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Abstract: Despite cancer nanomedicine celebrates already thirty years since its introduction, together
with the achievements and progress in cancer treatment area, it still undergoes serious disadvantages
that must be addressed. Since the first observation that macromolecules tend to accumulate in
tumor tissue due to fenestrated endothelial of vasculature, considered as the “royal gate” in drug
delivery field, more than dozens of nanoformulations have been approved and introduced into the
practice for cancer treatment. Lipid, polymeric, and hybrid nanocarriers are biocompatible nano-drug
delivery systems (NDDs) having suitable physicochemical properties and modulate payload release
in response to specific chemical or physical stimuli. Biopharmaceutical properties of NDDs and
their efficacy in animal models and humans can significantly affect their impact and perspective
in nanomedicine. One of the future directions could be focusing on personalized cancer treatment,
considering the heterogeneity and complexity of each patient tumor tissue and the designing of
multifunctional targeted NDDs combining synthetic nanomaterials and biological components, like
cellular membranes, circulating proteins, RNAi/DNAi, which enforce the efficacy of NDDs and
boost their therapeutic effect.
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1. Introduction

Combination-chemotherapy for cancer treatment has recently emerged to address
some drawbacks of chemotherapy, which entails the simultaneous administration of many
anticancer drugs. Despite its numerous challenges, anticancer drug co-administration is a
widely used conventional goal in clinical practice [1]. Blood circulation, bio-distribution,
and the targeted effect of combination drugs are all influenced by the solubility, biophar-
maceutical, and pharmacokinetic properties of payloads [1,2]. Nano-sized drug delivery
systems (NDDs) are gaining widespread interest among scientists as a promising and
innovative strategy in combination therapy to increase the effect of co-delivered chemother-
apeutic drugs due to their enhanced retention and permeability, as well as their extended
blood circulation time, controlled drug release, and prevention of drug degradation [3].
NDDs are frequently made by loading nanocarriers with natural and synthetic drugs,
having different physicochemical properties, and co-delivering in the targeting tissue.
Nanocarriers are made from a variety of materials, including polymer micelles, organic and
inorganic nanoparticles, supramolecular aggregates/devices, and liposomes. The physical
properties of nanocarriers, such as shape and size [4], as well as the microenvironment
surrounding the tumor, as alteration in temperature [5–8] and pH [9], could be used to
control drug release. The pH difference in the tumor microenvironment causes a charge
transition from negative to positive, which might be exploited for endocytosis absorption
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of specially tailored carriers [9]. NDDs are made of pH-sensitive organic and inorganic
materials that allow the payload to be released at the tumor location by simple bond
breakage [10,11].

Tumor cells overexpressed certain receptors on their surfaces. Active targeting in-
volves the overexpression of specific ligand-binding receptors in tumor tissues. Specific
ligands are attached to the surface of drug-loaded nanocarriers with a high affinity for
targeting receptors overexpressed on tumor surface. Active targeting provides several
advantages over passive targeting, including reduced systemic administration, increased
effectiveness, and increased therapeutic drug delivery [12,13]. Anticancer nanoparticles
with sizes ranging from 80 to 200 nm are made up of a combination of organic and inorganic
elements [14]. Several liposomal-based NDDs have been approved for cancer therapy,
with more under clinical testing. The shell-core structure of polymer lipid nanocarriers,
which consists of a phospholipid shell and a polymeric core, combines the benefits of
polymers and liposomes [15]. They are mechanically stable, have a wide surface area,
and are evenly dispersed [16]. They are also highly biocompatible [17], have increased
loading capacity [18], and make transporting both hydrophilic and hydrophobic medicines
easier [19].

Nanoparticles made from metals (such as platinum, gold, silver, and iron) and non-
metallic nanocarriers (Fe3O4, mesoporous silica) and their derivatives [20] are becoming
more popular in cancer research because of their capacity to monitor the release process and
drug delivery mechanism. Carbon nanotubes (CNTS) on the other hand, are unsuitable for
receptor-mediated cancer treatment. Conjugated halloysite magnetic CNTS with folate and
chitosan oligosaccharides improved intracellular medication delivery [21]. The cytotoxic
effects of CNTS are a major impediment to their widespread adoption as a cancer therapy.
However, PEGylated CNTS with a diameter of 300 nm were shown to be nontoxic and safe
for doxorubicin administration [22]. Vogtle was the first to introduce dendrimers into the
realm of cancer treatment [23]. Like carbon nanotubes, they are tiny and can easily penetrate
cancer cells. When negatively charged poly-(amido amine)-2,3-dimethylmaleic monoamide
was exposed to acidic pH, it transformed into a positively charged dendrimer at the tumor
site, resulting in increased membrane permeability and minimal cytotoxicity [24].

