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Nanoengineered drug delivery systems (nDDS) have been successfully used as clinical tools for not only
modulation of pharmacological drug release profile but also specific targeting of diseased tissues. Until now, en-
capsulation of anti-cancer molecules such as paclitaxel, vincristin and doxorubicin has been the main target of
nDDS, whereby liposomes and polymer-drug conjugates remained as the most popular group of nDDS used for
this purpose. The success reached by these nanocarriers can be imitated by careful selection and optimization
of the different factors that affect drug release profile (i.e. type of biomaterial, size, system architecture, and
biodegradability mechanisms) along with the selection of an appropriate manufacture technique that does not
compromise the desired release profile, while it also offers possibilities to scale up for future industrialization.
This review focuses from an engineering perspective on the different parameters that should be considered
before and during the design of new nDDS, and the different manufacturing techniques available, in such a
way to ensure success in clinical application.
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1. Introduction

Drug Delivery Systems (DDS) are the systems used for administra-
tion of a pharmaceutical compound in a controlled manner to achieve
a therapeutic effect in humans or animals. DDS appeared during the
middle 1960s as macrosystems while a group of researchers were
circulating rabbit blood inside a silicon rubber arterio-venous shunt
and discovered that if the tube was exposed to anesthetic gases on the
outside, the rabbits fell asleep [1]. Thus the possibility of a “constant
rate drug delivery device” was proposed by this group. Further with
the development of poly(hydroxy acids), macroscopic systems evolved
to microscopic systems [2] where the commercialization of Lupron
Depot®, namely microparticles loaded with leutinizing hormone for
contraception therapies evolved [3]. But, with the introduction of
liposomes in the 1960s [4] along with polymer-drug conjugates in the
mid to late 1970s, the concept of nanoengineered Drug Delivery
Systems (nDDS) was derived. These systems, against microDDS, offer
possibility of specific targeting due to their smaller size, which conse-
quently leads to decreased side effects and longer release period,
among other advantages. With the FDA approval of AmBisome® in
the 1990s as the first commercialized nDDS, the challenge towards
better nDDS never stopped among the pharmaceutical companies.
Nowadays there are multiple nDDS being studied (i.e. liposomes, nano-
particles, dendrimers, micelles and nanorods) and more than twenty
nDDS are available commercially to treat different diseases including
cancer, infections and hormonal disorders. The market value of drug
delivery systems was estimated at around $53 billion during the year
2009, and is forecast to reach more than $136 billion in 2021, among
which the nDDS might represent 40%[5].

Besides the biological advantages of nDDS over microDDS, there are
other reasons that compel nDDS evolution towards better systems. The
main reason is that the pharmaceutical companies are being forced to
develop new formulations over those ones with going off-patents or
with near expiring dates, thus maintaining their commercial monopoly
over a specific drug, avoiding generic competition. Hence there is a need
to either design a new drug or encapsulate the old drug within a new
drug delivery system such as the nDDS. Design of a new drug involves
a revenue as high as $500 million with longer time periods of develop-
ment (10 years), and a high risk of failure during the last stages of
the clinical trials [6–8]. Whereas with the development of new
nDDS, the cost and time involved can be reduced to $20–$50 million
and 3–4 years respectively[9], and it also involves reduced risk of clinical
failure. The present review is focused on all the key factors that should
be taken into account during the design of a successful nDDS, without
losing the overall goal of FDA commercialization approval and clinical
application.
1.1. Nanoengineered drug delivery systems approved by FDA

Almost 30 years after the discovery of liposomes, FDA approved the
commercialization of AmBisome®, the first nDDS available in the
market which encapsulated amphotericin B, a powerful antifungal
drug [10]. During the following years multiple nDDS were approved
by the FDA. Table 1 gives details of the most representative FDA ap-
proved nDDS. It is obvious from the table that cancer and infections
were categorized as the main diseases targeted by nDDS [11] and in
most cases, the approved nDDS were liposomes, followed by polymeric
conjugates based on poly(ethylene glycol) (PEG). It is important to
highlight that besides 30 years of research performed antitumoral-
polymeric conjugates for anticancer drugs, they have not yet reached
the market [12]. Most of the commercialized ones are focused on
other disease applications, as can be seen in Table 1. Similar is the situ-
ation for biodegradable synthetic polymer-based systems. Besides that
there are multiple pre-clinical studies conducted for nDDS made of
just biodegradable synthetic polymers such as the PLGA, none of them
have been approved for commercialization till date. The reason for
this relies on the biocompatibility issues related to the acidic pH pro-
duced by the degradation residues of PLGA, which alter drug bioactivity
[13] or induce irritation and inflammation to the patient [14]. Similar is
the case of active-targeted and stimuli-responsive nDDS, where a few
representative nDDS have been approved by FDA (though plenty of
pre-clinical and clinical studies were carried out). The reasons are
their high development costs, and other biological obstacles that have
not been solved yet. For instance, it has been demonstrated that
stimuli-responsive DDS either release a significant amount of drug be-
fore receiving the specific stimulus or are highly stable that they need
to be stimulated by an intensive stimulus that might alter the normal
physiological processes. Therefore, until now, the antibody–drug conju-
gates likeMylotarg®,Ontak®, Zevalin®andBexxar®were approved for
clinical application. Among the stimuli-responsive nDDS, it is only
the ThermoDox®, a temperature sensitive liposomal nDDS that has en-
tered phase III trials [15]. Most of the non conventional nDDS such as
the dendrimers, lipoplexes or lipid-core micelles are still under pre-
clinical or under early clinical trials and only a few of them entered
the advanced clinical analysis. For instance, in year 2013, VivaGel®
entered phase III human clinical trials, and it was also the first
dendrimer-based product that received Fast Track Status from the
FDA under an investigation for prevention of genital herpes [16].
2. Release profile

Drug delivery systems arose as a way to maintain blood drug con-
centration levels between therapeutic limits for prolonged times, thus
reducing the number of drug dosages, initial drug concentration as
well as their side effects caused by unspecific systemic distribution
through simple diffusion [2]. Their release profile is a consequence of
one or more release mechanisms: (i) desorption of drug bound to
the surface (ii) diffusion through (iii) diffusion through the capsule
shell (iv) matrix erosion and (v) a combined erosion–diffusion process
[42]. Due to the decrease of diffusional distance in nDDS compared
to microparticulate systems, surface desorption and erosion pro-
cesses of drugs are the predominant release mechanisms followed
by nDDS [42,43]. A typical example of naked drug release profile
can be viewed from Fig. 1a, where the only advantage of conven-
tional formulations is their low development cost [44]. On the
other hand, a simple nDDS is characterized by release profiles
shown in Fig. 1b, which tend to be of zero-order, if not for frequent
initial burst effect, which we explained in Section 2.1 of this manu-
script. As visible from Table 2, half life time of these types of systems
can range from few hours to months.



Table 1
Representative nanoengineered drug delivery systems approved by FDA and in advanced clinical trial phase.

Product name Carrier type Size Drug Diseases Type of drug Carrier material Approval
year/phase

Ref.

