatible
Biodegradable
Low toxicity

Mechanical strength
Thermal stability

[58,59]

Polyamino Acids

Charge density
Chirality

Hydrophilic
Hydrophobic

Reversible crosslinking

[60–62]

Pluronic

Amphiphilic
Biodegradable

Soluble in aqueous polar and
non-polar solvents
Thermosensitive

[63]

The favorable biocompatibility and biodegradability are some of the features linked
to their success in drug delivery. In fact, for a suitable outcome, after administration,
polymers should be disaggregated into biocompatible molecules available for metabolic
pathways [64].
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Chitosan-Based Polymers

Chitosan (poly (1,4-β-d-glucopyranosamine)) is a natural polysaccharide originating
from the N-deacetylation of chitin that shows great potential as a biomaterial for the con-
struction of nano-sized drug carriers and gene transfer vectors [65]. In detail, chitosan
possesses mucoadhesive and antimicrobial properties, and it shows good coagulation abil-
ity and immunostimulant activity. It spontaneously forms microspheres, which could be
filled with various compounds such as imaging agents and drugs. Different formulations
of chitosan and its composites were investigated for medical purposes due to the possi-
bility of sterilizing it, its biocompatibility, its ability to increase the solubility of insoluble
drugs, and its safe delivery to the specific site [66]. Moreover, chitosan is degraded by
enzymes, such as lysozyme and chitosanase, into non-toxic and endogenous to human
body oligomers; a low charge density around neutral pH reduces its cytotoxicity [29].
These systems are preferentially designed to allow their self-assembly in the presence of
the drug to be incorporated [67]. Because chitosan has a robust electrostatic affinity for
anionic biomacromolecules such as DNA and RNA in saline or acetic acid solution, the
degradation of these biodegradable polymers can be used as a tool to release nucleic acids
into the cytosol. This delivery system is advantageous due to the ability to protect DNA
and RNA from degradation, and it enables the controlled release of therapeutic compounds.
Compared to viral vectors, the transfection efficiency of chitosan–DNA complexes is rel-
atively low, and it is shown to depend on numerous factors, including the structure of
the polycations used, NP size and composition, and the cell type being transfected [27,68].
Nucleic-acid-based therapy is a prominent, novel, and promising area in pharmaceutical
and medical sciences, and biodegradable polymeric NPs, such as chitosan, are safe and
effective as carriers, by protecting the nucleic acids from degradation and cellular uptake
of nuclease, without the help of transfection agents [34,35,69].

Poly(lactide-co-glycolide) and Poly(vinyl alcohol) Polymers

Synthetic polymers have considerable potential in the development of nanocarriers
because of their chemical versatility, high purity, and controlled production process as
compared to natural materials. Among many biodegradable and biocompatible synthetic
polymers, PLGA is successfully used and investigated due to its extensive properties. It
is approved by the US FDA and the European Medicines Agency (EMA) as a promising
drug delivery system for therapeutic agents such as chemotherapeutics, antibiotics, anti-
inflammatory or antioxidant drugs, and proteins [70,71]. PLGA is a copolymer consisting
of two different monomer units, poly(glycolic acid) (PGA) and poly(lactic acid) (PLA),
which are linked together by ester linkages; the result is a linear, amorphous aliphatic
polyester product. Its success is mainly related to its continued drug release compared
to conventional devices. In vivo, the polymer undergoes degradation by hydrolysis with
the consequent formation of the original monomers (i.e., lactic acid and glycolic acid),
which are endogenous molecules also produced in normal physiological conditions that
are easily processed in metabolic pathways, such as the Krebs cycle; they are removed
as carbon dioxide and water, causing minimal systemic toxicity. The negative charge of
the PLGA is also crucial in its activity [72] because it strongly influences the interaction
between NPs and cells. Cationic surfaces promote cellular binding and uptake due to
negatively charged phospholipid groups, proteins, and glycans found on surface cells. On
the other hand, positively charged NPs show rapid clearance and phagocytic uptake. In
contrast, anionic NPs, as well as those with a neutral surface, show a higher circulating half-
life [36]. Another synthetic and biocompatible polymer extensively studied is poly(vinyl
alcohol) (PVA). It is used both in clinical and non-clinical research in the industrial and
medical sectors. This versatility arises from its low toxicity for human tissues and its
physicochemical properties (i.e., film-forming, emulsifying, flexibility, thermostability, and
water solubility) [73]. Focusing on the nanomedicine field, PVA is frequently used as an
emulsifier in the formulation of PLGA NPs, due to its ability to form an interconnected
structure with the PLGA, helping to achieve NPs that are relatively uniform and small [74].
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Starting from these considerations, NPs are supposed to be unique tools in nanomedicine
because of their several possible applications. However, to design a drug carrier it is essen-
tial to keep in mind that in the human body, there are various obstacles to overtake, and
therefore it is also relevant to consider how NPs are biodistributed.

2.2. Biological Limits to Nanodevice Delivery

Most of the anti-tumor agents currently administered by validated therapeutic proto-
cols are systemically distributed without preferential localization to cancer tissue. Drugs
had to be administered in a high ratio to reach their target at a sufficient concentration to
develop the desired effects; however, their widespread biodistribution results in both loss
of anticancer effects and the development of off-target adverse effects. The drug toxicity
includes immune hypersensitivity, off-target toxicity, and bioactivation or covalent modi-
fications because many drugs are converted to reactive products, which induce immune
responses. In addition, idiosyncratic responses are rare but one of the most problematic
issues. Therefore, every time a new therapeutic approach is proposed, research is carried
out in the most efficient way to maximize efficacy, while reducing side effects. Toxicity
has been evaluated to be responsible for the retreat of ~1/3 of drug candidates, and it is a
major contributor to the high cost of drug development, particularly when not recognized,
until late in the clinical trials or post-marketing [75]. The possibility that any molecule
has sufficient therapeutic efficacy and target recognition specificity, as well as all the tools
required to bypass multiple biological barriers, is probably unrealistic. A different ap-
proach is to decouple the problem. For example, it is possible to propose drugs for their
therapeutic action only and deliver them to a specific microenvironment by vectors that can
be preferentially concentrated at desired body locations through the concurrent action of
multiple targeting mechanisms; this approach increases drug efficacy and safety, including
the use of NPs as drug delivery systems for cancer therapeutic approaches [25,75]. Since
Paul Ehrlich, considered the “father of chemotherapy”, suggested the concept of a “magic
bullet”, i.e., “a drug that selectively attaches to diseased cells but is not toxic to healthy
cells” approximately a century ago, a great deal of interest has been channeled to overtake
several obstacles that drugs meet before reaching their target [76].

The kidneys represent an obstacle to the efficacy of NPs because of the risk of prema-
ture elimination, in which NPs are eliminated prior to arriving at the target tumor tissue. In
fact, they are responsible for filtering circulating blood, and therefore the barriers involved
in kidney filtration need to be considered when designing NPs. After passing through
the fenestrated endothelium, NPs must pass through the glomerular basement membrane.
Size, charge, and shape are all characteristics that affect the clearance of NPs in kidneys.
Spherical NPs with diameters less than 6 nm were shown to have greater renal clearance
than those with diameters greater than 8 nm. The glomerular basement membrane is
negatively charged, and therefore cationic NPs of 6–8 nm exhibit greater clearance than
those negatively charged or neutral of the same size [70,77,78]. Moreover, highly cationic
NPs are rapidly cleared from circulation by kidneys to a greater extent than highly anionic
NPs. In contrast, neutral NPs, as well as those with a slight negative charge, show sig-
nificantly prolonged circulating half-lives. This translates to improved accumulation in
tumors, which in turn has led to recent research efforts aimed at functionalizing NPs with
zwitterionic surfaces.

As mentioned before, an important feature that affects in vivo nanocarriers’ fate is the
size; in fact, larger particles (>200 nm) are rapidly engulfed by phagocytic cells found in the
liver and spleen [79,80]. Injected NPs are not “self”, and the body tends to eliminate these
foreign bodies. The most efficient way to recognize and bind these “non-self” agents is
the attachment of serum proteins, particularly opsonins, creating a “biomolecular corona”
around the NPs [81]. At this point, as exampled in Figure 4, NPs coated by opsonins are
recognized by the Mononuclear Phagocyte System (MPS), which is located in the liver, the
spleen, the lungs, and inflammatory tissue [78].
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Figure 4. Opsonization process. Serum proteins are absorbed on the NPs’ surface leading to the op-
sonization process; In liver vessels (endothelial cells in orange), opsonized particles are subsequently
recognized through receptors on phagocytic cells (green cell) and then internalized.

This process causes a release of cytokines, increasing NPs’ clearance from the blood-
stream and local inflammation of the tissue. In this way, it is demonstrated that NPs are
rapidly eliminated, so they cannot exercise their therapeutic action. Starting from these
considerations, it is obvious to focus on defining methods to make NPs stealthy and limit
the process. Surface modifications of NPs may permit escape from the MPS and prolong
their circulation time in the bloodstream while preventing damage to normal tissue [78].

Successful strategies to reduce and avoid the engulfment by the MPS were developed,
including the NPs’ surface functionalization with sterically shielding and hydrophilic
polymers, in particular PEG. This strategy prevents, minimizes, or modifies the protein
absorption, resulting in less vulnerability and prolonged circulation half-life [82–84]. In
addition to PEG, alternative NPs’ surface modification approaches are under investigation,
including those involving endogenous components, such as proteins and lipids.