In this review we provide a critical overview of drug delivery systems as nanomedicine
and their potential treatment in anticancer therapy.

2. Drug Delivery Strategies in Cancer Therapy

Cancer is one of the leading causes of death around the world. Chemotherapy is an
extensively used treatment approach for cancer. The chemotherapeutic drugs have several
drawbacks including development of resistance, interference with metabolic activities
of normal cells, and nonspecific targeting [25]. Combination therapy in which multiple
anticancer drugs are used simultaneously has emerged recently to overcome shortcomings
of chemotherapy. Despite having numerous challenges, co-delivery of anticancer drugs
is widely used as the standard goal in clinical practice [1]. Blood circulation time, bio-
distribution, and targeting effect of combined drugs are considerably affected by solubility
and pharmacokinetic properties of drugs [1,2]. Nanosized drug delivery systems (NDDs)
are widely gaining attraction among scientific community as promising and innovative
approach in combination therapy to increase the effect of co-delivered chemotherapeutic
drugs because of their enhanced retention, permeability, extended blood circulation time,
controlled release of drug, prevention of drug from degradation, maximum accumulation
rate at targeted site, and minimum side effects on normal cells [3]. Typically, NDDs are
developed from nanocarriers loaded with anti- drugs for their simultaneous co-delivery.
Materials used for the synthesis of nanocarriers are polymer micelles, they have inert
properties to prevent events such as systemic toxicity and inflammation. Another key
advantage of NDDs is real-time tracking of drug, achieved through co-loading of tracking
agent which allows tracking of delivery process and biodistribution of drugs, thus pre-
dicting their therapeutic effects [26]. However, if loading capacity of NDDs is quite low
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(<10%), it is highly desirable to enhance their loading efficiency to improve the proficiency
of the system [2].

3. Drug Targeting Strategies in Cancer Therapy

The distribution of co-delivered anticancer drugs to normal cells is the main challenge
in combination chemotherapy [5,6]. The co-delivered drug usually interferes with metabolic
activities, causes side effects, and damages the healthy cells along with cancerous cells.
The concentration and efficacy of delivered anticancer drugs at targeted site was reduced
due to the distribution of drugs to normal tissues [7]. To overcome this limitation, targeted
strategies must be improved. Nanocarriers, in combination chemotherapy, were found
useful in targeted drug delivery to cancer cells with reduced cytotoxicity and enhanced
blood circulation time [27]. Two types of targeting strategies are usually utilized: active
and passive targeted drug delivery. The active targeting is based on ligands conjugated
to nanocarriers which can bind with the overexpressed receptors on the surface of the
targeted cells [28], the passive targeting exploits the presence of abnormal fenestrations on
the surface of tumor cells [13].