Liposomes Doxil PEGylated liposome 100 nm Doxorubicin Various types of cancer Anthracycline PEG/Phospholipids 1995
DaunoXome Liposome b100 nm Daunorubicin HIV Anthracycline Phospholipids 1996 [17]
Ambisome Liposome b100 nm Amphotericin B Fungal infections Polyene Phospholipids 1997 [10]
Depocyt Liposome b100 nm Cytarabin Lymphomatous meningitis Nucleoside Phospholipids 1999 [18]
Visudyne Liposome b100 nm Verteporfin Macular degeneration Benzoporphyrin derivative Phospholipids 2000 [19]
DepoDur Liposome b100 nm Morphine Severe pain Opiate Phospholipids 2004 [20]
Octocog alfa Liposome b100 nm Factor VIII Hemophilia Proteica Phospholipids 2009 [21]
Marqibo Liposome b100 nm Vincristine sulfate Hodgkin lymphoma Alkaloid Phospholipids 2012 [22]
Myocet Liposome b100 nm Doxorubicin Metastatic breast cancer Anthracycline Phospholipids Phase III [23]
OncoTCS Liposome b100 nm Vincristine Hodgkin lymphoma Alkaloid Phospholipids Phase III [24]
Thermodox Low temperature

sensitive liposome
b100 nm Doxorubicin Metastatic malignant melanoma,

liver cancer
Anthracycline Low phase transition temperature

phospholipids
Phase III [25]

Conjugates Adagen Conjugate 1–50 nm Adenosine deaminase Severe combined immunodeficiency Peptidic PEG 1990 [26]
Oncaspar Conjugate 50–200 nm Asparaginase Leukemia Peptidic PEG 1994 [27]
PEG-intron Conjugate 1–50 nm Interferon alfa 2b Chronic hepatitis C Proteic PEG 2001 [28]
Cimzia Conjugate 1–50 nm Interferon alfa 2b Chron's disease Proteic PEG 2008 [29]
Omontys Conjugate 1–50 nm Peginesatide acetate Anemia Peptidic PEG 2012 [30]
Xyotax Conjugate 100–150 nm Paclitaxel Lung cancer, ovarian cancer Anthracycline Polyglumex Phase III [31]
Puricase Conjugate 50 nm Uricase Hyperuricemia Proteic PEG Phase III [32]
Mylotarg Monoclonal antibody 20–40 nm Ozogamicin Leukemia calicheamicins Anti-CD33 monoclonal antibody 2000 [33]
Zevalin Monoclonal antibody 20–40 nm Yttrium-90 Non-Hodgkin's lymphoma Radioactive material Anti-CD20 monoclonal antibody 2002 [34]
Bexxar Monoclonal antibody 20–40 nm Iodine-131 Non-Hodgkin's lymphoma Radioactive material Anti-CD20 monoclonal antibody 2003 [35]
Kadcyla Monoclonal antibody 20–40 nm Emtansine Breast cancer maytansinoid Anti-CD37 monoclonal antibody 2013 [36]

Polymeric particles Livatag Nanoparticle b100 nm Doxorubicin Hepatocellular carcinoma Anthracycline poly(iso-hexyl-cyanoacrylate) Phase II [37]
Lupron Depot Microparticle 50 um Leuprolid Prostate and breast cancer Peptidic PLA 1989 [3]
Estrasorb Micelle 100 nm Estradiol Hot flushes during menopause Esteroide Lecithin 2003 [38]
Risperdal Consta Microparticle 1–50 um Risperidone Schizophrenia, bipolar disorder Dopamine antagonist PLGA 2003 [39]
Abraxane Nanoparticle 10 nm Paclitaxel Breast cancer Anthracycline Albumin 2005 [40]
Genexol-PM Micelle 10–100 nm Paclitaxel Breast cancer Anthracycline PEG–PLA Phase II [41]

Source: US Food and Drug Adminsitration website (http://www.accessdata.fda.gov) - US Clinical Trials website (http://clinicaltrials.gov/).
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Fig. 1. Types of drug release profiles. (A) Naked drug where the release profile is based on simple diffusion and partition. (B) Zero-order release profile, (C) Programmed release profile.
Figure reproduced with copyright permission from Kim et al. [44] obtained from Elsevier.

181B. Felice et al. / Materials Science and Engineering C 41 (2014) 178–195
In addition to prolonged release times, an ideal response for nDDS
also involves programmability of drug release profile according to the
treatment conditions and patient needs (Fig. 1c). Material degradation
rates of nDDS regulate the programmability and this is commonly
achieved either using different molecular weights of the same polymer
or using different formulations [45]. Anotherway to obtain programma-
bility is through encapsulation of multiple drugs inside the samematrix
but with different interactionmechanisms [46]. Programmability is also
obtained using stimuli-repsonsive nDDS (see Section 2.2) and profiles
similar to that shown in Fig. 1c can be achieved.
2.1. Burst release effect

Most of the simplest nDDS do not show an ideal zero-order release
profile given that there is a burst effect immediately after systemic
administration, followed by a zero-order response (Fig. 2). This phe-
nomenon is related to the diffusion and desorption of drug located
close to nDDS surface [42,57], which is considered undesirable because
the released drug is not available for long term treatment and can cause
damaging side effects. Too many factors affect the magnitude of burst
release. It has been demonstrated in polymeric nDDS that burst effect
is high for nDDS made of low molecular weight polymers, with high
drug loading systems or with inhomogeneous drug distribution inside
[58,59].

Different methods were proposed in different works for reducing
the burst release. For instance, Hasan et al. encapsulated polymeric
nanoparticles into polymeric microparticles by usingW/O/W emulsion,
thus reducing the diffusion of drugs through the double walled
polymeric system [60]. PCL was used as the internal phase, while
ethylcellulose and Eudragit® RS served as the external phase and
prevented the dissolution of the internal phase. In another study,
PEG–PLA microspheres were coated with gelatin film to reduce the
initial burst release [61]. The hydrogen bonding between PLA–PEG co-
polymer and gelatin amine group made the encapsulation of the drug
Table 2
Comparison of Half life time of various nDDS.

Product name/System name Half life time Carrier ty

Doxil 40–70 h Liposome
Lipoplatin 10–36 h Liposome
Marqibo 7.66 h Liposome
Myocet 2–3 h Liposome
Oncaspar 4–14 days Polymeri
PEG/PLGA Conjugates 1 month Polymeri
PEG/PLGA Conjugates 1 month Polymeri
Bexxar 30–90 h Monoclon
Zevalin 16–44 h Monoclon
Abraxane 15–18 h Albumin
– 5 h Naked dr
– 0.2 h Naked dr
more stable within the microspheres, thus reducing the burst release
effect.

2.2. Stimuli-responsive DDS

A method for drug programmability is also achieved through
stimuli-responsive DDS, also known as the “smart DDS”. These systems
are able to release their load in response to one or more stimuli, due to
changes of conformation, solubility, shape, size or charge [62]. This ap-
proach allows synchronization between biological rhythms andmedical
treatment [63]. Stimuli can be classified according to their origin (inter-
nal or external) or type of signal (chemical or physical). Only a few
temperature-sensitive liposomal systems have entered the phase II or
III of clinical trials such as ThermoDox®, which is under phase III [25]
(doxorubicin, for breast and liver cancer), Allovectin® under phase II
[64,65] (gene therapy, for metastatic melanoma) and Lipoplatin®
under phase II [66] (cisplatin, for lung and pancreatic cancer). Most of
these systems use lipids with a phase transition temperature of around
40 °C, which can be reached by radiofrequency or using ultrasound of
high intensity [67]. However, there are rare cases where such systems
showed promising results. Table 3 gives a summary of the representa-
tive “smart nDDS”, which are mostly based on liposomes, polymers or
their combinations. It is important to highlight that polymeric
smart nDDS are still under initial or pre clinical trial phases given
that the intelligent polymers such as the poly(methylvinyl ether) and
poly(N-alkylacrylamides) are still being subjected to preclinical assess-
ment of their biocompatibility or bioinertness [68,69]. Smart nDDS has
been covered with more detail in excellent reviews elsewhere [70–75].

3. Factors that affect the drug release

There are several factors that affect the drug release profile and these
factors should be taken into account during the design stages, aiming
for an optimal therapeutic effect. Mainly, they are grouped based on
drug-material interaction, morphologies and architectures of the
pe Drug Reference

Doxorubicin [47]
Cisplatin [48]
Vincristine [49]
Doxorubicin [47]

c conjugate Asparaginase [50]
c conjugate Doxorubicin [51]
c conjugate Doxorubicin [52]
al antibody conjugate Iodine 131 [53]
al antibody conjugate Yttrrium-90 [54]
nanoparticle Paclitaxel [55]
ug Paclitaxel [56]
ug Doxorubicin [47]



Fig. 2. Schematic illustration of the burst effect in zero-order drug delivery system.
Figure reproduced with copyright permission from Huang et al. [59] obtained from Elsevier.
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encapsulated forms, biodegradability mechanisms and clearance time
regulation.