2.2.1. Protein Corona

NPs, when injected into the bloodstream, interact with more than 3000 circulating
proteins [85]. Due to the high surface-area-to-volume ratio, NPs attract plasma proteins
(e.g., albumin, complement proteins, fibrinogen, and immunoglobulins) onto their sur-
face to form a coating layer called protein corona (PC). Its formation is a time-dependent
process that affects the biological identity of NPs and, consequently, their functionality
and safety [86]. The process is based on the spontaneous absorption of circulating protein
around the NPs, immediately after their administration in a biological environment. In-
terestingly, the protein corona is not a solid and fixed layer but its composition changes
over time depending on the plasma proteins’ concentration. However, multiple factors
control the composition of the PC, and in general, according to the binding affinity and rate
of exchange of proteins from the NPs’ surface, it can be divided into two parts: a “hard”
corona and “soft” corona (Figure 5).
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In this regard, binding and exchanging are the pillars of this dynamic process that
can be described by the “Vroman Effect”. According to this phenomenon, blood proteins
with smaller sizes (e.g., albumin) initially interact first with NPs, forming a coating called
“soft” corona. They are loosely attached to the NPs’ surface and rapidly relocate from the
NPs’ surface. This promotes the replacement of less abundant proteins with those with
higher affinity. The “hard corona” is defined by proteins that have been proven to have a
high binding affinity with the surfaces of NPs and are generally located in the inner layer
of the PC. “Soft” PC constitutes the outer layer of the PC. It is fickle, since the existing
proteins can be easily exchanged with others in the biological environment, depending
on the abundance of proteins in biological fluids and their direct contact. Furthermore,
a “soft” PC may interact with the formed “hard” PC layer on the NPs’ surface via weak
protein–protein interaction. The “hard” PCs’ protein exchange rate from the NPs’ surface
is slow, but this process plays an essential role in defining the NPs’ activity and biological
fate [87–90]. This process of adsorption of proteins on the surfaces of NPs is dynamic and it
is associated with the continuous adsorption/desorption equilibrium of the proteins on
and off the NP surfaces [89].

The extent of the coating can also change according to NPs’ physicochemical proper-
ties. For example, anionic NPs are less susceptible to this phenomenon, unlike the cationic
ones, in which the positive charge promotes the absorption of opsonins [91]. In addition
to the nanomaterials, a focal role is certainly performed by the nature of the absorbed
proteins, which can be classified as opsonins and dysopsonins. Opsonins (i.e., Ig, coagu-
lation, and complement proteins) promote recognition by MPS. In contrast, dysopsonins,
such as apolipoproteins and albumin, reduce opsonins’ absorption, conferring stealth and
decreasing clearance [80]. In line with this, a promising surface modifier should be albumin.
Generally, human serum albumin (HSA) and bovine serum albumin (BSA) are two types
of serum proteins used in constructing or coating NPs, due to properties such as high
solubility and long half-life in the blood. Albumin is the most abundant plasma protein
in the human body, involved in the transport of nutrients and other proteins through the
bloodstream. Since albumin is an endogenous protein, it has been widely used as an excipi-
ent in clinical formulations mostly for its biocompatibility and less immunogenicity [92].
Several features contribute to using albumin in drug delivery. For example, albumin is



Pharmaceutics 2022, 14, 1965 12 of 24

exploited by many cancer cells as a source of energy and nutrients, due to the enhanced
uptake via macropinocytosis, which is an endocytic process. Its role as dysopsonin in
the protein corona contributes to reducing the binding and absorption of other plasma
proteins and, consequently, the MPS uptake [93]. For this reason, a preformed protective
albumin corona should limit these non-specific interactions and decrease the complement
activation. In addition to reducing clearance, albumin also has structural advantages; both
amino and carboxylic groups can be employed to functionalize NPs’ surface by targeting
ligands to facilitate transport and accumulation to the tumor site [89]. Therefore, beyond
the improvement of the NPs’ half-life, it is crucial to consider the NPs’ distribution inside
the tumor tissue.

2.2.2. The Impact of Targeting

Despite the advancements in cancer therapy, chemotherapeutic-related toxicity still
remains an obstacle. The cause is the inability of these agents to target the neoplastic areas
without impact on healthy tissues. Consequently, they spread out after administration,
resulting in off-target effects and systemic toxicity. Starting from these considerations,
the research has focused on developing targeting systems capable of overcoming these
pitfalls [25]. Targeting strategies should be both passive and active, sometimes associated
with stimuli-sensitive mechanisms. In this way, the drug release occurs upon internal (i.e.,
patho-physiological/patho-chemical conditions) or external (i.e., physical stimuli such
as temperature, light, ultrasound, and magnetic force) triggers. The result is enhanced
intracellular delivery and consequently suitable therapeutic outcomes by using conditions
present in the neoplastic tissue, minimizing systemic exposure, and limiting potential
harm [94].

Passive Targeting in Tumor Microenvironment

Solid tumors are characterized by a heterogeneous vasculature for size and distri-
bution, constituted by a central avascular/necrotic region and a vascularized peripheral
region, with discontinuous endothelium in the micro-vessels. In fact, depending on the
anatomic region of a tumor, the pore size of the endothelial junctions varies from 100 to
780 nm with a mean of approximately 400 nm (while normal vasculature is characterized
by pores smaller than 10 nm), characterizing the leaky microvasculature of tumors; it is
also characterized by a disrupted basement membrane, abnormal branching, and enlarged
inter-endothelial gaps, with an associated breakdown of tight junctions between endothelial
cells. Moreover, tumor vasculature lacks lymphatic drainage and is rich in fenestrations
and poor in pericyte coverage. All these features contribute to the enhanced permeability
and retention (EPR) effect, firstly described by Maeda and co-workers [95]; the tumor vas-
culature architecture allows extravasation and selective accumulation of nanodrugs in the
tumor interstice via a passive targeting mechanism [25,96,97]. Thanks to their size, small
molecules diffuse freely in and out of tumor blood vessels and thus do not accumulate in
tumors as much as macromolecules do over time. These large gaps between endothelial
cells facilitate the extravasation of particulate material from the surrounding vessels into a
tumor (Figure 6), but EPR-dependent drug delivery is always compromised by regional
blood flow rates, molecular size, polarity, and complexation to serum proteins, which are
all factors that reduce the capability of bypassing the membranes of the endothelium.

However, some stimulators result in enhanced vascular permeability and extravasation
of macromolecules and thus increase the EPR effect. EPR augmenting factors include
vasoconstrictors to raise systemic blood pressure, free radicals that affect the integrity of
vascular endothelium, and vascular permeability promoters [98]. Therefore, it is clear that
the EPR effect is a very heterogeneous phenomenon, varying dramatically from tumor to
tumor and from patient to patient. As a consequence, passive targeting strategies have
shown several limitations; an alternative is represented by the investigation of tumor-
selective active targeting nano-formulations that can maximize the accumulation at sites of
interest [99,100].
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Active Targeting in the Tumor Microenvironment

Active targeting systems are developed for selectively delivering cargo to cancerous
cells without harming normal cells. The molecular recognition of the over-expressed
receptor/antigen on cancerous cells is exploited by targeting molecules on the surface of
nano-systems, and to benefit from this strategy, it is imperative that the tumor-associated
antigen is present on the targeted cells and accessible to bind the NPs. It is also important
that tumor antigen localization and expression remain adequate in the different cancer cell
populations and throughout the treatment. NPs, and in particular polymeric NPs, allow
for versatile modification possibilities for the assembly of well-defined multifunctional
structures that can act as functional platforms. In fact, slight variations in polymeric
composition, as well as ligand surface functionalization, can facilitate the targeting ability of
NPs in biological systems. Active drug targeting involves the use of a variety of ligands and,
parallelly, of antigens differentially over-expressed, able to direct NPs to many biological
targets, primarily represented by both in the tumor cells, vessel endothelium in the tumor
microenvironment, or in other diseased tissue (Figure 7) [25,96,101,102].

Moreover, margination dynamics to endothelial walls is a crucial NP design con-
sideration. Indeed, the small spherical particles are found in a particular region of the
vessel known as the cell-free layer, which results from the tendency of red blood cells to
accumulate preferentially within the core of a vessel. The proximity of NPs to vessel walls
favors particle–cell binding and receptor–ligand interactions in active targeting strategies
and enables extravasation through the fenestrated vasculature of tumors. The size and
geometry of the construct highly influence the dynamics in blood vessels [16,103].

The main purpose of the targeting ligand is to enhance the uptake of NPs into target
cells to improve the therapeutic efficacy as compared with non-targeted NPs. This suggests
that, while the biodistribution would be strictly related to properties linked to the structure
of the NPs, the targeting ligand is essential for enhancing both cell recognition and cell
uptake at target sites [25,70]. As a result, an important step in the design of the nanocarrier
is represented by choice of an appropriate targeting ligand.
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Different classes of targeting agents can deliver NPs in specific tissues, including
proteins (e.g., antibodies or their fragments), aptamers, or small molecules such as vitamins
and peptides. Antibodies (Ab) are the most common molecules used as therapeutic and
targeting ligands due to their high specificity and affinity. Indeed, their use showed a
new perspective on disease treatment [76]. Limits to be considered in their application
are related to their size and potential immunogenicity. These restrict their density on the
NPs’ surface and increase the diameter of NPs. However, the improvement of molecular
technology allows circumventing these inconveniences through engineered antibodies,
including single-chain variable fragments (scFv) or antigen-binding fragments (Fab) [36].
However, it is important to keep in mind that, depending on the type of ligand–receptor
interaction, the type and the degree of cellular internalization would be different; moreover,
proteins in biological serum were reported to shield targeted NPs by the formation of
protein corona, which may impact the targeted delivery [104,105].

3. Therapeutic Approaches to B-Cell Malignancies

B-cells are a subtype of white blood cells that play an essential role in the immune
system. In malignancies, the physiological turnover of these cells fails, and they grow at an
abnormal rate when the body does not need them. Since B-cell malignancies develop from
different stages of development, these constitute a heterogeneous group of pathologies [106].
For this reason, they possess intra- and inter-patient differences that can significantly
influence both the selection and the duration of the treatment [107].