Tumor cells multiply quickly, thus they produce vascular endothelial growth fac-
tor (VEGF) to stimulate formation of new blood vessels [29]. Newly formed vessels are
structurally and anatomically abnormal, having saccular endothelium with large fenestra-
tions [28,29]. Platelets and leukocytes can easily extravasate through fenestrations during
inflammation. In passive targeting, nanocarriers, having size range of leukocytes are usu-
ally designed to exploit this underlying phenomenon (Figure 1). Drug-loaded nanocarriers
come out from the endothelial fenestrations of tumor microvasculature and very low blood
flow allows them to accumulate at tumor site. The physical properties of nanocarriers, e.g.,
shape and size [4] and microenvironment around tumor, increase in temperature [5–8] and
decrease in pH [9], could allow to exploit for controlled drug release. The pH difference
at tumor microenvironment results in switching negative to positive charge which could
allow to take advantage of the uptake of specifically designed carriers by endocytosis [9].
In fact, NDDs are developed pH sensitive organic and inorganic materials which allow
the release of payload at tumor site by easy rupture of bonds [10,11,30]. The primary
disadvantage of pH sensitive NDDs is they are usually active at specific pH range and also
toxic to normal cells in addition to cancer cells [11]. The temperature in the different body
parts varies, depending upon different factors such as blood flow and energy generated
by cellular metabolism. Tumor cells usually have higher metabolic activity and blood
flow than that of surrounding healthy tissue, an increase in temperature is observable
in the tumor tissue [1–3]. Increased temperature at tumor site could allow us to take
advantage through thermo responsive NDDs. Temperature control stimuli-targeted system
has greater advantages in terms of passive targeting ability, versatility in design, in situ
phase transition, and tunability of phase transition [31]. As an effort to further exploit
existing temperature responsive systems, current innovative applications have combined
temperature with other stimuli such as pH and light. The result has demonstrated suitable
control over drug release at targeted site [4].
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Tumor cells overexpress specific receptors on their surface. Active targeting exploits
the overexpression of specific ligand-binding receptors in tumor tissues (Figure 1). These
ligands are attached on the surface of drug-loaded nanocarriers which has significant
affinity with overexpressed receptors of tumor site [12]. Choice of ligands is usually critical
in appropriate binding with receptors to deliver higher amount of drug to cancer cells
rather than in healthy tissues. Several ligands have been exploited in active targeting
of drug delivery including peptides (e.g., glycine, asparagine, arginine, octreotide), [32],
proteins (e.g., antibodies, transferrin, growth factors), mono- and polysaccharides (e.g.,
galactose, hyaluronic acid), and aptamers (e.g., biotin, bisphosphonates) [33]. Active
targeting has several advantages over passive targeting such as lower systemic adminis-
tration, higher efficacy, and higher delivery of therapeutic drug [12,13]. Some tumor cells
highly express integrin αvβ3 receptors [11] that actively bind with cyclic peptide iRGD
(tumor-penetrating and tumor-homing peptide), exhibited enhanced tumoricidal effects of
doxorubicin [32]. Overexpression of transferrin receptor 1 on tumor cells can potentially be
exploited by transferrin-conjugated NDDs [34]. High dose of transferrin conjugated NDDs
was also found toxic to normal cells, as well [35]. EGFR (epidermal growth factor recep-
tor) conjugated NDDs via endocytic pathway, unlike transferrin receptor 1, promote the
transportation of drug into the nucleus in rapidly dividing cells [36]. ErbB2 (erythroblastic
leukemia viral oncogene homolog 2) is overexpressed in breast carcinomas. F5-scFv con-
taining doxorubicin exhibited antitumor activity and significant reduction in tumor size of
xenografted mice [37]. Treatment of malignancies with VEGF (vascular endothelial growth
factor) inhibitors are under clinical trials. Bevacizumab, Avastin® (anti-VEGF monoclonal
antibody), got approval from FDA for the treatment of colorectal cancer with conventional
chemotherapy [38,39]. There are several disadvantages of these NDDS including: (i) Their
therapeutic effect might be altered if bounded antibody (ligand) is not degraded properly;
(ii) if the fractions involved in antibody-DDS binding are sterically hampered then affinity
between antibody and NDDS might be; (iii) they are poorly immunogenic and readily
excreted via liver and kidneys; (iv) their synthesis is quite expensive; (v) these are degraded
by peptidase enzymes and make them biologically ineffective [5].

Triggered release depends on biological and physical stimuli and can modulate the
release of payloads in tumor macroenvironment. pH, temperature, physical, and chemical
properties of nanomaterials make nanoparticles to modulate the active/passive delivery of
chemotherapeutic drugs and promote their accumulation in the tumor sites (Figure 1).

4. Commonly Used Nano-Drug Delivery Systems in Anticancer Therapy

Despite having several limitations, chemotherapy is a widely used treatment approach
for cancer. Chemotherapeutic drugs are mostly administered intravenously, and they are
highly cytotoxic to normal cells. Targeted delivery of anticancer drugs through nanocarriers
is an emerging technology, which commits to overcome drawbacks of chemotherapy
in cancer treatment. Nanosized anticancer particles (anticancer drug loaded) having
size from 80–200 nm are made up of combination of different organic and inorganic
materials [14]. Targeted drug delivery, minimum side effects, lower toxicity toward normal
cells, and increased size to surface area ratio are the main advantages of NDDs over
chemotherapy [40].