3.1. Drug-Material interaction

The interaction of drug with the carrier material is a primordial
factor of concern even towards the beginning of drug release design, to-
gether with basic properties like biocompatibility of the material and
degradation residues or intended therapeutic drug concentration. The
fundamental features that directly determine the drug-material interac-
tion are: hydrophobicity/hydrophilicity, chemical structure, molecular
weight and net charge. However, these factors are also closely related
to drug loading capacity and encapsulation efficiency and here we
discuss this in detail.

The importance of hydrophobicity match (or mismatch) between
drug and material can be understood via liposomal nDDS. It is known
that the inner zone of liposomes is hydrophilic and their lamellaes are
hydrophobic, and this allows for the loading of hydrophilic drugs in
the inner zone and hydrophobic ones in the lamellae [96,97]. However,
this is not easy to achieve mainly because liposomes present reduced
values of drug loading for hydrophobic drugs, given that they just can
be transported inside the liposomal membrane [96,98]. Also, they are
characterized by low retention of highly lipophilic drugs (eg; Paclitaxel),
due to high membrane permeability to them [99]. In addition,
the loading of hydrophilic drugs into liposomes is difficult due to
lipid-hydrophilic drug repulsion [100] and to solve these effects,
Table 3
Representative smart nDDS and their applications.

Stimulus Mechanism

Temperature Polymers: Competition between hydrophobic and hydrophilic interactio
and polymer–water. Changes in viscosity, solubility, swelling / Liposome

Ultrasound Disruption of nanocarrier structure by cavitation or indirect temperature
diffusion through biological fluids [80]

Magnetic field Disruption of the structure of the nanocarriers by temperature increase;
changing wave frequency [72,83]

Light Light-induced shape changes (i.e. hydrophobicity–hydrophilicity transitio
temperature increase [85–87]

pH Protonation or deprotonation of ionizable groups; changes in viscosity,so

Ionic strength Changes in size and solubility [63]
Enzymes Enzymatic action produces disruption or swelling of nanocarrier [94]
Biomolecules Glucose: Indirect pH changes, swelling due to charge changes

Antigen: swelling of nanocarrier structure due to dissociation of polyme
free antigen and polymer-bound antigen competition [63,76]
multilamellar liposomes were developed [101]. Another option is to
alter the liposomal membrane composition or to use active trapping
(Section 3.2). Mohammed et al. combined all the aforementioned solu-
tions to design an efficient liposomal system for ibuprofen delivery.
Through the use of multilamellar liposomes made of long alkyl chain
lipids and increased levels of cholesterol, liposomes with increased
drug loading capacity, increased encapsulation efficiency and reduced
burst effect were produced. The drug loading capacity was also regulat-
ed by utilization of lipid dicetylphosphate, an anionic lipid which by
charge repulsion could decrease the drug concentration within the
membrane [102]. Chemical structure is another factor that points out
the possibility of chemical bonding between the drug and the carrier
material, or capable of covalent or hydrogen bond formation such that
it increases the drug retention time inside the nDDS and keep it inactive
until it is released. For instance, Yokoyama et al. encapsulated covalent
bonded Adriamycin, an anticancer drug, into the polymeric micelles
made of poly(ethylene glycol)-poly (aspartic acid) block copolymers.
Their results show better stability, increased water solubility and in-
creased retention times of Adriamycin [103]. Analyzing the molecular
weight in two different perspectives, it was obvious that the molecular
weight of the drug mainly affects its diffusion into the biological medi-
um after release as well as the intensity of burst release [58]. Secondly,
with respect to the material holding the drug, the molecular weight af-
fects the degradation rate of the carrier. Net charge is mainly related to
the amount of drug retained inside the nDDS. The use of opposite
charges between drug and material is a common technique applied to
increase the drug retention timewithout chemical alterations (physical
entrapment) [44]. It is through this attribute that nucleic acids (anionic
molecules) are encapsulated in lipoplexes(cationic liposomes)[104,
105]. For instance, Morille et al. encapsulated plasmid DNA by conjugat-
ing it with DOTAP:DOPE (cationic lipids). Similarly, they produced
PEGylated lipoplexes to acquire increased half- life times of circulation
in blood [106].
3.1.1. Carrier materials used for DDS
Different kinds of materials are being used for nDDS development

including lipids, biodegradable polymers, non biodegradable polymers,
antibodies, metals [107,108], magnetic substances [109,110], carbon
[111,112], ceramics [113,114], and viral capsids [115], among others.
But most of them are still under pre-clinical trial. As in this review we
prioritize to focus on FDA approved nDDS as a model for targeted
design, here after we discuss only on those carrier materials associated
with commercially successful nDDS or those that have entered
advanced clinical trials.
Carrier type Ref.

ns between polymer–polymer
s: Phase transitions[67,68,76]

Thermosensitive polymeric micelle [77]
Traditional thermosensitive liposomes [78,79]

increase; enhanced drug Modified liposomes with thermosensitive
polymer

[81]

Thermosensitive liposomes [82]
particle oscillation control by Magnetic nanoparticle-organic hybrid

sensitive to AC magnetic field
[84]

n); nanocarrier disruption by Two-photon sensitive micelle [88]

lubility, swelling [76,89] Polymeric nanoparticle with pH-dependent
solubility

[90]

Targetedmagneticmesoporous silica/polymer
nanoparticles

[91]

Polymer–liposome complex [92]
Cu(II)-polymer–drug conjugate [93]
Polymeric nanoparticles [94]
Mesoporous silica nanoparticle with sensitive
shell

[95]
r coupled antibody because of

image of Fig.�2
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3.1.1.1. Lipids. This group contains phospholipids and cholesterol, the
main liposomal components. Phospholipids are the major component
of liposomes as well as the constituent of all cell membranes. Basically,
they are composed of glycerol or sphingosin covalently linked to one or
two fatty acids with a phosphate head group. They are amphiphilic
molecules, a feature that allow them to form the bilayered membranes
present in liposomes. Whereas ordinary amphiphiles have critical mi-
celle concentrations (CMCs) of 10−2–10−4M, theCMCof phospholipids
is four to five orders of magnitude smaller, meaning that the water sol-
ubility of these materials are extremely low and that its stability after
administration is high, compared with ordinary micelles [116]. Phos-
pholipids are mostly neutral or anionic molecules due to the presence
of phosphate group. Themost studied group includes the phosphatidyl-
choline family, a natural and neutral lipid present in plants and animals.
These contain the primary alcohol choline which has a quaternary am-
moniumgroup [117]. Most commonly used natural anionic phospholip-
id are phosphatidic acid, phosphatidylglycerol, phosphatidylserine, and
phosphatidylethanolamine [97]. Cationic phospholipids are less used,
such as the stearylamine for nucleic acid encapsulation [104,105].
Against synthetic phospholipids (i.e. dimyristoylphosphatidylcholin,
dipalmitoylphosphatidylcholine and distearoylphosphatidylcholine),
natural phospholipids are preferred because of their greater chemical
biostability (i.e. against phospholipases and/or esterases, bile salts, and
serum proteins) and thermodynamic stability of the vesicle (e.g. to
oxidative stress, high temperature and/or alkaline pH) [118]. However,
the regulation of membrane permeability is demonstrated easier in
liposomes made of synthetic phospholipids. Demel et al. showed that
the permeability of glucose was significantly reduced by cholesterol in
liposomes made of synthetic phospholipids. [119]. Phospholipids are
degraded by lipolysis in the physiological environment and are charac-
terized by its low toxicity. An important property of phospholipids is
their viscosity, which significantly affects the fluidity of the liposomal
membrane. This can be controlled by utilization of phospholipids with
higher phase transition temperatures [96,97,118]; or by inclusion of
cholesterol between phospholipids chains.