In recent years, many different therapeutic approaches have been investigated, such
as Chimeric Antigen Receptor (CAR) and immune checkpoint inhibitors (ICIs), which
have been shown to improve outcomes in patients with refractory B-cell tumors [108].
Alternatively, strategies that use innate immune cells to target B-cell malignancies represent
an attractive and rapidly evolving field. A variety of options exist for mAb therapy, includ-
ing various Fc engineering strategies to enhance antibody-dependent cellular cytotoxicity
(ADCC), antibody-dependent cellular phagocytosis (ADCP), and complement-dependent
cytotoxicity (CDC) [109]. However, remarkable clinical responses have been achieved in
specific subsets of B-cell malignancies through the treatment with CAR-T cells, even if
there are, unfortunately, many limitations to therapeutic efficacy, including severe life-
threatening toxicities, modest anti-tumor activity, antigen escape, and limited trafficking.
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Moreover, the function of CAR-T cells is critically affected by the interaction of the host
and tumor microenvironment with CAR-T cells [110]. On the other hand, mAb therapy is,
by definition, precise and selective for the selected antigen but is usually used in combina-
tion with dose-intensive chemotherapy regimens that are not cell-specific, leading to the
development of off-target side effects [111].

Over the years, research has focused on the identification of “next-generation” ap-
proaches benefiting from both chemotherapy regimens and immunotherapy. Results in
this research field provide a rationale for investigating further targeting antigens in the
treatment of B-cell disorders, remembering that the ideal one would be a broad-spectrum
antigen in order to expand the target pathologies.

Since the purpose is to guarantee the therapeutic effect given by the chemotherapeutic
payload and simultaneously avoid side effects, “next-generation” approaches can be repre-
sented by nanodevices equipped with an active targeting mechanism; recent studies on this
kind of nanomedicine proved to be helpful in affecting only neoplastic cells, preserving the
viability of the healthy ones [112].

On this basis, it is interesting to develop a strategy that takes advantage of “next-
generation” treatments, which combines the knowledge about NPs with drug efficacy. This
alternative approach, based on nanocarriers, offers the possibility to take advantage of
the specificity and selectivity of the targeting mechanism, meanwhile encapsulating the
drug or the therapeutic molecule, avoiding off-target side effects, and reducing the costs of
disease management because the doses required to achieve the same efficacy as untargeted
drugs might be lower [14]. To this end, different classes of therapeutic molecules can be
investigated, alone or in combination.

3.1. Tumor B-Cell-Associated Antigens

Each B-cell malignancy is associated with a specific developmental stage and specific
surface antigens’ expression. Surface molecules have particular importance in identifying
the degree of maturation for diagnosis, prognosis, and the best treatment options; besides,
they can be used as targets for specific clinical interventions [113,114]. Ideal tumor anti-
gens should be abundant, accessible, and homogeneously, consistently, and exclusively
expressed on the surface of target cells; moreover, antigen secretion should be minimal.
All these features guarantee the activity of the targeting agent because of the antibody’s
specificity and the minimal side effects. Indeed, Ab-based immunotherapy is a type of
cancer treatment that helps the host immune system fight cancer, thanks to the fact that
the modified immunotherapeutic antibodies bind to the tumor antigens, marking and
identifying the cancer cells as non-self structures for the immune system [115].

Concerning B-cell malignancies, surface antigens such as CD19, CD20, CD22, CD30,
CD38, and CD52 are currently the primary targets for immunotherapy. In detail, CD19 and
CD20 are markers specific for cancer B-cells, while CD30, CD38, and CD52 are generally ex-
pressed on the surface of mature B and T lymphocytes but also on malignant lymphocytes.
CD22 is a regulatory component of the B-cell Receptor (BCR) complex, expressed exclu-
sively in pre-B- and mature B-cells. Since CD22 endocytosis can be triggered efficiently,
antibodies and antibody-based immunotoxins against CD22 have raised great interest
in the treatment of some subtypes of B-cell malignancies [116]. Other tumor-associated
antigens under investigation are represented by CD30 and CD52. The first one is a specific
marker of Hodgkin lymphoma and anaplastic large cell lymphoma, but it is expressed
also in B-cell lymphomas, including diffuse large B-cell lymphoma (DLBCL) and primary
mediastinal large B-cell lymphoma [116]. On the other hand, the presence of CD52 has been
demonstrated on many cells, such as B and T lymphocytes, where it is strongly expressed,
as well as on monocytes and macrophages (which also express low levels of CD52) and on
most malignant lymphoid cells [117]. Nevertheless, historically, the attention was focused
on other most promising antigens.
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3.1.1. CD20 Antigen

Among B-cell-related antigens, CD20 was the first molecule against whom mAbs
were developed [30,118–120]. The human CD20 gene is encoded by eight exons located
on chromosome 11, and the mouse gene is found in an evolutionarily conserved region of
chromosome 19 (showing 73% homology). The CD20 antigen (Figure 8) is absent in early
stem cells or in plasma cells but is present on mature B-cells through plasma, making this
antigen fundamental for B-cell ablative therapy [121].
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This therapy allows for the elimination of all cancer cells and, at the same time, saves
early stem cells. In this way, it is possible to restore the B-cell population after the treatment.
The first mAb to receive approval by the FDA for relapsed/refractory NHL in 1997 was
rituximab (Rituxan®), an anti-CD20 chimeric mAb, and since its approval, rituximab
has been employed for use the treatment of numerous other B-cell malignancies, as well
as autoimmune conditions, including rheumatoid arthritis [121]. Therefore, for nearly
20 years, rituximab-based therapies have demonstrated their dominance in this field; on
the other hand, if a patient experiences relapsed or refractory disease after rituximab-based
treatment, there are limited options for salvage [116]. For this reason, other antigens are
under investigation, and nevertheless, the focus of immunotherapy development for over
30 years was set on the most characterizing antigen of B-cells, that is, CD19.

3.1.2. CD19 Antigen

CD19 is a 95 kDa member of the Ig superfamily and is expressed nearly exclusively on
B lymphocytes, together with other cell-surface regulatory molecules. CD19 is expressed
by almost all B-cell developmental stages, and it is a critical co-receptor for B-cell signaling,
which acts in signaling, cell activity, and proliferation [122]. In particular, CD19 is a cell-
surface glycoprotein, and it exists in a complex with CD21 and CD81 and provides a
link between innate and adaptive immunity, due to its ability, with the help of CD21, to
bind the complement C3 cleavage product C3d enabling CD19 and the BCR to interact.
These interactions permit the reduction in the number of antigen receptors that need to be
stimulated to activate the cell, reducing the threshold required for B-cell proliferation in
response to a given antigen [123]. Since CD19 plays a pivotal role in BCR signaling and its
overall expression pattern from pro-B-cells until the terminal differentiation to plasma cells
(Figure 8), it is not surprising that abnormal CD19 expression on B-cells is associated with
autoimmune diseases and development of malignancies [122,124]. For these reasons, CD19
represents a more exploitable antigen than CD20.

Pharmaceutical companies are actively pursuing anti-CD19 strategies; indeed, anti-
CD20 therapies do not directly target early B-cell differentiation stages (i.e., ALL) or
B-cell malignancies resistant to anti-CD20 approaches. Although CD19 has been a focus
of immunotherapy development for many years, it is only recently that durable thera-
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peutic responses have been achieved with CD19-directed approaches. Even with some
limitations, several anti-CD19 therapies are currently in clinical trials, including mAb,
antibody-targeted cytotoxic drug conjugates (ADC), bispecific antibodies, and CAR-T
cells [124,125]. For instance, given the substantial improvement in overall survival by the
mAb anti-CD20 rituximab in ALL patients with significant CD20 expression (≥20%), the
implementation of CD19 mAb, potentially reaching a broader spectrum of patients, is a
reasonable strategy [123]. Although therapeutic antibodies ensure the specific effect and
improve survival, compared to chemotherapy alone, an assessment of the disadvantages is
necessary due to the frequency of incomplete response and resistance phenomena [126].

4. Clinical Application of Nanomaterials to B-Cell Malignancies

In contrast to the traditional therapy of B-cell malignancies based on dose-intensive
chemotherapy regimens, it is interesting to develop a strategy combining drug knowledge
with new nanocarriers. This alternative approach is expected to be more specific, thanks to
the specific targeting mechanism, and at the same time with fewer side effects. Therefore, it
is possible to selectively treat the pathology by encapsulated chemotherapy or interfere
with the dysregulated process, such as the over-expression of miRNA, reducing its level
and stopping the proliferation of cancer cells. A novel therapeutic approach based on
biodegradable NPs equipped with a specific targeting antigen (e.g., anti-CD19 or anti-
CD20) and containing the active agent can specifically identify malignant B-cells and obtain
a more specific and safer treatment. In addition, NP formulations can be used to enhance the
efficacy of immunotherapy in cancer treatments by reversing an immunosuppressive state
that may be due to multiple factors, including the presence of myeloid-derived suppressor
cells, macrophages, and regulatory T-cells.

From a clinical perspective, several NP-based drugs have already received FDA
approval for the treatment of hematologic malignancies (Figure 9). The first FDA-approved
liposomal nanocarrier was Doxil®, in 1995, which is a PEGylated liposomal formulation
loaded with doxorubicin. The coating of PEG protects the liposome from detection by
phagocytic cells, allowing a prolonged circulation time. Moreover, compared to the free
drug, the liposomal formulation is demonstrated to minimize potential side effects of
the drug due to the protection given by the structure of the carrier [27]. In the following
years, other liposomes were approved by the FDA: Caelyx (1996, for the treatment of
metastatic breast cancer, advanced ovarian cancer, progressive multiple myeloma, and
AIDS-related Kaposi’s sarcoma), vincristine sulfate liposomal (2008, for the treatment
of ALL and other lymphoid malignancies), Vyxeos (2018, for the treatment of adults
with newly diagnosed, therapy-related acute myeloid leukemia (AML) or AML with
myelodysplasia-related changes), and, more recently, Zolsketil (2022, for the treatment of
metastatic breast cancer, advanced ovarian cancer, progressive multiple myeloma, and
AIDS-related Kaposi’s sarcoma). Only one of them is based on vincristine, while the others
convey anthracyclines. The first one is a well-known alkaloid employed in the treatments
of ALL and other lymphoid malignancies but with limited clinical use due to unpredictable
pharmacologic characteristics; parallelly, treatments with anthracyclines are associated
with an augmented incidence of cardiotoxicity. On these bases, nanocarriers result to be
fundamental to encapsulating and protecting the loaded drug, maintaining the efficacy
of the treatment, and avoiding side effects [127–129]. In addition, about 70 clinical trials
are currently under investigation: 9 of them are completed, 32 are under recruitment, and
others are approved but in different phases of development.
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5. Conclusions and Future Perspectives

B-cell malignancies possess intra- and inter-patient differences that can significantly
influence both the choice and duration of treatment [107]. In recent years, the focus was
set on “next generation” treatments, capable of overcoming the typical limits of standard
treatments, which have been effective but with a lot of limitations. Indeed, chemotherapy
is known to be debilitating, and its lack of specificity leads to significant side effects.