Several lipids-based NDDs have been approved to date for cancer treatment and
some others are under clinical trials. Lipo-Dox (Doxil®) was the first lipid based nanodrug
approved by FDA in 1995. It exhibited better toxicity profile as comparted with free
drug and generally used for treatment of Kaposi’s sarcoma, multiple myeloma, ovarian
neoplasms, and breast cancer [41]. Another nanodrug, DaunoXome®, for the treatment of
Kaposi’s sarcoma approved in 1996 by FDA. In 2009, E.U approved liposomal mifamurtide,
Mepact®, for the treatment of osteosarcoma. To treat myelogenous leukemia, Marqibo®

(liposomal vincristine sulfate) was introduced in 2012. In 2015, lipo-irinotecan (Onivyde®)
was introduced in the market as chemotherapeutic agent for treatment of pancreatic
cancer. Adjuvant liposomal AS15, active ingredient monophosphoryl lipid-A, is under
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phase-II clinical trial. SP1-077 (cisplatin-loaded PEG-liposome) for treatment of neck,
lung and head cancers, under phase II clinical trial. The ALN-VSP (lipid-based NDDS
containing kinesin spindle protein siRNAs and VEGF-A) is under phase I clinical trial for
the treatment of advanced liver metastases [14]. Nanocarrier-based NDDs PTX-loaded
albumin (Abraxane®) got approval in 2005 for pancreatic neo-plasma lung carcinoma
therapy. A monoclonal antibody (radioimmunotherapy, Zevalin®) was released in the
market in 2004 for the treatment of transformed B cell non-Hodgkin’s lymphoma [42].

Here we overview a classification of different nanocarriers based on material chemistry
and compositions, which delivered payloads as well as contrast agents, and are used for
the treatment of liquid and solid tumors (Figure 2).
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4.1. Lipid-Based Nanocarriers

Lipid-based nanocarriers are commonly used NDDs for cancer treatment. Polymer
lipid nanocarriers with their unique shell-core structure are composed of phospholipid
shell and polymeric core and exhibit collective advantages of polymers and liposomes [15].
They are mechanically stable with large surface area, uniformly distributed [16], highly
biocompatible [17], enhanced loading capacity [18] and facilitates the transportation of
both hydrophilic and hydrophobic drugs [19]. More than 90% encapsulation efficiency and
release profile of docetaxel (anticancer drug) has been obtained with polymer-lipid carriers.
Chemotherapeutic efficacy, hydrophobicity, payload capacity (>40) and controlled release
kinetics, synergistic cytotoxicity, and higher accumulation at targeted site of metformin
and topotecan has been achieved when delivered through lipid-based nanocarriers [43].

To increase water solubility and bioavailability, lipid carriers are usually conjugated
with natural molecules. The first polymer-lipid hybrid carrier was developed by conjugat-
ing furanocoumarin psoralen [44], which showed lower toxicity and higher chemothera-
peutic activity of doxorubicin. Combination of therapeutic and diagnostic agent in single
formulation of lipid-based carrier is gaining momentum in nanodrug cancer therapy. Dox-
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orubicin and docosahexaenoic acid demonstrated higher feasibility in breast cancer therapy
when co-loaded into the radiolabeled lipid-based NC-Tc-99m [45]. Similarly, miR-181a and
melphalan exhibited enhanced release profile when encapsulated in single formulation of
lipid carriers for retinoblastoma treatment [46].

4.2. Nanoparticles

Nanorattles, nanoshells, metallic, non-metallic nanoparticles, and quantum dots are
widely used in various types of cancer treatment. Nanoparticles are made up of metals
(e.g., platinum, gold, silver, iron, zinc, titanium, thallium, and cerium) or their derivatives
(e.g., sulfides, hydroxides, oxides, chlorides, fluorides and phosphates) [20]. Magneto-
plasmonic metallic nanohybrid containing Ag/Au shell coated with poly (co-methacrylic
acid-butyl methacrylate-co-acrylamide) and Fe3O4 co-loaded letrozole showed enhanced
targeted and controlled delivery at tumor site [20]. Plasmonic bimetallic Au-Ag and Ag-Au
(core) nanocarriers produce heat energy which increases the solubility of polymer and its
diffusion and also kill cancer cells with photothermal radiations [47]. Encapsulated hallow
plasmonic Ag-Au nanoshells demonstrated effective and efficient release of 5-fluorouracil
in prostate cancer treatment [48].

Fluorescent labelled non-metallic nanocarriers (Fe3O4, inorganic-hydroxyapatite and
mesoporous silica) are gaining interest in cancer research because of their ability to monitor
the release process and drug delivery pathway. Nanocomposites comprising quantum dots
graphenes (GQDs), lectin protein, concanavalin A, and Fe3O4 co-loaded with doxorubicin,
exhibited significant increase in accumulation of drug and 13% higher cytotoxicity against
HeLa cells [49]. Doxorubicin-targeted delivery is also achieved by using modified GQD-
mesoporous silica-NPs with hyaluronic acid for fluorescent imaging [50]. WS2 QDs co-
loaded with DOX and mesoporous organosilicas nanoparticles demonstrated high potential
for synergistic chemo-PTT. Ultrasmall WS2 quantum dots open new horizons for cancer
therapy [51]. WS2 quantum dots co-loaded mesoporous organosilicas and doxorubicin
nanocarriers exhibited high potential for synergistic chemo-PTT [51].