Cholesterol is the secondmost used lipid in nDDS. It is a sterol natu-
rally found in cell membranes. As was mentioned before, it is used for
fluidity regulation of phospholipidic membranes, decreasing the per-
meability of hydrophilic molecules, and increasing the liposomal mem-
brane stability [97,120,121]. Membrane stability regulation through
cholesterol content manipulation has been proved in multiple works.
For instance, Senior andGregoriadis showed cholesterol effect on differ-
ent liposomes in vivo. These researchers used carboxyfluorescein as a
marker and changed the saturation degree of phospholipid chains as
well as their length. In all cases, higher cholesterol content implied
higher stability [122]. On the other hand, Kirby et al. probed cholesterol
effect on liposomes made of natural phospholipids [123], where they
found that the cholesterol-rich liposomes remained stable in blood for
at least 400 min. The cholesterol-poor liposomes lost their stability
within 2 minutes of intravenous injection.

3.1.1.2. Polymers.Many types of polymers are used in nDDS, both biode-
gradable and non-biodegradable: chitosan [124,125], poly(lactic acid)
(PLA), poly(lactic co-glycolic acid) (PLGA), PEG, poly (ɛ-caprolactone)
(PCL) [126], and poly(cyano acrylates) [127] among others. Among
these polymers, the ones which are being used in nDDS are either
approved or entered the clinical trial phases and these are based on
PLA, PLGA and PEG.

PLA is a biodegradable thermoplastic linear aliphatic polyester that
has been used for the manufacture of implants, stents, and medical de-
vices [2]. Typically, the polymer is characterized by its inherent viscosity
and demonstrates a sustained release depending on the chain length of
the PLAmolecule. PLA is degraded by hydrolysis to units of lactic acid, a
natural intermediate of anaerobic respiration [128]. PLA is commercially
available just in microparticles like Lupron Depot® [129] and Risperdal
Consta® [39]. Among the current PLA matrices, the PLA-PEG micelles
are widely used. For instance Genexol PL®, is a PLA-PEG micelle which
encapsulates paclitaxel. Its clinical application has been approved in
South Korea and Europe [41] but is still under phase II clnical trial in
the United States. Also Xu et al. encapsulated paclitaxel in micelles,
either in the conjugated or non conjugated form. These micelles
demonstrated a reduced burst effect and increased stability [130].
Amphotericin B [112] was also encapsulated within PLA micelles,
using polymeric chains with different lengths and a sustained release
of the drug was evidenced. About 80% of the Amphotericin B was
released in 80 h and it was demonstrated that the release rate was
reduced when PLA chain was longer. PLA-based nanoparticles were
also subjected to pre-clinical studies by other groups. For example,
Jain et al. encapsulated temozolomide for brain drug delivery, a
powerful drug against C6 glioma [131]. These nanoparticles effectively
maintained a higher and constant concentration of the drug over the
tumor, during in vitro studies. PLA nanoparticles are also being used
for nucleic acid encapsulation [132].

PLGA is a copolymer of lactic acid and glycolic acid. Similar to PLA,
the polyester is sensitive to hydrolysis and produces biodegradable
metabolite monomers. These monomers participate in a number of
physiological and biochemical pathways and demonstrateminimal sys-
temic toxicity [128]. Degradation rate depends on its molecular weight
and monomers ratio [43]. So far, there aren't any approved PLGA-based
nDDS, but the ongoing pre-clinical and clinical trials show some
promising results. PLGA nanoparticles have been used mainly for
encapsulation of multiple anti-cancer drugs such as paclitaxel, cisplatin,
vincristine sulfate, doxorubicin and curcumin [133]. Kim et al. encapsu-
lated dexamethasone, a known anti-inflammatory drug, in PLGA
nanoparticles embedded in alginate hydrogel matrices [134]. It was
aimed for the reduction of scar formation around the electrodes during
neuronal stimulation at the peripheral and central nervous system. In
vitro test showed reduced gliotic scar around hydrogel/nanoparticles-
coated electrodes, without significant change in electrode impedance
whichmeant an improved electrical pathway for long term stimulations.

PEG is a non biodegradable hydrophilic polymer, mainly used in
polymer–drug conjugates,micelles [51,130,135] and for nDDS stabiliza-
tions and stealth.More features of PEG and its applications are described
in Section 3.5.2.

3.1.1.3. Human serum albumin. Albumin represents themajor fraction of
the human serum proteins with a blood concentration between 35 and
50 g/L and a molecular weight of 65 kDa. It has a half-life time in blood
of 19 days and is stable in the pH range between 4 and 9. It provides two
binding sites for small molecules, two binding sites for long-chain fatty
acids, and two binding sites formetal atoms. Due to its humannative or-
igin, albumin demonstrates low toxicity and immunogenicity. Albumin
has been used in different forms. For instance, Dosio et al. encapsulated
paclitaxel in PEG–Albumin conjugates. Their results showed that albu-
min significantly increased stability and solubility of PEG conjugates
without bioactivity losses [136]. Paclitaxel was also encapsulated in al-
bumin nanoparticles, which indeed served as the first natural polymeric
nDDS approved by FDA for intravenous injection (Abraxane®) [137]. In
this case, paclitaxel and albumin are not covalently linked but rather
associated through hydrophobic interactions during an emulsion-
evaporation based process, called Nanoparticle Albumin-Bound (NAB)
Technology [138]. The clinical data have shown that Abraxane® offers
several improvements over the conventional Cremophor EL®, including
lower toxicities, shorter administrating time, higher efficacy and no
premedication [139]. Other types of anti-cancer drugs were also
encapsulated inside albumin nanoparticles. For example, Wartlick
et al.manufactured albumin nanoparticles loaded with antisense oligo-
nucleotides, which are currently being evaluated as anticancer agents in
clinical trials and for antiviral therapies [140].

3.1.1.4. Monoclonal antibodies. Monoclonal antibodies are laboratory
versions of natural antibodies, also known as immunoglobulines.
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These are a type of glycoprotein naturally present in the human body
and synthesized by B cells. They are used by immunologic system for
detection and marking of foreign elements. More than 20 monoclonal
antibodies have been approved by FDA till date [141], among which
themost well known are Zevalin® [54,142] and Bexxar® [35,142]. Sim-
ilar to other FDA approved antibody conjugates, both Zevalin® and
Bexxar® are used for targeted radioimmunotherapy. This type of thera-
py is appropriate for treatment of multiple tumor sites that cannot be
readily excised surgically or irradiated using external beam radiation
or brachytherapy. Their success was mainly due to prolonged half-life
times (30–90 h for Bexxar® and 16–44 h for Zevalin®), their nano-
scale sizewhich enables better bio-distribution of drugsmainly through
passive targeting, and their active interaction with cell membrane re-
ceptors due to natural antibody-antigen coupling that increase their in-
ternalization efficiency. Monoclonal antibodies by themselves are being
used as carrier materials after conjugation with drugs, but they are also
being used as ligands in active-targeted nDDS where they are attached
directly on the nDDS surface. For instance, some authors proposed the
use of targeted-stealth immunoliposomes (SIL), which utilize IgG1
f(ab)2,whichpositively reacts to greater than 90%of cancerous stomach
tissues but negatively with normal tissues [143]. Wang et al. attached
CD44 antibody to liposomes loaded either with doxorubicin or a
plasmid for hepatocarcinoma treatment and imaging, and performed
pre-clinical studies [144]. The plasmid was the result of a triple fu-
sion between genes containing the herpes simplex virus truncated
thymidine kinase (a non viral suicide gene for anticancer therapy),
renilla luciferasa (Rluc) and red fluorescent protein (RFP), which
are used for tracking of the specific targeting. Furthermore, the
growth status of the tumor was monitored by optical biolumines-
cence imaging of green fluorescent protein, offering in this way
a dual imaging system. Their results showed a higher action of
the gene-loaded liposomes against doxorubicin-loaded ones and
demonstrated the effectiveness of dual imaging for evaluation of
molecular targets.