Therefore, nano-systems able to contain and deliver drugs primarily to the desired
site have become increasingly popular, and several materials, structures, and approaches
are still under investigation. However, in general, the use of NP-based drugs in routine
clinical practice still requires specific regulatory guidelines, detailed chemical and physical
characterization, and in-depth investigation of potential toxicity effects. In addition, many
NP-based drug approaches remain stuck at the preclinical level without the opportunity
to be evaluated in a clinical trial. This is often due to the difficulty of incorporating
them into already established chemo-immunotherapy combinations. In addition, the
efficacy of nanodrugs for targeted treatment approaches depends on the expression level
of the chosen antigen, and the targeting ability of nanodrugs may be reduced by the
formation of PC in the physiological fluids. Further efforts need to be made to efficiently
introduce drug approaches based on NPs into routine clinical practice in the treatment of
hematological diseases.
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Abbreviations

Ab Antibodies
ADC Antibody-Targeted Cytotoxic Drug Conjugates
ADCC Antibody-Dependent Cellular Cytotoxicity
ADCP Antibody-Dependent Cellular Phagocytosis
ALL Acute Lymphoblastic Leukemia
AML Acute Myeloid Leukemia
BCR B-cell Receptor
BL Burkitt Lymphoma
BSA Bovine Serum Albumin
CAR Chimeric Antigen Receptor
CDC Complement-Dependent Cytotoxicity
DLBCL Diffuse Large B-cell Lymphoma
EC European Commission
EMA European Medicines Agency
EPR Enhanced Permeability and Retention
ESF European Science Foundation
Fab Antigen-Binding Fragment
FDA Food and Drug Administration
HSA Human Serum Albumin
ICI Immune Checkpoint inhibitor
mAbs Monoclonal Antibodies
MPS Mononuclear Phagocyte System
MRI Magnetic Resonance
NHL Non-Hodgkin Lymphoma
NPs Nanoparticles
PC Protein Corona
PEG Polyethylene Glycol
PET Positron Emission Tomography
PLA Poly(Lactide) Acid
PLC Poly(ε-Caprolactone)
PLGA Poly(Lactide-co-Glycolide) Acid
PMMA Poly(Methyl Methacrylate)
PVA Polyvinyl Alcohol
scFv Single-Chain Fragment Variable
SWCNT Single-Walled Carbon Nanotube
WHO World Health Organization

References
1. Abdelbaky, S.B.; Ibrahim, M.T.; Samy, H.; Mohamed, M.; Mohamed, H.; Mustafa, M.; Abdelaziz, M.M.; Forrest, M.L.; Khalil, I.A.

Cancer immunotherapy from biology to nanomedicine. J. Control. Release 2021, 336, 410–432. [CrossRef] [PubMed]
2. Gonzalez-Valdivieso, J.; Girotti, A.; Schneider, J.; Arias, F.J. Advanced nanomedicine and cancer: Challenges and opportunities in

clinical translation. Int. J. Pharm. 2021, 599, 120438. [CrossRef] [PubMed]
3. Damasco, J.A.; Ravi, S.; Perez, J.D.; Hagaman, D.E.; Melancon, M.P. Understanding Nanoparticle Toxicity to Direct a Safe-by-

Design Approach in Cancer Nanomedicine. Nanomaterials 2020, 10, 2186. [CrossRef] [PubMed]
4. Bleeker, E.A.; de Jong, W.H.; Geertsma, R.E.; Groenewold, M.; Heugens, E.H.; Koers-Jacquemijns, M.; van de Meent, D.; Popma,

J.R.; Rietveld, A.G.; Wijnhoven, S.W.; et al. Considerations on the EU definition of a nanomaterial: Science to support policy
making. Regul. Toxicol. Pharmacol. 2013, 65, 119–125. [CrossRef]

5. Whitesides, G.M. The ‘right’ size in nanobiotechnology. Nat. Biotechnol. 2003, 21, 1161–1165. [CrossRef]
6. Pene, F.; Courtine, E.; Cariou, A.; Mira, J.P. Toward theragnostics. Crit. Care Med. 2009, 37, S50–S58. [CrossRef]
7. Rizzo, L.Y.; Theek, B.; Storm, G.; Kiessling, F.; Lammers, T. Recent progress in nanomedicine: Therapeutic, diagnostic and

theranostic applications. Curr. Opin. Biotechnol. 2013, 24, 1159–1166. [CrossRef]
8. Farokhzad, O.C.; Langer, R. Impact of nanotechnology on drug delivery. ACS Nano 2009, 3, 16–20. [CrossRef]
9. Hicks, S.W.; Tarantelli, C.; Wilhem, A.; Gaudio, E.; Li, M.; Arribas, A.J.; Spriano, F.; Bordone, R.; Cascione, L.; Lai, K.C.; et al. The

novel CD19-targeting antibody-drug conjugate huB4-DGN462 shows improved anti-tumor activity compared to SAR3419 in
CD19-positive lymphoma and leukemia models. Haematologica 2019, 104, 1633–1639. [CrossRef]

10. Siegel, R.L.; Miller, K.D.; Fuchs, H.E.; Jemal, A. Cancer Statistics, 2021. CA Cancer J. Clin. 2021, 71, 7–33. [CrossRef]

http://doi.org/10.1016/j.jconrel.2021.06.025
http://www.ncbi.nlm.nih.gov/pubmed/34171445
http://doi.org/10.1016/j.ijpharm.2021.120438
http://www.ncbi.nlm.nih.gov/pubmed/33662472
http://doi.org/10.3390/nano10112186
http://www.ncbi.nlm.nih.gov/pubmed/33147800
http://doi.org/10.1016/j.yrtph.2012.11.007
http://doi.org/10.1038/nbt872
http://doi.org/10.1097/CCM.0b013e3181921349
http://doi.org/10.1016/j.copbio.2013.02.020
http://doi.org/10.1021/nn900002m
http://doi.org/10.3324/haematol.2018.211011
http://doi.org/10.3322/caac.21654


Pharmaceutics 2022, 14, 1965 20 of 24

11. Fujita, T.C.; Sousa-Pereira, N.; Amarante, M.K.; Watanabe, M.A.E. Acute lymphoid leukemia etiopathogenesis. Mol. Biol. Rep.
2021, 48, 817–822. [CrossRef] [PubMed]

12. Ward, Z.J.; Yeh, J.M.; Bhakta, N.; Frazier, A.L.; Atun, R. Estimating the total incidence of global childhood cancer: A simulation-
based analysis. Lancet Oncol. 2019, 20, 483–493. [CrossRef]

13. Steliarova-Foucher, E.; Colombet, M.; Ries, L.A.G.; Moreno, F.; Dolya, A.; Bray, F.; Hesseling, P.; Shin, H.Y.; Stiller, C.A.; IICC-3
Contributors. International incidence of childhood cancer, 2001-10: A population-based registry study. Lancet Oncol. 2017, 18,
719–731. [CrossRef]

14. Ferrari, M. Nanovector therapeutics. Curr. Opin. Chem. Biol. 2005, 9, 343–346. [CrossRef] [PubMed]
15. Kagan, V.E.; Bayir, H.; Shvedova, A.A. Nanomedicine and nanotoxicology: Two sides of the same coin. Nanomedicine 2005, 1,

313–316. [CrossRef] [PubMed]
16. Shi, J.; Kantoff, P.W.; Wooster, R.; Farokhzad, O.C. Cancer nanomedicine: Progress, challenges and opportunities. Nat. Rev. Cancer

2017, 17, 20–37. [CrossRef]
17. Chen, H.; Zhang, W.; Zhu, G.; Xie, J.; Chen, X. Rethinking cancer nanotheranostics. Nat. Rev. Mater. 2017, 2, 17024. [CrossRef]
18. Duncan, R.; Gaspar, R. Nanomedicine(s) under the microscope. Mol. Pharm. 2011, 8, 2101–2141. [CrossRef]
19. Xiao, Q.; Li, X.; Li, Y.; Wu, Z.; Xu, C.; Chen, Z.; He, W. Biological drug and drug delivery-mediated immunotherapy. Acta Pharm.

Sin. B 2021, 11, 941–960. [CrossRef]
20. Peer, D.; Karp, J.M.; Hong, S.; Farokhzad, O.C.; Margalit, R.; Langer, R. Nanocarriers as an emerging platform for cancer therapy.