4.3. Carbon Nanostructures

Carbon nanotubes (CNTS) are third allotrope of carbon and cylindrical fullerenes [52].
CNTS comprised rolled concentric graphene sheets having diameter of 1 nm [53] and has
two subdivisions per sheet in concentric cylinder; single walled CNTS (SCNTS) having
0.4–3.0 nm diameter and multi walled CNTS (MCNTS) having 2–100 nm diameter [54].
SWCNTS are suitable vehicle for nucleic acid delivery, these can easily penetrate into
the cell due to their narrow needle like structure [55]. However, SCNTS, are not suit-
able for receptor-mediated cancer therapy. Enhanced intracellular drug delivery was
achieved through conjugated halloysite magnetic SCNTS with folate and chitosan oligosac-
charides [21]. Carbon dots can be used as fluorescent therapeutic pH responsive NDDs
containing doxorubicin for the treatment of gastric cancer instead of titanium dioxide and
carbon nanotubes. The optical labeling of carbon dots enables the tracking of drug delivery
process within 48 h. The carboxyl rich carbon dots, exhibited no cytotoxicity with 90%
survival rate of human gastric epithelial cells (GES-1) and human gastric cancer cells (MGC-
803) [44]. Recently, titanium dioxide nanotubes co-loaded liposomes have successfully
been demonstrated for extended delivery of anticancer drug into HeLa cells [56]. Cytotoxic
effects of MCNTS are major barrier in their safe and extensive use for cancer treatment.
However, PEGylated MCNTS (300 nm), exhibited safe delivery of doxorubicin with no
cytotoxic effects [22].

4.4. Hyperbranched Polymers

Dendrimers, hyperbranched polymers were first time introduced for cancer therapy by
Vogtle [23]. These are nanoscopic three-dimensional macromolecules. They are widely used
in cancer nanomedicines because they are highly interactive with other potential macro-
molecules [23]. Here we reviewed recent advancement about crucial role of hyperbranched
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polymers in cancer treatment and drug delivery. They are smaller in size and can easily
penetrate into the cancer cells like carbon nanotubes. Negatively charged poly-(amido
amine)-2,3-dimethylmaleic monoamide converted into positively charged dendrimers at
tumor site when they encountered acidic pH and they exhibit enhanced membrane per-
meability and low cytotoxicity when co-administered with doxorubicin [24]. Cytotoxicity
of poly-amidoamine G4 was reduced by conjugation with PEG in mice myoblast C2C12
cell lines [57]. Edges of graphene sheets of magnetic dendrimers are conjugated with
hydrazone group which impart magnetic property and increase the solubility of carrier,
allowing them to be used for co-delivery of hydrophilic (doxorubicin) and hydrophobic
(curcumin) drugs [58].

5. Challenges toward Drug Delivery Systems in Anticancer Therapy

Although cancer nanomedicine celebrates thirty years since its introduction, to-
gether with the achievements and progress in cancer treatment area, it still ha serious
disadvantages that have to be addressed yet [59] (Figure 3). Since the first observation
that macromolecules tend to accumulate in tumor tissue due to fenestrated endothe-
lial of vasculature [60], considered as the “royal gate” in drug delivery field [61], more
than dozens of cancer nanoformulations have been approved and introduced as poten-
tial treatment approach [62]. Moreover, about ~2000 of designed nanoformulations in-
tended to be used for cancer treatment are under clinical trials (search terms: nanoparti-
cle/liposome/micelle/quantum dots/nano) [63,64]. However, the extensive development
of NDDs is facing more and more challenges in scientific and clinical community, including
high developmental cost, technological issues, and clinical translational failures. Due to
these reasons, only few out of hundreds developed NDDs successfully get their place
in the market. Nanomedicines are complex formulations, thus even small variations in
their technological process could influence the treatment efficacy and alter the profile of
their side effects [65]. The importance of specific issues related to the development of
nanomedicines, are officially recognized by European Medicines Agency (EMA), which
prepared several scientific guidelines for medicine developers addressing surface coat-
ings, data requirements for intravenous colloidal nanoproducts [66]. Due to these factors,
nanomedicines remain less popular as compared to the conventional, usually non-specific
and relatively toxic chemotherapeutics, regardless that nanodrugs are more specific and
are more clinically efficacious [67].