From the aforementionedmaterial descriptions, it is obvious that for
successful design of nDDS, natural biomaterials, namely phospholipids
or proteins, are the best choice till today. This is mainly due to the low
immunogenicity associated with both these materials and their degra-
dation residues and higher internalization efficiency because of the
presence of natural cell uptake mechanisms as well as their mild
interaction with encapsulated drugs which diminishes bioactivity
losses. On the other hand, it is remarkable to note the incongruence
that exists between the big amount of clinical and pre-clinical studies
over nDDS based on synthetic polymers, and the small amount of
approved FDA products based on these materials. According to these
assumptions, with exception of PEG conjugates and micelles, it was
therefore obvious that the synthetic polymers have not been classified
as good biomaterials for nDDS manufacture.

3.2. Drug entrapping techniques

During nDDS design, carrier manufacturing should be differentiated
from drug entrapping technique. The second one is commonly achieved
in parallel with the former one, but sometimes implies a completely dif-
ferent stage during global manufacturing process in order to reach an
encapsulation efficiency of 50% or nearly 100%. The other factor of con-
cern is the drug loading capacity and this depends on the type of the
drug (therapeutic efficacy versus toxicity) and the nDDSmanufacturing
process (i.e. drug–carrier interaction, solvents used or mechanical
loadings applied etc.) [145].

There are two groups of drug entrapping techniques:

(1) Passive trapping: These are techniques where drug and carrier
are co-dispersed in the same medium, in such a way nDDS for-
mation and drug loading happen at the same time. These pro-
cesses require organic solvents, sonication or high temperatures,
which could result in decreased encapsulation efficiency or bioac-
tivity losses [146].

(2) Active trapping (or remote loading): In this case, drug is loaded
after nDDS formation. Active trapping is significant when repul-
sion between drug and carrier exists. This is mainly used for the
loading of hydrophilic drugs inside the liposomes and it is
done via different techniques, either pH or potential gradients
technique or diffusion filling method. When pH or potential
gradients techniques are used, the interaction between the inner
and externalmedium leads to concentration equalization of differ-
ent species next to the membrane. Consequently the drug, com-
monly an acid or weak base, is dragged towards the inner region
of the nDDS [145,147,148], thus increasing its load value. For in-
stance, doxorubicin has been loaded in liposomes through pH
gradients [149,150] and ammonium ions gradients [151],
while camptothecin has been loaded in polymeric trilayered
nanoparticles using pH gradient technique [89]. Retention time
was increased in all cases. On the other hand, for diffusion filling
method, the nDDS is exposed to a drug solution, and by effect of
drug concentration difference it gets into the nDDS [152].

3.3. Encapsulating architectures

Selection of an encapsulating material is always done concurrently
with the encapsulating architecture selection in order to obtain optimal
release profile. Stability of the chosen system, possibility of regulation of
drug loading capacity, and nDDS size are factors that affect the release
profile, which we explain here in more detail. Low nDDS stability
induces burst release of drugs, and the effect ismore visible in polymeric
micelles. Polymeric micelles are colloidal particles composed of amphi-
philic block polymers, which are formed through ‘self-assembly’ that
occurs as the concentration of amphiphilic polymer increases. This phe-
nomena occurs only when the concentration is above a thermodynam-
ical critical value known as the Critical Micelle Concentration (CMC)
[153,154] The lower the CMC, the more stable the micelles are [154].
During the administration of the loaded micelles, the concentration
of the copolymer drops and particle dissociation occurs with fast
drug release. Therefore, to increase the global micelle stability, it is
necessary to increase the hydrophobic core stability either by in-
creasing the hydrophobicity, crosslinking or via electrostatic inter-
actions [155].

Drug loading level must be controlled to ensure prolonged release
times. However, if the loading amount is low, the release profile is
shorter and the need for multiple doses becomes necessary. From the
structural point of view, release mechanism depends on selected archi-
tecture. For instance, hydrophobic drug loading capacity in liposomes
can be increased by utilization of multi-lamellar liposomes [156].
Meanwhile, when dendrimers are used, drug loading capacity can be al-
tered by changing the number of brunch layers (generation number)
composed of a dendrimer [157]. For particles, this parameter can be
increased through size augmentation.

Finally, during the selection of encapsulating architecture, size is the
key point (Fig. 3). This parameter mainly determines clearance time
(Section 3.5). Though a wide variety of nDDS have been developed
(i.e. micelles, lipoplexes, nanorods, dendrimers, nanocapsules, biologi-
cal carriers and so on), the FDA approved systems namely liposomes
and polymer–drug conjugates are the predominant products in current
nDDS market and here we evaluate these two systems with examples.

3.3.1. Liposomes
Liposomes are the commonest lipid-based formulation for drug deliv-

ery and the most successful nDDS, known till date. There are more than
20 commercialized liposomal formulations and many more are under
clinical and pre-clinical trials [158,159]. Their success can be attributed
to the remarkable flexibility of lipid-based delivery systems, ability to
efficiently encapsulate both small molecules and macromolecules,



Fig. 3. Representative nanoengineered drug delivery systems and their sizes.

Fig. 4. Doxil®, in which (NH4)2SO4 gradient is used for loading and protonation of encap-
sulated Doxorubicin in such a way that the protonated drug inside the liposome has diffi-
culty in crossing the lipid bilayer which results in trapping efficiencies of N99%. Entrapped
water creates a hydrated barrier and protects the liposome from fast elimination.
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biodegradability and biocompatibility; possibility to be manufactured in
sizes down to 20 μm in diameter; and their interaction with membrane
components in a predictable manner [96].

Liposomes are concentric bilayered vesicles in which an aqueous
volume is entirely enclosed by amembranous lipid bilayer mainly com-
posed of natural or synthetic phospholipids and cholesterol. Hydrophilic
drugmolecules can be incorporated in the internal aqueous phasewhile
hydrophobic molecules are integrated into the bilayer membrane. Lipo-
somes are spontaneously formed when phospholipids are dispersed in
aqueous media due to the hydrophilic interaction of lipid head groups
with water, resulting in the formation of vesicles [121]. Liposomes can
be classified according to their lamellarity and size, or according to
their phylogenetic scheme [47]. When lamellarity is considered, they
are either unilamellar or multi-lamellar liposomes. The former ones
comprise just one lipid bilayer with diameters of 50–250 nm. They
contain a large aqueous core and are used for the encapsulation of
water-soluble drugs. Multi-lamellar vesicles are composed of several
concentric lipid bilayers in an onion-skin arrangement with diameters
of 1–5 mm. The high lipid content allows these multilamellar vesicles
to passively entrap lipid-soluble drugs. On the other hand, when
phylogenetic scheme is considered, liposomes are divided into two
subgroups: stealth or non-stealth liposomes. The high hydrophobicity
of liposomes induces a small clearance time (Section 3.5). Because of
this, some liposomes are conjugated with PEG in a manner to increase
their blood circulation time and are known as Stealth® liposomes.