Nat. Nanotechnol. 2007, 2, 751–760. [CrossRef]
21. Von Roemeling, C.; Jiang, W.; Chan, C.K.; Weissman, I.L.; Kim, B.Y.S. Breaking Down the Barriers to Precision Cancer

Nanomedicine. Trends Biotechnol. 2017, 35, 159–171. [CrossRef] [PubMed]
22. Thi, T.T.H.; Suys, E.J.A.; Lee, J.S.; Nguyen, D.H.; Park, K.D.; Truong, N.P. Lipid-Based Nanoparticles in the Clinic and Clinical

Trials: From Cancer Nanomedicine to COVID-19 Vaccines. Vaccines 2021, 9, 359. [CrossRef] [PubMed]
23. Gregoriadis, G. Drug entrapment in liposomes. FEBS Lett. 1973, 36, 292–296. [CrossRef]
24. Kim, E.M.; Jeong, H.J. Liposomes: Biomedical Applications. Chonnam Med. J. 2021, 57, 27–35. [CrossRef]
25. Sanna, V.; Pala, N.; Sechi, M. Targeted therapy using nanotechnology: Focus on cancer. Int. J. Nanomed. 2014, 9, 467–483.
26. Eloy, J.O.; Claro de Souza, M.; Petrilli, R.; Barcellos, J.P.; Lee, R.J.; Marchetti, J.M. Liposomes as carriers of hydrophilic small

molecule drugs: Strategies to enhance encapsulation and delivery. Colloids Surf. B Biointerfaces 2014, 123, 345–363. [CrossRef]
27. Maximilien, J.; Beyazit, S.; Rossi, C.; Haupt, K.; Tse Sum Bui, B. Nanoparticles in Biomedical Applications. In Measuring Biological

Impacts of Nanomaterials; Springer: Cham, Switzerland, 2015; pp. 177–210.
28. Ma, P.; Mumper, R.J. Anthracycline Nano-Delivery Systems to Overcome Multiple Drug Resistance: A Comprehensive Review.

Nano Today 2013, 8, 313–331. [CrossRef]
29. Ahmed, S.E.; Martins, A.M.; Husseini, G.A. The use of ultrasound to release chemotherapeutic drugs from micelles and liposomes.

J. Drug Target. 2015, 23, 16–42. [CrossRef]
30. Jeong, K.; Kang, C.S.; Kim, Y.; Lee, Y.D.; Kwon, I.C.; Kim, S. Development of highly efficient nanocarrier-mediated delivery

approaches for cancer therapy. Cancer Lett. 2016, 374, 31–43. [CrossRef]
31. Kim, B.Y.; Rutka, J.T.; Chan, W.C. Nanomedicine. N. Engl. J. Med. 2010, 363, 2434–2443. [CrossRef]
32. Bobo, D.; Robinson, K.J.; Islam, J.; Thurecht, K.J.; Corrie, S.R. Nanoparticle-Based Medicines: A Review of FDA-Approved

Materials and Clinical Trials to Date. Pharm. Res. 2016, 33, 2373–2387. [CrossRef] [PubMed]
33. Crecente-Campo, J.; Guerra-Varela, J.; Peleteiro, M.; Gutierrez-Lovera, C.; Fernandez-Marino, I.; Dieguez-Docampo, A.; Gonzalez-

Fernandez, A.; Sanchez, L.; Alonso, M.J. The size and composition of polymeric nanocapsules dictate their interaction with
macrophages and biodistribution in zebrafish. J. Control. Release 2019, 308, 98–108. [CrossRef] [PubMed]

34. Bolhassani, A.; Javanzad, S.; Saleh, T.; Hashemi, M.; Aghasadeghi, M.R.; Sadat, S.M. Polymeric nanoparticles: Potent vectors for
vaccine delivery targeting cancer and infectious diseases. Hum. Vaccines Immunother. 2014, 10, 321–332. [CrossRef]

35. Banik, B.L.; Fattahi, P.; Brown, J.L. Polymeric nanoparticles: The future of nanomedicine. Wiley Interdiscip. Rev. Nanomed.
Nanobiotechnology 2016, 8, 271–299. [CrossRef]

36. Kamaly, N.; Yameen, B.; Wu, J.; Farokhzad, O.C. Degradable Controlled-Release Polymers and Polymeric Nanoparticles:
Mechanisms of Controlling Drug Release. Chem. Rev. 2016, 116, 2602–2663. [CrossRef] [PubMed]

37. Mansoor, S.; Kondiah, P.P.D.; Choonara, Y.E.; Pillay, V. Polymer-Based Nanoparticle Strategies for Insulin Delivery. Polymers 2019,
11, 1380. [CrossRef]

38. Kondiah, P.P.D.; Choonara, Y.E.; Tomar, L.K.; Tyagi, C.; Kumar, P.; du Toit, L.C.; Marimuthu, T.; Modi, G.; Pillay, V. Development
of a Gastric Absorptive, Immediate Responsive, Oral Protein-Loaded Versatile Polymeric Delivery System. AAPS PharmSciTech
2017, 18, 2479–2493. [CrossRef]

39. Bhumkar, D.R.; Joshi, H.M.; Sastry, M.; Pokharkar, V.B. Chitosan reduced gold nanoparticles as novel carriers for transmucosal
delivery of insulin. Pharm. Res. 2007, 24, 1415–1426. [CrossRef]

40. Liu, C.; Kou, Y.; Zhang, X.; Dong, W.; Cheng, H.; Mao, S. Enhanced oral insulin delivery via surface hydrophilic modification of
chitosan copolymer based self-assembly polyelectrolyte nanocomplex. Int J Pharm 2019, 554, 36–47. [CrossRef]

41. Elsayed, A.; Al-Remawi, M.; Farouk, A.; Badwan, A. Insulin-chitosan polyelectrolyte _anocomplexes: Preparation, characteriza-
tion and stabilization of insulin. Sudan J. Med. Sci. 2010, 5. [CrossRef]

http://doi.org/10.1007/s11033-020-06073-3
http://www.ncbi.nlm.nih.gov/pubmed/33438082
http://doi.org/10.1016/S1470-2045(18)30909-4
http://doi.org/10.1016/S1470-2045(17)30186-9
http://doi.org/10.1016/j.cbpa.2005.06.001
http://www.ncbi.nlm.nih.gov/pubmed/15967706
http://doi.org/10.1016/j.nano.2005.10.003
http://www.ncbi.nlm.nih.gov/pubmed/17292104
http://doi.org/10.1038/nrc.2016.108
http://doi.org/10.1038/natrevmats.2017.24
http://doi.org/10.1021/mp200394t
http://doi.org/10.1016/j.apsb.2020.12.018
http://doi.org/10.1038/nnano.2007.387
http://doi.org/10.1016/j.tibtech.2016.07.006
http://www.ncbi.nlm.nih.gov/pubmed/27492049
http://doi.org/10.3390/vaccines9040359
http://www.ncbi.nlm.nih.gov/pubmed/33918072
http://doi.org/10.1016/0014-5793(73)80394-1
http://doi.org/10.4068/cmj.2021.57.1.27
http://doi.org/10.1016/j.colsurfb.2014.09.029
http://doi.org/10.1016/j.nantod.2013.04.006
http://doi.org/10.3109/1061186X.2014.954119
http://doi.org/10.1016/j.canlet.2016.01.050
http://doi.org/10.1056/NEJMra0912273
http://doi.org/10.1007/s11095-016-1958-5
http://www.ncbi.nlm.nih.gov/pubmed/27299311
http://doi.org/10.1016/j.jconrel.2019.07.011
http://www.ncbi.nlm.nih.gov/pubmed/31306677
http://doi.org/10.4161/hv.26796
http://doi.org/10.1002/wnan.1364
http://doi.org/10.1021/acs.chemrev.5b00346
http://www.ncbi.nlm.nih.gov/pubmed/26854975
http://doi.org/10.3390/polym11091380
http://doi.org/10.1208/s12249-017-0725-1
http://doi.org/10.1007/s11095-007-9257-9
http://doi.org/10.1016/j.ijpharm.2018.10.068
http://doi.org/10.4314/sjms.v5i2.57799


Pharmaceutics 2022, 14, 1965 21 of 24

42. Sharma, A.; Mishra, S.S. Preparation and Characterization of Chitosan Nanoparticles of Insulin for Nasal Delivery. J. Drug Deliv.
Ther. 2018, 8, 400–406.

43. Mansourpour, M.; Mahjub, R.; Amini, M.; Ostad, S.N.; Shamsa, E.S.; Rafiee-Tehrani, M.; Dorkoosh, F.A. Development of acid-
resistant alginate/trimethyl chitosan nanoparticles containing cationic beta-cyclodextrin polymers for insulin oral delivery. AAPS
PharmSciTech 2015, 16, 952–962. [PubMed]

44. Sarmento, B.; Martins, S.; Ribeiro, A.; Veiga, F.; Neufeld, R.; Ferreira, D. Development and Comparison of Different Nanoparticu-
late Polyelectrolyte Complexes as Insulin Carriers. Int. J. Pept. Res. Ther. 2006, 12, 131–138. [CrossRef]

45. Li, X.; Qi, J.; Xie, Y.; Zhang, X.; Hu, S.; Xu, Y.; Lu, Y.; Wu, W. Nanoemulsions coated with alginate/chitosan as oral insulin delivery
systems: Preparation, characterization, and hypoglycemic effect in rats. Int. J. Nanomed. 2013, 8, 23–32.

46. Verma, A.; Sharma, S.; Gupta, P.K.; Singh, A.; Teja, B.V.; Dwivedi, P.; Gupta, G.K.; Trivedi, R.; Mishra, P.R. Vitamin B12
functionalized layer by layer calcium phosphate nanoparticles: A mucoadhesive and pH responsive carrier for improved oral
delivery of insulin. Acta Biomater. 2016, 31, 288–300.