There are many publications in which the challenges on anticancer nanomedicines
with suggestions on how to resolve them are discussed [68–70]. As one of the strate-
gies exploited by industries to resolve the translational problem, is the application of
AstraZeneca’s 5R principle: right target, right patient, right tissue, right safety and right
commercial potential [71]. Hare et al. [72] emphasize the need to use more clinically
relevant models for testing nanomedicines, by focusing more on tumor biology and tar-
geting the right patients. Regardless the excellent efficacy in preclinical models, many
nanomedicines fail under clinical trials [73,74]. The majority of approved nanodrugs in
clinical trials were compared with the standard chemotherapy or combinations, not with
free drugs, due to ethical reasons [73].

Nevertheless, the development of nanoformulations aims to enhance the clinical
efficacy and reduce toxicity of anticancer drugs. Nanoformulations may improve the
therapeutic efficacy of anticancer agents by optimizing their pharmacokinetic properties,
both by exploiting the enhanced permeability and retention (EPR) effect [75] and targeted
therapy approach [76]. NDDs usually have a long systemic circulation and accumulate less
in the normal organs compared to tumors tissue, which reduces the side effects. In addition
to diminishing side effects, characteristic of the free anticancer drug, nanomedicines could
cause the off-target effects [77,78]. Efficacy, side effects, biopharmaceutical properties,
off-target effects of nanomedicines are discussed in further subsections.
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5.1. Efficacy and Side Effects

NDDs are considered as the most promising systems to increase anticancer drug
efficacy and reduce side effects [79]. This could be achieved by focusing drug effect
on tumor site and avoiding their transport to the healthy tissues. Currently, approved
anticancer nanoformulations take advantage of EPR effect of NDDs [80]. However, in
past decade researchers are extensively discussing if NDDs design based on EPR effect
could be the right strategy for the development of anticancer nanomedicines [73,81]. It has
been established that EPR effect is highly heterogenous, it could change during the cancer
treatment [82]. Moreover, in some patients this effect is not expressed enough to contribute
to the clinical efficiency of nanomedicines, so, it is necessary to stratify patients according
to EPR criteria in order to increase therapeutic outcome [83]. Interestingly, based on more
than 100 of preclinical studies, researchers established that overall average accumulation
of NDDs in tumors is about 0.7% of administered dose [26], but this small dose could
still be sufficient for patient to achieve a beneficial clinical effect [84]. Hare. et al. [72]
in their review raised the question if nanomedicines can enhance drug accumulation in
tumors by EPR, as compared to free drugs. It has been demonstrated that macromolecular
drugs could also favorably accumulate in the tumor due to EPR effect [85]. The lack of the
clinical data regarding direct and consistent comparison of accumulation of the free drug
and NDDs containing the same drug, make the evaluation of EPR effect contribution to
nanomedicines efficacy even more complicated. Out of eight NDDs tested under Phase
III clinical trials, only two were established to be more efficacious as compared to free
drugs [72].
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Regardless of the widespread opinion that NDDs reduce side effects, Luan, et al. [86]
noted this is not always the case. Anticancer nanomedicines could induce some specific
toxicities. For instance, PEGylated doxorubicin (Caelyx/Doxil®) reduced cardiotoxicity, but
at the same time increased hand-foot syndrome, rash, and pigmentation as comparison to
the free drug [87]. Another nanotherapeutic Abraxane® (albumin-bound paclitaxel) reduces
the neutropenia, but increases the neuropathy [88]. However, the decreased side effects of
Abraxane® might be associated with the lack of Cremophor El® in the formulation [89].
Moreover, it was determined that NDDs can accumulate not only in tumors due to EPR, but
also in other tissues with fenestrated endothelium, such as spleen, liver, and pancreas [90].
Majority of the nanomedicines act like intracellular organelles and other molecules in the
body and thus could be involved in various biological interactions and induce unique
cytotoxic effects, depending on their size, physicochemical properties, etc. These effects are
studied by so-called nanotoxicology research [91].