Most of the commercialized liposomes encapsulate anticancer drugs
and among these,Myocet® andDoxil®,which encapsulate doxorubicin,
are the most famous formulations. Doxorubicin is an anthracyclin
produced by Streptomyces peucetius and used against a broad spectrum
of neoplasms, including breast, ovarian, stomach, bladder and broncho-
genic carcinomas [160]. It exerts its effect basically through inhibiton
of DNA and RNA synthesis [161,162]. Severe myelosupression and
cardiotoxicity among other consequences are its main side effects,
which were reduced when doxorubicin was encapsulated in lipo-
somes [101]. Initially, liposomal doxorubicin was encapsulated in
multilamellar liposomes, in which the drug was passively entrapped.
However, this formulation failed in following clinical trials mainly due
to the rapid drug release and clearance by reticuloendothelial system
in vivo [163]. Active loading was used to improve the drug loading effi-
ciency and formulation stability, bringing aboutMyocet® and Doxil® in
which doxorubicin was loaded by a pH and potential gradient, respec-
tively. Myocet® is comprised of egg phosphatidylcholine and cholester-
ol whereas Doxil® uses hydrogenated soya phosphatidylcholine and
cholesterol. However, the major advancement of Doxil® over Myocet®
is its coatingwith PEG, which significantly improves its pharmacokinet-
ic profile (Fig. 4). In a pharmacokinetic study of doxorubicin loaded
liposomes, free doxorubicin had an elimination half life of 0.2 h
and an area under the plasma concentration-time curve (AUC) of
3.81 mg h/ml, compared with 2–3 h and 46 mg h/ml for Myocet® and
with a further increase to 41–70 h and 902 mg h/ml for Doxil®. Both
Myocet® and Doxil® significantly reduced the toxic effects of doxorubi-
cin [47]. Furthermore, Myocet® formulation releases more than half of
its associated doxorubicin within 1 hour of intravenous administration
and more than 90% of its entrapped contents within 24 h, whereas
Doxil® releases less than 10% of the encapsulated doxorubicin within
24 h of administration [164]. This difference is also reflected in the tox-
icity studies performed by Waterhouse et al. using animal models,
where they found Myocet® as more acutely toxic than Doxil® [160].
However, Doxil® produces specific toxicity called the plantar
eryhtrodysaesthesia (PPE), which is a painful desquamating dermatitis
which primarily affects hands and feet, and consequently implies that
the maximal tolerated acute dose of Doxil® is lower than that of free
doxorubicin for patients treated at short dose intervals of 3 weeks
[165]. It must be highlighted that the equivalent survival rates between
liposomes and free drugs were found in different studies, suggesting
that the advantage of Myocet® and Doxil® lays only on the reduction
of toxicities [101]. Besides that, the encapsulated anti-cancer drugs rep-
resent the majority of liposomal products, while there are other prod-
ucts like Ambisome®, which encapsulates antifungal drug, Depodur®
which encapsulates morphine, (analgesic) and Visudyne®, which
encapsulates verteporfin, a drug against macular degeneration.

There are much more liposomal systems under clinical phase II and
III than other types of nDDS. Among them, ThermoDox® is the first
heat-activated formulation of temperature-sensitive liposome that en-
capsulates doxorubicin. ThermoDox® is comprised of three synthetic
phospholipids: DPPC (1,2-Dipalmitoyl-sn-glycero-3-phosphocholine),
MSPC (1-Stearoyl-2-hydroxy-sn-glyceSro-3-phosphocholine), and
DSPE-MPEG-2000(1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-
N-methoxypolyethyleneglycol-2000) [15,25]. ThermoDox® selectively
releases its doxorubicin content when exposed to temperatures above
39.5 °C, due to its relatively low phase transition temperature (Tm).
Tm is the temperature required to induce a change in lipidic chains
fromordered gel phase, where the hydrocarbon chains are fully extend-
ed and closely packed, to the disordered liquid crystalline phase, where
the hydrocarbon chains are randomly oriented and fluid. This tempera-
ture is reached commonly by heating the tumor with radiofrequency
electromagnetic waves.

3.3.2. Polymer–drug conjugates
Polymer–drug conjugates occur as a result of covalent bonding be-

tween a polymer and a drug, where PEG is the most commonly used
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polymer until now [76]. Conjugation increases drug stability and solu-
bility while it reduces drug immunogenicity, specially of proteins or
peptide drugs which are liable to be quickly metabolized inside the
body [166]. Also, it increases clearance time through hydrodynamic
radio augmentation and particles concealing, which avoids renal filtra-
tion. If hydrophilic polymers are used, the clearance time might get in-
creased. Nevertheless, conjugation can induce drug bioactivity losses
due to obstruction of active site by covalent binding with conjugation
polymer [44]. An example of commercialized conjugate is Oncaspar®,
(encapsulates asparaginase, a drug used for leukemia treatment),
which was approved by FDA in 1994. Asparaginase is an enzyme that
catalyzes the decomposition of asparagine (a natural amino acid) to
aspartic acid and ammonia. Asparagine is considered a non-essential
amino acid but certain leukemias and other malignancies are unable
to synthesize aspargine due to the lack of asparaginase synthetase activ-
ity. Therefore, asparagine becomes an essential amino acid for these
cells which are dependent on extracellular sources of asparagine to be
able to complete protein synthesis. When asparagine is depleted by
the activity of asparaginase in plasma, these cells cannot derive aspara-
gine from extracellular sources tomaintain protein synthesis, providing
the basis for selectivity of asparaginase againstmalignant cell. However,
the use of naked asparaginases has been limited by a high rate of hyper-
sensitivity reactions and development of anti-asparaginase antibodies,
which neutralize its activity. Clinical trials (I and II) demonstrated that
the mean half life time of PEGylated asparaginase was 357 h compared
to 20 h for naked drug, which consequently implies that a single dose of
PEG-asparaginase can replace 6–9 doses of native E. coli asparaginase
injections. PEGylated asparaginase also reduced the toxicity in adults,
but in kids despite the PEGylation, hypersensitivity reactions remain
the main concern of toxicity [27,167,168]. Besides this consequence, it
is still used as a primary drug for clinical trials in children because of
its longer half life and reduced number of doses.

Unlike liposomes, whichmostly encapsulate antitumoral molecules,
conjugates cover a wider spectrum of therapeutic agents. For instance,
Omontys®, a formulation that conjugates PEG with recombinant
human erythropoietin (rHuEPO), is used for the treatment of anemia
in patients with chronic kidney disease [8]. In the past two decades,
pharmacological research has made a great effort in finding new agents
with longer half-life and reduced receptor affinity compared to recom-
binant human erythropoietin (rHuEPO). This has been done bymodify-
ing the EPO molecule through changes in the aminoacid sequence and
increase in the glycosylation pattern by addition of a PEGylated moiety
(high-molecular weight erythropoietins) or more recently, by creating
simpler molecules other than those with an EPO structure. rHuEPO is
another option developed for achieving long half life time, consists of
Omontys®, a small dimeric peptide conjugated to PEGylated moiety
with a sequence completely unrelated to EPO and with a much lower
molecular weight [30]. Omontys® has a half-life period between 21.5
and 59.7 h [169]. Clinical trials did not register any side effects, but
recently (February 2013) there was a product recall of Omontys®
due to the hypersensitivity reactions among patients, including life
threatening and fatal events [30] and the reasons are still unknown.

3.4. Biodegradability

Using biodegradable materials is not an essential requirement for
nDDS preparation. However, because of the toxicity related problems
associated with liver and spleen, as well as the discomfort related to
non-biodegradable materials, most of the currently used materials are
biodegradables. As was exposed previously, biodegradation of nDDS is
the dominant drug releasemechanismover diffusion, and hence its con-
trol is key for temporal release profile. Biodegradation mechanisms
mainly depend on the carrier material. For instance, liposomal and
polymeric degradation rely on hydrolysis and peroxidation initiated
by substances secreted bymacrophages and other elements that belong
to complementary system [121,170–172]. Enzymatic degradation of
liposomes during blood circulation is not a significant process of biodeg-
radation [173]. In general, oxidation is a slow process given that oxida-
tive agents are produced by biological agents in small quantities and it is
difficult to control. On the other hand, hydrolysis is a fast mechanism
that can be controlled. In liposomes, hydrolysis is diminished via
PEGylation [173], whereas for polymers the hydrolysis of polymers is
highly dependent on the molecular structure and crystallinity. The
more crystalline the polymer is, the lower the hydrolytic degradation
rate of the polymer [76].