47. Liu, D.; Jiang, G.; Yu, W.; Li, L.; Tong, Z.; Kong, X.; Yao, J. Oral delivery of insulin using CaCO3-based composite nanocarriers
with hyaluronic acid coatings. Mater. Lett. 2017, 188, 263–266. [CrossRef]

48. Han, L.; Zhao, Y.; Yin, L.; Li, R.; Liang, Y.; Huang, H.; Pan, S.; Wu, C.; Feng, M. Insulin-loaded pH-sensitive hyaluronic acid
nanoparticles enhance transcellular delivery. AAPS PharmSciTech 2012, 13, 836–845. [CrossRef]

49. Lopes, M.; Shrestha, N.; Correia, A.; Shahbazi, M.A.; Sarmento, B.; Hirvonen, J.; Veiga, F.; Seica, R.; Ribeiro, A.; Santos, H.A. Dual
chitosan/albumin-coated alginate/dextran sulfate nanoparticles for enhanced oral delivery of insulin. J. Control. Release 2016,
232, 29–41. [CrossRef]

50. Alibolandi, M.; Alabdollah, F.; Sadeghi, F.; Mohammadi, M.; Abnous, K.; Ramezani, M.; Hadizadeh, F. Dextran-b-poly(lactide-
co-glycolide) polymersome for oral delivery of insulin: In vitro and in vivo evaluation. J. Control. Release 2016, 227, 58–70.
[CrossRef]

51. Chalasani, K.B.; Russell-Jones, G.J.; Jain, A.K.; Diwan, P.V.; Jain, S.K. Effective oral delivery of insulin in animal models using
vitamin B12-coated dextran nanoparticles. J. Control. Release 2007, 122, 141–150. [CrossRef]

52. Goswami, S.; Bajpai, J.; Bajpai, A.K. Designing Gelatin Nanocarriers as a Swellable System for Controlled Release of Insulin:
AnIn-VitroKinetic Study. J. Macromol. Sci. Part A 2009, 47, 119–130. [CrossRef]

53. Zhao, Y.Z.; Li, X.; Lu, C.T.; Xu, Y.Y.; Lv, H.F.; Dai, D.D.; Zhang, L.; Sun, C.Z.; Yang, W.; Li, X.K.; et al. Experiment on the feasibility
of using modified gelatin nanoparticles as insulin pulmonary administration system for diabetes therapy. Acta Diabetol. 2012, 49,
315–325. [CrossRef] [PubMed]

54. Yang, J.; Sun, H.; Song, C. Preparation, characterization and in vivo evaluation of pH-sensitive oral insulin-loaded poly(lactic-co-
glycolicacid) nanoparticles. Diabetes Obes. Metab. 2012, 14, 358–364. [CrossRef] [PubMed]

55. Liu, X.; Li, X.; Zhang, N.; Zhao, Z.; Wen, X. Bioengineering Strategies for the Treatment of Type I Diabetes. J. Biomed. Nanotechnol.
2016, 12, 581–601. [CrossRef] [PubMed]

56. De Araujo, T.M.; Teixeira, Z.; Barbosa-Sampaio, H.C.; Rezende, L.F.; Boschero, A.C.; Duran, N.; Hoehr, N.F. Insulin-loaded
poly(epsilon-caprolactone) nanoparticles: Efficient, sustained and safe insulin delivery system. J. Biomed. Nanotechnol. 2013, 9,
1098–1106. [CrossRef]

57. Damge, C.; Maincent, P.; Ubrich, N. Oral delivery of insulin associated to polymeric nanoparticles in diabetic rats. J. Control.
Release 2007, 117, 163–170. [CrossRef]

58. Zu, Y.; Zhang, Y.; Zhao, X.; Shan, C.; Zu, S.; Wang, K.; Li, Y.; Ge, Y. Preparation and characterization of chitosan-polyvinyl alcohol
blend hydrogels for the controlled release of nano-insulin. Int. J. Biol. Macromol. 2012, 50, 82–87. [CrossRef]

59. Rawat, S.; Gupta, P.; Kumar, A.; Garg, P.; Suri, C.R.; Sahoo, D.K. Molecular mechanism of poly(vinyl alcohol) mediated prevention
of aggregation and stabilization of insulin in nanoparticles. Mol. Pharm. 2015, 12, 1018–1030.

60. Sonaje, K.; Chen, Y.J.; Chen, H.L.; Wey, S.P.; Juang, J.H.; Nguyen, H.N.; Hsu, C.W.; Lin, K.J.; Sung, H.W. Enteric-coated capsules
filled with freeze-dried chitosan/poly(gamma-glutamic acid) nanoparticles for oral insulin delivery. Biomaterials 2010, 31,
3384–3394. [CrossRef]

61. Lin, Y.H.; Sonaje, K.; Lin, K.M.; Juang, J.H.; Mi, F.L.; Yang, H.W.; Sung, H.W. Multi-ion-crosslinked nanoparticles with pH-
responsive characteristics for oral delivery of protein drugs. J. Control. Release 2008, 132, 141–149. [CrossRef]

62. Li, L.; Jiang, G.; Yu, W.; Liu, D.; Chen, H.; Liu, Y.; Tong, Z.; Kong, X.; Yao, J. Preparation of chitosan-based multifunctional
nanocarriers overcoming multiple barriers for oral delivery of insulin. Mater. Sci. Eng. C Mater. Biol. Appl. 2017, 70, 278–286.
[CrossRef] [PubMed]

63. Xiong, X.Y.; Tam, K.C.; Gan, L.H. Release kinetics of hydrophobic and hydrophilic model drugs from pluronic F127/poly(lactic
acid) nanoparticles. J. Control. Release 2005, 103, 73–82. [CrossRef] [PubMed]

64. Sinha, R.; Kim, G.J.; Nie, S.; Shin, D.M. Nanotechnology in cancer therapeutics: Bioconjugated nanoparticles for drug delivery.
Mol. Cancer Ther. 2006, 5, 1909–1917. [CrossRef]

65. Hu, Y.L.; Qi, W.; Han, F.; Shao, J.Z.; Gao, J.Q. Toxicity evaluation of biodegradable chitosan nanoparticles using a zebrafish
embryo model. Int. J. Nanomed. 2011, 6, 3351–3359.

66. Cavalli, R.; Bisazza, A.; Lembo, D. Micro- and nanobubbles: A versatile non-viral platform for gene delivery. Int. J. Pharm. 2013,
456, 437–445. [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/25604700
http://doi.org/10.1007/s10989-005-9010-3
http://doi.org/10.1016/j.matlet.2016.10.117
http://doi.org/10.1208/s12249-012-9807-2
http://doi.org/10.1016/j.jconrel.2016.04.012
http://doi.org/10.1016/j.jconrel.2016.02.031
http://doi.org/10.1016/j.jconrel.2007.05.019
http://doi.org/10.1080/10601320903458556
http://doi.org/10.1007/s00592-011-0356-z
http://www.ncbi.nlm.nih.gov/pubmed/22124766
http://doi.org/10.1111/j.1463-1326.2011.01546.x
http://www.ncbi.nlm.nih.gov/pubmed/22151795
http://doi.org/10.1166/jbn.2016.2176
http://www.ncbi.nlm.nih.gov/pubmed/27301187
http://doi.org/10.1166/jbn.2013.1607
http://doi.org/10.1016/j.jconrel.2006.10.023
http://doi.org/10.1016/j.ijbiomac.2011.10.006
http://doi.org/10.1016/j.biomaterials.2010.01.042
http://doi.org/10.1016/j.jconrel.2008.08.020
http://doi.org/10.1016/j.msec.2016.08.083
http://www.ncbi.nlm.nih.gov/pubmed/27770892
http://doi.org/10.1016/j.jconrel.2004.11.018
http://www.ncbi.nlm.nih.gov/pubmed/15710501
http://doi.org/10.1158/1535-7163.MCT-06-0141
http://doi.org/10.1016/j.ijpharm.2013.08.041


Pharmaceutics 2022, 14, 1965 22 of 24

67. Ali, A.; Ahmed, S. A review on chitosan and its nanocomposites in drug delivery. Int. J. Biol. Macromol. 2018, 109, 273–286.
[CrossRef] [PubMed]

68. Riehemann, K.; Schneider, S.W.; Luger, T.A.; Godin, B.; Ferrari, M.; Fuchs, H. Nanomedicine–challenge and perspectives. Angew.
Chem. Int. Ed. Engl. 2009, 48, 872–897. [CrossRef]

69. Sharma, A.K.; Gupta, L.; Gupta, U. Nanoparticles as nucleic acid delivery vectors. In Advances in Nanomedicine for the Delivery of
Therapeutic Nucleic Acids; Elsevier: Amsterdam, The Netherlands, 2017; pp. 13–42.

70. Danhier, F. To exploit the tumor microenvironment: Since the EPR effect fails in the clinic, what is the future of nanomedicine?
J. Control Release 2016, 244, 108–121. [CrossRef]

71. Rezvantalab, S.; Drude, N.I.; Moraveji, M.K.; Guvener, N.; Koons, E.K.; Shi, Y.; Lammers, T.; Kiessling, F. PLGA-Based
Nanoparticles in Cancer Treatment. Front. Pharmacol. 2018, 9, 1260. [CrossRef] [PubMed]

72. Sadat Tabatabaei Mirakabad, F.; Nejati-Koshki, K.; Akbarzadeh, A.; Yamchi, M.R.; Milani, M.; Zarghami, N.; Zeighamian, V.;
Rahimzadeh, A.; Alimohammadi, S.; Hanifehpour, Y.; et al. PLGA-based nanoparticles as cancer drug delivery systems. Asian
Pac. J. Cancer Prev. 2014, 15, 517–535. [CrossRef]

73. Ben Halima, N. Poly(vinyl alcohol): Review of its promising applications and insights into biodegradation. RSC Adv. 2016, 6,
39823–39832. [CrossRef]

74. Sahoo, S.K.; Panyam, J.; Prabha, S.; Labhasetwar, V. Residual polyvinyl alcohol associated with poly (d,l-lactide-co-glycolide)
nanoparticles affects their physical properties and cellular uptake. J. Control. Release 2002, 82, 105–114. [CrossRef]

75. Guengerich, F.P. Mechanisms of drug toxicity and relevance to pharmaceutical development. Drug Metab. Pharmacokinet. 2011, 26,
3–14. [CrossRef] [PubMed]

76. Houshmand, M.; Garello, F.; Circosta, P.; Stefania, R.; Aime, S.; Saglio, G.; Giachino, C. Nanocarriers as Magic Bullets in the
Treatment of Leukemia. Nanomaterials 2020, 10, 276. [CrossRef]

77. Tran, S.; DeGiovanni, P.J.; Piel, B.; Rai, P. Cancer nanomedicine: A review of recent success in drug delivery. Clin. Transl. Med.
2017, 6, 44. [CrossRef]