5.2. Biopharmaceutical Properties and Anticancer Activity

According to the criteria by FDA [92], nanotechnological products are those containing
materials or that range from 1 to 100 nm, or larger but exhibit properties or phenomena
that are attributable to this range of dimensions. It should be noted that the maximum
size of nanomaterial cannot clearly define the psychochemical and biological properties of
the materials because these do not differ greatly at 100 nm scale, thus other characteristics
should be considered, too [93]. Size determines the transport of nanoparticles through
the bloodstream and then the accumulation in the tumor tissue. Smaller nanomedicines
can be delivered to the tumor better as compared to the larger ones, but they might be
distributed to the healthy tissue as well. Conversely, it is much more difficult for larger
particles to distribute in the tumor site [94]. Usually, NDDs in the range of 10–100 nm
are desired due to their accumulation in the targeted tissues [95]. The charge can also
affect biopharmaceutical properties of nanomedicines. Positively charged particles tend
to distribute better in tumor tissue as compared to the negatively charged ones, but
neutral NDDs diffused faster [96]. The charge of nanocarriers can be changed easily by
attaching various ligands, and this could also impact blood circulation time and cellular
uptake [97]. Moreover, the modification of surface properties of NDDs cause the adsorption
of circulating proteins which modify nanoparticle targeting properties and their relative
accumulation in the tumor tissues [98,99]. The protein corona effect tailors NDDs by
changing their potentiality for biodistribution and pharmacokinetics and impacts their
efficacy in anticancer therapy because, protein corona of NDDs modifies their interactions
with targeting tissues and modulates their specific anticancer responses in patients [98].

According to the data provided in a review of Patra et al. [100], the advantages of FDA
approved nanomedicines mainly include improved stability, enhanced site specific delivery,
and increased drug loading and bioavailability, which contribute to the lower toxicity and
higher efficacy. Nanoformulations may improve biopharmaceutical properties of drugs by
several ways. As it was mentioned earlier, NDDs can increase distribution of anticancer
agents at targeted site (tumor) [101]. It could be achieved by passive targeting, active
targeting, or triggered drug release [102]. Usually, NDDs are characterized by a prolonged
circulation half-life, controlled drug delivery, and higher bioavailability, compared to
small molecule anticancer drugs. Arranja. et al. [103] noted, to achieve targeted drug
delivery in tumor, nanomedicines have to overcome obstacles such as blood-brain barrier,
opsonization, glomerular filtration, EPR heterogeneity, and others, etc.

NDDs help to overcome the problems of poorly water soluble and unstable drugs,
which affect bioavailability [104]. For solubility enhancement, PEGylation strategy is used,
which also help to overcome rapid renal clearance, might improve pharmacokinetics, and
also reduce immunogenicity [105]. At the same time PEGylation increase the molecular
mass and serum stability of the drugs, and thus it is considered as a method of choice
for passive targeting of anticancer agents [106]. For instance, the first FDA-approved
nanomedicine Doxil® (a PEGylated liposomal formulation of doxorubicin) has a much
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slower plasma clearance as compared to free doxorubicin, and its volume of distribution is
very small [78]. These properties are considered to be the most contributing to enhance the
therapeutic efficacy of anticancer drugs [75]. Some types of nanoparticles, such as inorganic,
are coated with lipids in order to enhance their biocompatibility [107]. Such coatings also
help to control the release of drugs and improve their biopharmaceutical properties [108].
However, the criteria of long circulation time are widely debated recently, because it could
be beneficial only for those NDDs that have a better tumor accumulation due to EPR
effect [72]. Conversely, it could even decrease the anticancer efficacy as compared to free
drugs in patients, having lower EPR effect [109].

Not only biopharmaceutical properties of NDDs, but also the loaded anticancer drugs
must be considered. Each small molecule has unique pharmacodynamics and pharma-
cokinetic properties, which affect their efficacy and toxicity, thus it is highly important
to choose the proper nanoformulation with the right strategy [72,110,111]. However, the
encapsulation of several anticancer agents may result in synergistic effect and thus improve
cancer therapy [74,112].

5.3. Off-Targeting Effects and Other Side Effects

Regardless of the success rate in development of anticancer nanomedicines, off-target
effects remain a major issue to be addressed [81]. Foulkes et al. [113] support the cautious-
ness of regulatory agencies, as recently the medicinal product of iron oxide nanoparticles
(Sinerem®) has been withdrawn from the market due to their unfavorable risk/benefit
ratio [114]. The importance of regulation and monitoring the side effects of nanomedicines
could be illustrated by the joint initiative of FDA, Environmental Protection Agency (EPA)
and Health and Consumer Protection Directorate of the European Commission to deal
with potential risks of nanoparticles [115], as well as collaboration between different com-
munities seeking to define criteria for the regulation of nanomedicines used in clinical
practice [116].