Biodegradation can be distinguished by the manner of erosion, like
bulk and surface erosion. In surface erosion, biodegradation proceeds
only at the surface such that themolarmass of the residual remains con-
stant, while a fast mass loss is observed. In bulk erosion the mass loss is
retarded but the molecular weight drops very fast due to degradation
throughout the whole material [76]. The speed of degradation is also
dependent onmany factors such as the copolymer composition, autoca-
talysis by acidic degradation products inside a matrix and the presence
of proteolytic drugs or other excipients. However, the impact of these
parameters that increase or decrease the degradation velocity are not
exactly clear [174].

PLGA-based nDDS offer various advantages as biodegradable
systems, such as the possibility to control the resulting drug release
accurately over prolonged periods of time, ease of administration,
good biocompatibility and complete erosion [57]. However, its main
mechanism of degradation is bulk erosion, which implies more inten-
sive contact with the encapsulated drug. The degradation of PLGA is ac-
celerated by an autocatalysis phenomena induced by the acidic pH
produced by acidic residues of PLGA [57]. This acidic microclimate dur-
ing degradation causes stability problems especially with acid-labile
drugs (e.g. proteins) [175,176], and inflammatory processes. To solve
this problem, alkaline salts or buffers were integrated to the polymer
matrix [76], copolymerization of PLGA (or PLA) with hydrophilic
domains such as PEG [177,178] forming di- or triblockcopolymers, or
PLGA was replaced by poly(anhydrides), which undergo into surface
erosion such that avoiding excessive interaction with the drug [179].

3.5. nDDS clearance time

Immediately after administration, nDDS can follow different routes
(Fig. 5). The first and foremost thing expected of the nDDS is to circulate
and extravagate until they reach the target tissue. However, unwanted
interactions might also occur during this process that could lead to
nDDS clearance from the body. For instance, interactionwith endotheli-
al walls occurs if the nDDS is cationic, and it inhibits systemic distribu-
tion and might leads to occlusion. Disintegration and decomposition
of the nDDS are also possible, with consequent elimination from blood
torrent through mononuclear phagocyte system (MPS), renal and lung
filtration. Finally, nDDS might interact with plasma proteins and blood
cells, leading to platelet aggregation, complementary system activation,
or opsonization followed by phagocytosis or sequestration. Among
these, opsonization is the most important phenomena and it is this
process by which a foreign body is covered by opsonin proteins in
such a way that they become more visible to phagocytic cells. The
above mentioned processes are the route for clearance of foreign
elements with sizes over critical value for renal filtration [180,181].

3.5.1. Factors affecting opsonization
Charge, molecular size and hydrophobicity are the factors that

directly affect the opsonization process. It has been demonstrated that
non-ionic particles are less opsonized than charged particles, and
among the positively and negatively charged particles, the former
ones interact more intensely with plasma proteins, cell membranes
and connective tissues [73,182,183]. It is important to highlight that
the charged particles show better internalization efficiency against
neutral ones [73]. Hydrophobicity influences both the amount of
opsonization and the identities of bounded plasmatic proteins on



Fig. 5. Routes followed by nDDS after blood administration. (1) Extravasation through endothelia followed by nDDS uptake (2) nDDS can also be decomposed during circulation and the
encapsulated drug gets degraded before internalization (3) Non specific adhesion of cationic carriers to negative endothelia of blood vessels leading to occlusion of the vessel (4) Platelet
aggregation, an undesired event, which increase the risk of embolism (5) Opsonization with opsonin protein (6) activation of complement system leading to degradation and
(7) phagocytosis.
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particle surface, which affects the type of receptors with which the
particles can interact [180,184,185]. The higher the hydrophobicity is,
the faster the opsonization and clearance. It is the molecular size that
determines whether the particles get filtered renally or not. DDS with
a hydrodynamic radio of less than 150 nm [73,186,187] are rapidly
eliminated through kidneys with almost no extravasation towards tis-
sues [188]. Over this value, the MPS can act on them. Some researchers
have also demonstrated that the smaller particle size show slower elim-
inations by theMPS [73,180,185], thus increasing their accumulation in
targeted tissues.

3.5.2. Stealth nDDS
nDDS against microDDS have a short blood circulation time after

systemic administration, which leads to minimized therapeutic effects.
However, this problem was solved by surface modification through
conjugation of nDDS or naked drug with PEG chains, the standard
conjugation polymer. This surface treatment seeks to “hide” nDDS
from MPS so that the opsonization degree is reduced [189–191].

PEG is a hydrophilic and bioinert polymer that functions as “proteic
repellent” due to its flexible chains, high number of possible conforma-
tions and hydration degree. In this way, PEG sterically prevents non-
specific interactions with biological medium and at the same time
increases solubility, biocompatibility and circulation time as well as
decreases platelet aggregation and immunogenicity. Furthermore, PEG
is useful to get conjugated with small particles (i.e. enzymes, cytokines
and antibodies) and thus increase their molecular sizes over renal
filtration threshold. However, the disadvantage of PEGylation is that it
decreases the internalization efficiency [189,192]. Until now, PEG is
considered as the “gold standard” polymer for production of stealth par-
ticles. Currently, there are many commercialized nDDS that use PEG as
stealth polymer (i.e. Doxil®, Xyotax®, Lipoplatin®). Nevertheless, mul-
tiple efforts have been done towards the introduction of choices with
better compatibility and circumvention PEG patents. For instance,
poly(hydroxypropyl methacrylate) is another polymer used for stealth
and is currently under clinical trials (conjugated with doxorubicin,
camptothecin and paclitaxel) [193]. Also, the use of bolaamphiphilic
molecules for preparation of liposomes is a promising option to replace
PEG. They are a unique class of lipids that bear two hydrophilic head
groups situated at both ends of the hydrophobic domain, leading to
the formation of a monolayer lipid-based membrane, increase the
water solubility and produce higher clearance times. These structures
are potentially more stable than classical bilayer liposomes and are
less likely to fuse with each other or with cell membranes due to their
reduced lipid exchange [16].

4. Specific targeting and control

The main advantage of nDDS over macrosystems is their ability to
not only control the temporal release profile of drugs but also their spa-
tial distribution in a precise manner. This property is known as specific
targeting and can be achieved by twomechanisms, namely passive and
active targeting.

4.1. Passive targeting

Passive targeting is the employment of some pathophysiological
features of targeted tissue that allow accumulation of nDDS and drug
release inside it, without using any ligands or external stimuli. For
instance, the negative charge of mucosal membrane of some tissues
(e.g. ocular, respiratory and gastrointestinal) [194–196] as well as the
increased vascular permeability of infected and inflammed tissues
[197] are the common pathophysiological features for passive targeting.
The most applied pathophysiological phenomenon is called the En-
hanced Permeability and Retention Effect (EPR) [198], which happens
in tumors. It involves extensive angiogenesis, high vascular density, de-
fective vascular architecture, impaired lymphatic clearance from the in-
terstitial space of tumor tissue and increased permeability induced by
various vascular mediators. The pore size of tumor vasculature range
between 100–1000 nm, whereas the healthy vasculature pore size is
around 10 nm [199]. The aforementioned points imply that nDDS will
highly accumulate inside the tumors than in other tissues, and this
serves as the basic functioning mechanism of almost all commercial
nDDS for chemotherapy (i.e., Doxil®, Abraxane®andMyocet®), though
it is not enough to ensure an efficient cell uptake of the drug.
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4.2. Active targeting

In active targeting, the targeting ligands are grafted to the nDDS
surface. The ligands are recognized by the target cells and interact
with cognate receptors, thus mediating cell specificity and sometimes
even enhancing the nanoparticle uptake. Different types of ligands
such as the antibodies [200–203], growth factors [204,205], vitamins
[206], carbohydrates [207,208] and aptamers [209,210] have been
successfully tested in vitro.