78. Wang, R.; Zhang, Z.; Liu, B.; Xue, J.; Liu, F.; Tang, T.; Liu, W.; Feng, F.; Qu, W. Strategies for the design of nanoparticles: Starting
with long-circulating nanoparticles, from lab to clinic. Biomater. Sci. 2021, 9, 3621–3637. [CrossRef]

79. Lorenzer, C.; Dirin, M.; Winkler, A.M.; Baumann, V.; Winkler, J. Going beyond the liver: Progress and challenges of targeted
delivery of siRNA therapeutics. J. Control. Release 2015, 203, 1–15. [CrossRef]

80. Baboci, L.; Capolla, S.; Di Cintio, F.; Colombo, F.; Mauro, P.; Dal Bo, M.; Argenziano, M.; Cavalli, R.; Toffoli, G.; Macor, P. The
Dual Role of the Liver in Nanomedicine as an Actor in the Elimination of Nanostructures or a Therapeutic Target. J. Oncol. 2020,
2020, 4638192. [CrossRef]

81. Dawidczyk, C.M.; Kim, C.; Park, J.H.; Russell, L.M.; Lee, K.H.; Pomper, M.G.; Searson, P.C. State-of-the-art in design rules for
drug delivery platforms: Lessons learned from FDA-approved nanomedicines. J. Control. Release 2014, 187, 133–144. [CrossRef]

82. Jokerst, J.V.; Lobovkina, T.; Zare, R.N.; Gambhir, S.S. Nanoparticle PEGylation for imaging and therapy. Nanomedicine 2011, 6,
715–728. [CrossRef]

83. Nie, S. Understanding and overcoming major barriers in cancer nanomedicine. Nanomedicine 2010, 5, 523–528. [CrossRef]
[PubMed]

84. Behzadi, S.; Serpooshan, V.; Tao, W.; Hamaly, M.A.; Alkawareek, M.Y.; Dreaden, E.C.; Brown, D.; Alkilany, A.M.; Farokhzad,
O.C.; Mahmoudi, M. Cellular uptake of nanoparticles: Journey inside the cell. Chem. Soc. Rev. 2017, 46, 4218–4244. [CrossRef]
[PubMed]

85. Treuel, L.; Nienhaus, G.U. Toward a molecular understanding of nanoparticle-protein interactions. Biophys. Rev. 2012, 4, 137–147.
[CrossRef] [PubMed]

86. Zeng, L.; Gao, J.; Liu, Y.; Gao, J.; Yao, L.; Yang, X.; Liu, X.; He, B.; Hu, L.; Shi, J.; et al. Role of protein corona in the biological effect
of nanomaterials: Investigating methods. TrAC Trends Anal. Chem. 2019, 118, 303–314. [CrossRef]

87. Berrecoso, G.; Crecente-Campo, J.; Alonso, M.J. Unveiling the pitfalls of the protein corona of polymeric drug nanocarriers. Drug
Deliv. Transl. Res. 2020, 10, 730–750. [CrossRef]

88. Nguyen, V.H.; Lee, B.J. Protein corona: A new approach for nanomedicine design. Int. J. Nanomed. 2017, 12, 3137–3151. [CrossRef]
89. Li, Y.; Lee, J.S. Insights into Characterization Methods and Biomedical Applications of Nanoparticle-Protein Corona. Materials

2020, 13, 3093. [CrossRef]
90. Pederzoli, F.; Galliani, M.; Forni, F.; Vandelli, M.; Belletti, D.; Tosi, G.; Ruozi, B. How does “Protein Corona” Affect the In Vivo

Efficiency of Polymeric Nanoparticles? State of Art. Front. Nanomed. 2017, 2, 199–238.
91. Lomis, N.; Westfall, S.; Farahdel, L.; Malhotra, M.; Shum-Tim, D.; Prakash, S. Human Serum Albumin Nanoparticles for Use in

Cancer Drug Delivery: Process Optimization and In Vitro Characterization. Nanomaterials 2016, 6, 116. [CrossRef]
92. An, F.F.; Zhang, X.H. Strategies for Preparing Albumin-based Nanoparticles for Multifunctional Bioimaging and Drug Delivery.

Theranostics 2017, 7, 3667–3689. [CrossRef]
93. Hyun, H.; Park, J.; Willis, K.; Park, J.E.; Lyle, L.T.; Lee, W.; Yeo, Y. Surface modification of polymer nanoparticles with native

albumin for enhancing drug delivery to solid tumors. Biomaterials 2018, 180, 206–224. [CrossRef]
94. Wicki, A.; Witzigmann, D.; Balasubramanian, V.; Huwyler, J. Nanomedicine in cancer therapy: Challenges, opportunities, and

clinical applications. J. Control. Release 2015, 200, 138–157. [CrossRef] [PubMed]

http://doi.org/10.1016/j.ijbiomac.2017.12.078
http://www.ncbi.nlm.nih.gov/pubmed/29248555
http://doi.org/10.1002/anie.200802585
http://doi.org/10.1016/j.jconrel.2016.11.015
http://doi.org/10.3389/fphar.2018.01260
http://www.ncbi.nlm.nih.gov/pubmed/30450050
http://doi.org/10.7314/APJCP.2014.15.2.517
http://doi.org/10.1039/C6RA05742J
http://doi.org/10.1016/S0168-3659(02)00127-X
http://doi.org/10.2133/dmpk.DMPK-10-RV-062
http://www.ncbi.nlm.nih.gov/pubmed/20978361
http://doi.org/10.3390/nano10020276
http://doi.org/10.1186/s40169-017-0175-0
http://doi.org/10.1039/D0BM02221G
http://doi.org/10.1016/j.jconrel.2015.02.003
http://doi.org/10.1155/2020/4638192
http://doi.org/10.1016/j.jconrel.2014.05.036
http://doi.org/10.2217/nnm.11.19
http://doi.org/10.2217/nnm.10.23
http://www.ncbi.nlm.nih.gov/pubmed/20528447
http://doi.org/10.1039/C6CS00636A
http://www.ncbi.nlm.nih.gov/pubmed/28585944
http://doi.org/10.1007/s12551-012-0072-0
http://www.ncbi.nlm.nih.gov/pubmed/28510093
http://doi.org/10.1016/j.trac.2019.05.039
http://doi.org/10.1007/s13346-020-00745-0
http://doi.org/10.2147/IJN.S129300
http://doi.org/10.3390/ma13143093
http://doi.org/10.3390/nano6060116
http://doi.org/10.7150/thno.19365
http://doi.org/10.1016/j.biomaterials.2018.07.024
http://doi.org/10.1016/j.jconrel.2014.12.030
http://www.ncbi.nlm.nih.gov/pubmed/25545217


Pharmaceutics 2022, 14, 1965 23 of 24

95. Maeda, H.; Nakamura, H.; Fang, J. The EPR effect for macromolecular drug delivery to solid tumors: Improvement of tumor
uptake, lowering of systemic toxicity, and distinct tumor imaging in vivo. Adv. Drug Deliv. Rev. 2013, 65, 71–79. [CrossRef]
[PubMed]

96. Bertrand, N.; Wu, J.; Xu, X.; Kamaly, N.; Farokhzad, O.C. Cancer nanotechnology: The impact of passive and active targeting in
the era of modern cancer biology. Adv. Drug Deliv. Rev. 2014, 66, 2–25. [CrossRef]

97. Aghebati-Maleki, A.; Dolati, S.; Ahmadi, M.; Baghbanzhadeh, A.; Asadi, M.; Fotouhi, A.; Yousefi, M.; Aghebati-Maleki, L.
Nanoparticles and cancer therapy: Perspectives for application of nanoparticles in the treatment of cancers. J. Cell. Physiol. 2020,
235, 1962–1972. [CrossRef] [PubMed]

98. Zhang, B.; Hu, Y.; Pang, Z. Modulating the Tumor Microenvironment to Enhance Tumor Nanomedicine Delivery. Front. Pharmacol.
2017, 8, 952. [CrossRef]

99. Wilhelm, S.; Tavares, A.J.; Dai, Q.; Ohta, S.; Audet, J.; Dvorak, H.F.; Chan, W.C. Analysis of nanoparticle delivery to tumours. Nat.
Rev. Mater. 2016, 1, 16014. [CrossRef]

100. Steichen, S.D.; Caldorera-Moore, M.; Peppas, N.A. A review of current nanoparticle and targeting moieties for the delivery of
cancer therapeutics. Eur. J. Pharm. Sci. 2013, 48, 416–427. [CrossRef] [PubMed]

101. Dai, W.; Wang, X.; Song, G.; Liu, T.; He, B.; Zhang, H.; Wang, X.; Zhang, Q. Combination antitumor therapy with targeted
dual-nanomedicines. Adv. Drug Deliv. Rev. 2017, 115, 23–45. [CrossRef]

102. Colombo, F.; Durigutto, P.; De Maso, L.; Biffi, S.; Belmonte, B.; Tripodo, C.; Oliva, R.; Bardini, P.; Marini, G.M.; Terreno, E.; et al.
Targeting CD34(+) cells of the inflamed synovial endothelium by guided nanoparticles for the treatment of rheumatoid arthritis.
J. Autoimmun. 2019, 103, 102288. [CrossRef]

103. Blanco, E.; Shen, H.; Ferrari, M. Principles of nanoparticle design for overcoming biological barriers to drug delivery. Nat.
Biotechnol. 2015, 33, 941–951. [CrossRef] [PubMed]

104. Fleischer, C.C.; Payne, C.K. Secondary structure of corona proteins determines the cell surface receptors used by nanoparticles. J.
Phys. Chem. B 2014, 118, 14017–14026. [CrossRef] [PubMed]

105. Docter, D.; Distler, U.; Storck, W.; Kuharev, J.; Wunsch, D.; Hahlbrock, A.; Knauer, S.K.; Tenzer, S.; Stauber, R.H. Quantitative
profiling of the protein coronas that form around nanoparticles. Nat. Protoc. 2014, 9, 2030–2044. [CrossRef] [PubMed]