Encapsulation of anticancer drugs into NDDs is considered to decrease their side
effects by several mechanisms: (i) They improve the accumulation of drugs in tumor tissue;
(ii) thus affecting less the healthy cells; (iii) and also due to the reduction of the dose
required to achieve therapeutic efficacy [117]. For instance, doxorubicin incorporation into
the liposomes (Doxil®) reduced its cardiotoxicity [118]. It is worthy to note that due to the
long half-life, it induced skin toxicity—the effect that is not characteristic to doxorubicin
alone [119].

Another important advantage of NDDs over free anticancer drugs, which are usually
hydrophobic and not very soluble, is the possibility to exclude the organic solvents and
solubilizers used to dissolve drugs in conventional pharmaceutical dosage forms [120,121].
However, nanodrugs may induce different side effects compared to free drugs, due to
their specific pharmacokinetics and other characteristics [122]. This could be illustrated by
mesothelioma induction by carbon nanotubes (the shape of tube) [123], or toxicity related to
the small size of the metal nanoparticles [124]. Brand et al. [122] compared the side effects
of five groups of nanomedicines and found, the cytotoxicity of cytostatic is associated
mainly with active substances, not with nanocarrier/nanoformulation.

Wolfram et al. [117] in their review summarized the specific side effects associated
with nanomedicines at molecular, cellular, and tissue level. The immunological reactions
are considered as the most often induced side effects by majority of nanomedicines due
to their accumulation in the spleen and liver, their nature being a foreign substances,
generation of reactive oxygen species (ROS), and other factors [125].

One of the possible solutions to reduce the toxicity of nanomedicines, is surface
modification of nanoparticles with targeting agents specifically bind to the overexpressed
receptors by cancer cells [13]. By selecting the suitable anchors, which are specific to
the overexpressed molecules by tumor of a particular patient, it is possible to construct
personalized anticancer nanotherapeutics [126]. Another possible approach for the im-
provement of safety, is double vectorization, the nanocarrier must contain the combination
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of specifically cell and particularly tissue targeting motifs [13]. For instance, albumin base
nanocarriers preferably accumulate in tumor tissue due to EPR effect and actively bind to
their target receptors, glycoprotein gp60 [127].

6. Emerging Targeted Drug Delivery Systems

Nanotechnology has revolutionized the existing approach of managing cancer by
resurrecting conventional anticancer drugs reducing their toxicity, improving stability,
bioavailability, and hence enhancing clinical efficacy. Regardless of high expectations, the
field of nanomedicines often receives criticism in various aspects, including safety and
debatable benefits. Many reasons could be responsible for such debates, and these issues are
widely discussed in several critical reviews [72,73,113]. The lack of high affinity of targeted
tissue could be one of the important reasons, which do not allow sufficient selectivity to be
achieved. The first actively targeted nanomedicines used in clinics are based on transferrin
anchored to the particle surface to bind transferrin receptors upregulated in many types
of cancer [128]. Such NDDs are considered to be less toxic, less immunogenic, and more
efficient [129]. Currently, thousands of actively targeting or tumor-triggered therapeutics
are being investigated in different stages in vitro and in vivo, providing a hope of more
specific and personalized drug approval in the nearest future. More efficient strategies
including NDDs surface covering with cell-membrane components or development of
nanomedicines by integrating therapy and diagnosis (theragnostic systems) are considered
of high importance [100].

7. Conclusions

NDDS-based nanocarriers recently gained attentions as emerging cancer therapy
among the scientific community. Lipid, polymeric, and hybrid nanocarriers are biocompat-
ible NDDS having suitable physicochemical properties and release payload modulating
by response-specific chemical or physical stimuli. Biomaterials making nanocarriers have
several suitable properties which provide selective targeting approaches of NDDs and af-
fect anticancer therapy. Biopharmaceutical properties of NDDs and their efficacy in animal
models and humans can significantly affect their impact and perspective in nanomedicine.
In fact, modifications of nanomaterials, forming NDDs, and their supramolecular structure
after interaction with biological fluids can modify their fate and affect NDDs efficacy, thus
causing sometimes off-targeting side effects or unexpected therapeutic effects. One of the
future directions could be to focus on personalized cancer treatment, considering the het-
erogeneity and complexity of each patient tumor tissue and the design of multifunctional-
targeted NDDs combining synthetic nanomaterials and biological components, like cellular
membranes, circulating proteins, RNAi/DNai, which enforce the efficacy of NDDs and
boost their therapeutic effect.
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