106. Wei, Y.; Huang, C.X.; Xiao, X.; Chen, D.P.; Shan, H.; He, H.; Kuang, D.M. B cell heterogeneity, plasticity, and functional diversity
in cancer microenvironments. Oncogene 2021, 40, 4737–4745. [CrossRef] [PubMed]

107. Cuenca, M.; Peperzak, V. Advances and Perspectives in the Treatment of B-Cell Malignancies. Cancers 2021, 13, 2266. [CrossRef]
108. Hosseinkhani, N.; Derakhshani, A.; Kooshkaki, O.; Abdoli Shadbad, M.; Hajiasgharzadeh, K.; Baghbanzadeh, A.; Safarpour, H.;

Mokhtarzadeh, A.; Brunetti, O.; Yue, S.C.; et al. Immune Checkpoints and CAR-T Cells: The Pioneers in Future Cancer Therapies?
Int. J. Mol. Sci. 2020, 21, 8305. [CrossRef] [PubMed]

109. Van der Horst, H.J.; Nijhof, I.S.; Mutis, T.; Chamuleau, M.E.D. Fc-Engineered Antibodies with Enhanced Fc-Effector Function for
the Treatment of B-Cell Malignancies. Cancers 2020, 12, 3041. [CrossRef] [PubMed]

110. Sterner, R.C.; Sterner, R.M. CAR-T cell therapy: Current limitations and potential strategies. Blood Cancer J. 2021, 11, 69. [CrossRef]
[PubMed]

111. Vozella, F.; Fazio, F.; Lapietra, G.; Petrucci, M.T.; Martinelli, G.; Cerchione, C. Monoclonal antibodies in multiple myeloma.
Panminerva Med. 2021, 63, 21–27. [CrossRef]

112. Capolla, S.; Mezzaroba, N.; Zorzet, S.; Tripodo, C.; Mendoza-Maldonado, R.; Granzotto, M.; Vita, F.; Spretz, R.; Larsen, G.; Noriega,
S.; et al. A new approach for the treatment of CLL using chlorambucil/hydroxychloroquine-loaded anti-CD20 nanoparticles.
Nano Res. 2015, 9, 537–548. [CrossRef]

113. Vale, A.M.; Schroeder, H.W., Jr. Clinical consequences of defects in B-cell development. J. Allergy Clin. Immunol. 2010, 125,
778–787. [CrossRef] [PubMed]

114. Herrera, A.F.; Molina, A. Investigational Antibody-Drug Conjugates for Treatment of B-lineage Malignancies. Clin. Lymphoma
Myeloma Leuk. 2018, 18, 452–468 e454. [CrossRef] [PubMed]

115. Inthagard, J.; Edwards, J.; Roseweir, A.K. Immunotherapy: Enhancing the efficacy of this promising therapeutic in multiple
cancers. Clin. Sci. 2019, 133, 181–193. [CrossRef]

116. Yi, J.H. Novel combination immunochemotherapy beyond CD20 for B-cell lymphomas. Blood Res. 2021, 56, S1–S4. [CrossRef]
[PubMed]

117. Panuciak, K.; Margas, M.; Makowska, K.; Lejman, M. Insights into Modern Therapeutic Approaches in Pediatric Acute Leukemias.
Cells 2022, 11, 139. [CrossRef]

118. Tedder, T.F.; Engel, P. CD20: A regulator of cell-cycle progression of B lymphocytes. Immunol. Today 1994, 15, 450–454. [CrossRef]
119. Krackhardt, A.M.; Witzens, M.; Harig, S.; Hodi, F.S.; Zauls, A.J.; Chessia, M.; Barrett, P.; Gribben, J.G. Identification of tumor-

associated antigens in chronic lymphocytic leukemia by SEREX. Blood 2002, 100, 2123–2131. [CrossRef]
120. Muggen, A.F.; Pillai, S.Y.; Kil, L.P.; van Zelm, M.C.; van Dongen, J.J.; Hendriks, R.W.; Langerak, A.W. Basal Ca(2+) signaling is

particularly increased in mutated chronic lymphocytic leukemia. Leukemia 2015, 29, 321–328. [CrossRef]
121. Raufi, A.; Ebrahim, A.S.; Al-Katib, A. Targeting CD19 in B-cell lymphoma: Emerging role of SAR3419. Cancer Manag. Res. 2013, 5,

225–233.
122. Li, X.; Ding, Y.; Zi, M.; Sun, L.; Zhang, W.; Chen, S.; Xu, Y. CD19, from bench to bedside. Immunol. Lett. 2017, 183, 86–95.

[CrossRef]

http://doi.org/10.1016/j.addr.2012.10.002
http://www.ncbi.nlm.nih.gov/pubmed/23088862
http://doi.org/10.1016/j.addr.2013.11.009
http://doi.org/10.1002/jcp.29126
http://www.ncbi.nlm.nih.gov/pubmed/31441032
http://doi.org/10.3389/fphar.2017.00952
http://doi.org/10.1038/natrevmats.2016.14
http://doi.org/10.1016/j.ejps.2012.12.006
http://www.ncbi.nlm.nih.gov/pubmed/23262059
http://doi.org/10.1016/j.addr.2017.03.001
http://doi.org/10.1016/j.jaut.2019.05.016
http://doi.org/10.1038/nbt.3330
http://www.ncbi.nlm.nih.gov/pubmed/26348965
http://doi.org/10.1021/jp502624n
http://www.ncbi.nlm.nih.gov/pubmed/24779411
http://doi.org/10.1038/nprot.2014.139
http://www.ncbi.nlm.nih.gov/pubmed/25079427
http://doi.org/10.1038/s41388-021-01918-y
http://www.ncbi.nlm.nih.gov/pubmed/34188249
http://doi.org/10.3390/cancers13092266
http://doi.org/10.3390/ijms21218305
http://www.ncbi.nlm.nih.gov/pubmed/33167514
http://doi.org/10.3390/cancers12103041
http://www.ncbi.nlm.nih.gov/pubmed/33086644
http://doi.org/10.1038/s41408-021-00459-7
http://www.ncbi.nlm.nih.gov/pubmed/33824268
http://doi.org/10.23736/S0031-0808.20.04149-X
http://doi.org/10.1007/s12274-015-0935-3
http://doi.org/10.1016/j.jaci.2010.02.018
http://www.ncbi.nlm.nih.gov/pubmed/20371392
http://doi.org/10.1016/j.clml.2018.05.006
http://www.ncbi.nlm.nih.gov/pubmed/29804872
http://doi.org/10.1042/CS20181003
http://doi.org/10.5045/br.2021.2020320
http://www.ncbi.nlm.nih.gov/pubmed/33935029
http://doi.org/10.3390/cells11010139
http://doi.org/10.1016/0167-5699(94)90276-3
http://doi.org/10.1182/blood-2002-02-0513
http://doi.org/10.1038/leu.2014.188
http://doi.org/10.1016/j.imlet.2017.01.010


Pharmaceutics 2022, 14, 1965 24 of 24

123. Viardot, A.; Sala, E. Investigational immunotherapy targeting CD19 for the treatment of acute lymphoblastic leukemia. Expert
Opin. Investig. Drugs 2021, 30, 773–784. [CrossRef] [PubMed]

124. Watkins, M.P.; Bartlett, N.L. CD19-targeted immunotherapies for treatment of patients with non-Hodgkin B-cell lymphomas.
Expert Opin. Investig. Drugs 2018, 27, 601–611. [CrossRef]

125. Sadelain, M.; Brentjens, R.; Riviere, I. The basic principles of chimeric antigen receptor design. Cancer Discov. 2013, 3, 388–398.
[CrossRef] [PubMed]

126. Klein, C.; Lammens, A.; Schafer, W.; Georges, G.; Schwaiger, M.; Mossner, E.; Hopfner, K.P.; Umana, P.; Niederfellner, G. Epitope
interactions of monoclonal antibodies targeting CD20 and their relationship to functional properties. MAbs 2013, 5, 22–33.
[CrossRef] [PubMed]

127. Mayer, L.D.; Tardi, P.; Louie, A.C. CPX-351: A nanoscale liposomal co-formulation of daunorubicin and cytarabine with unique
biodistribution and tumor cell uptake properties. Int. J. Nanomed. 2019, 14, 3819–3830. [CrossRef]

128. Douer, D. Efficacy and Safety of Vincristine Sulfate Liposome Injection in the Treatment of Adult Acute Lymphocytic Leukemia.
Oncologist 2016, 21, 840–847. [CrossRef]

129. Talens-Visconti, R.; Diez-Sales, O.; de Julian-Ortiz, J.V.; Nacher, A. Nanoliposomes in Cancer Therapy: Marketed Products and
Current Clinical Trials. Int. J. Mol. Sci. 2022, 23, 4249. [CrossRef]

http://doi.org/10.1080/13543784.2021.1928074
http://www.ncbi.nlm.nih.gov/pubmed/33998346
http://doi.org/10.1080/13543784.2018.1492549
http://doi.org/10.1158/2159-8290.CD-12-0548
http://www.ncbi.nlm.nih.gov/pubmed/23550147
http://doi.org/10.4161/mabs.22771
http://www.ncbi.nlm.nih.gov/pubmed/23211638
http://doi.org/10.2147/IJN.S139450
http://doi.org/10.1634/theoncologist.2015-0391
http://doi.org/10.3390/ijms23084249

	Introduction 
	Nanocarriers as Delivery Platforms 
	Composition of Nano-Systems 
	Biodegradable Polymers 

	Biological Limits to Nanodevice Delivery 
	Protein Corona 
	The Impact of Targeting 


	Therapeutic Approaches to B-Cell Malignancies 
	Tumor B-Cell-Associated Antigens 
	CD20 Antigen 
	CD19 Antigen 


	Clinical Application of Nanomaterials to B-Cell Malignancies 
	Conclusions and Future Perspectives 
	References