Active targeting is not a targeting method (per se) and hence it can-
not happen without the occurrence of passive targeting first. Therefore,
all the nDDS reach target tissue through the passive targeting. Ligand
addition do not increase the quantity of nanoparticles that accumulate
within the target tissue but only increase the nanoparticle uptake effi-
ciency that previously reached the target cell through passive process.
This would alsomean that the active targeted nDDSmakes sense for tis-
sues that can be previously accessed by passive way. For this reason, in
many active targeted tissues therewere either noor small improvement
in comparison with passive systems, even if there was premature con-
tent release, low penetrability, no internalization or low receptor densi-
ty at targeted cells. An additional drawback is that ligand utilization
increases immunogenicity and proteic adsorption. Due to these reasons,
there are only a few of active targeted nDDS that are under advanced
clinical trials [15,211,212]. In tumors, for an effective active targeting,
successful extravasation followed by an effective penetration is neces-
sary until it reach the targeted cell. The first phenomenon can be hin-
dered by different heterogeneities of each patient (i.e. partial increase
of tumor vasculature permeability), whereas the second one can be
stopped because of high interstitial pressures, high number of pericytes
(or smooth muscle cells) surrounding vessels or high cell density [15].
All the above mentioned facts hamper the clinical approval of active
targeted nDDS.

5. Manufacturing techniques

Selection of the manufacture technique is a key point for nDDS de-
sign because it can affect the response and release of drugs. For instance,
system deformation might happen during mechanical loading involved
in the process, or bioactivity changes might occur by interaction of
materials with organic solvents. Also, scaling up of the technique must
be taken into account to ensure successful industrialization. Table 4
presents a summary of the main DDS manufacturing techniques.

5.1. Conventional nDDS fabrication techniques

5.1.1. Nanoprecipitation
Nanoprecipitation, also called as the solvent displacement method,

is one of the most commonly used methods for nDDS fabrication. Typi-
cally, this method is used for hydrophobic drug entrapment, but it has
been adapted for hydrophilic drugs as well. It is performed by adding
an organic solution which contains the carrier material and lipophilic
drugs into an aqueous solution in a drop-wise manner under constant
stirring. Nanoparticles containing drugs form instantaneously as the
organic solvent diffuses to the aqueous phase. Finally, the solvent is re-
moved under reduced pressure and particles are obtained (Fig. 6) [128].
The miscibility of the solvent with water is the most critical parameter
governing the outcome of this process. The rate of solution addition
and stirring speed also influence the size and drug loading level. Particle
size formed by this method is around 200 nm, which is typically smaller
than those produced by other processes. This method can be applied to
a wide range of polymers, peptides and amphiphilic cyclodextrins.
However, scaling up of the process might turn inefficient due to the
pattern of drop-wise addition required during this process. High loading
efficiencies are generally reported for lipophilic drugs using this meth-
od, but its usefulness is limited to water-miscible solvents [155,213].
5.1.2. Methods based on Emulsification
This group ofmethods is also known as two-step nDDS formation. In

the first step, the organic phase containing the carrier material and
drugs are vigorously agitated or sonicated in the aqueous phase to
form emulsified droplets. Depending on the emulsified system (from
nanoemulsion to macroemulsions) used, the eventual particle size and
drug loading varies. Double emulsions are also used for the preparation
of core-shell vesicular structures. In the second step, the solvent is elim-
inated by evaporation, diffusion or salting out (Fig. 6), and finally the
particles are precipitated out. The application of emulsification tech-
niques are greatly limited due to its disadvantages like working with
toxic solvents (i.e. dichloromethane, chloroform) and the requirement
of high energy apparatus (i.e. ultrasound probe or homogenizer). In
contrast, nanoprecipitation involves spontaneous formation of particles
and it does not require a source of external energy and uses less toxic
organic solvents [214].

5.1.2.1. Emulsification-solvent evaporation. Emulsification-solvent evapo-
ration is the most common technique where solvent elimination is
possible. In thismethod, the carriermaterial is dissolved in a volatile sol-
vent and emulsified in an aqueous phase. Formation of nDDS is achieved
by evaporation of the solvent under reduced pressure. Further, the so-
lidified nanoparticles can be collected by ultracentrifugation and
washed with distilled water to remove additives such as surfactants
and finally, the product is lyophilized [213]. In the past, dichlorometh-
ane and chloroform preformed polymer were widely used, but
nowadays they are replaced with ethyl acetate due to its better toxico-
logical profile [213]. Nevertheless, this is a slow process compared to
nanoprecipitation, which happens in milliseconds. The size of nanopar-
ticles drops to minimal during the first 40 min, and increases in the
second 40 min due to coalescence of emulsion droplets [215]. It is the
coalescence that determines the final particle size which is largely de-
pendent on the evaporation conditions. Adjusting solvent evaporation
conditions such as the temperature and pressure would improve the
quality of the nanoparticles. The use of a surfactant such as sodium do-
decyl sulphate (SDS) or poly(vinyl alcohol) (PVA) might also minimize
the coalescence effect and produce smaller nanoparticles [216].

Emulsion-solvent evaporation is widely used to encapsulate
lipophilic drugs. However, the loading level for hydrophilic drugs,
such as proteins and peptides is generally poor due to the diffusion of
hydrophilic drug into the aqueous phase before the polymer can solidify
to entrap the drug. To overcome this problem, water-in-oil-in-water
(W/O/W) double emulsion is used to reduce the loss of drug and also
to preserve the bioactivity of delicate drugs such as proteins in the
aqueous phase [155].

Emulsification-solvent evaporation is the most common technique
for PLGA-based nDDS manufacture [43]. Andreas et al. encapsulated in-
sulin in PLGA particles through this technique. Insulin was intended to
be used as growth factor for cartilage tissue. To reach that aim, they pro-
posed the application of emulsification-solvent evaporation method.
Three different approaches that differed in the sequence of solvents
added were applied in this work: (i) solid-in-oil-in-water (s/o/w),
(ii) water-in-oil-in-water (w/o/w), (iii) oil-in-oil-in-water (o/o/w).
The W/O/W, as demonstrated as the most appropriate technique, pro-
duced high encapsulation efficiency and low initial burst release. Insulin
released from these particles stimulated proteoglycans and collagen
type II secretion that eventually supported cartilage formation [217].

5.1.2.2. Emulsification-solvent diffusion. In this method, the carrier is
dissolved in a partially water-miscible solvent (eg., benzyl alcohol, pro-
pylene carbonate). This is mainly carried out to promote diffusion of the
solvent of the dispersed phase due to its dilution with excess amount
of water. A typical emulsification method is then used to produce oil-
in-water (O/W) emulsion droplets from the water-polymer saturated
solvent. The dispersed droplets are then diluted using copious amounts
of water containing a stabilizer. The diffusion of organic solvent out



Table 4
Summary of main DDS manufacture techniques.

Manufacture Techniques

Conventional Non Conventional

Nanoprecipitation Solvent Evaporation Solvent Difussion Salting Out Microfluidics Top-Down techniques Electrospraying

Simplicity Medium High Medium High Low Low High
Scalability Low Low Low Low High High Medium
Safety of Compounds Low Low Low High High Medium Medium
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from the droplets leads to the condensation of materials within
the droplet and NPs are formed. Finally, the solvent is eliminated by
evaporation or filtration, depending on its boiling point. The solvent ex-
traction process takes places within a few milliseconds, causing a drop
in particle size. In general, the diameter of particles prepared by this
method is around 150 nm. Due to the fast solvent extraction kinetics
and well-defined solvent–water interaction, the physical properties of
nDDS prepared by thismethod is highly reproduciblewhile the polydis-
persity is significantly lower than nDDS prepared by other conventional
methods [155,213].

Emulsification solvent-diffusion is suitable for hydrophobic drugs.
For instance, Know et al. encapsulated estrogen in PLGA nanoparticles
by using this method. These researchers used propylene carbonate as
a partially water-soluble solvent, which was removed by dialysis after
its diffusion towards aqueous phase and studied on the stabilizer effect
towards particle sizes. Their results showed an encapsulation efficiency
of 67% and particle sizes to range from78 and 204nm, dependingon the
type of stabilizer used [218]. High entrapment efficiency (generally
N70%), high batch-to-batch reproducibility, and the use of low toxicity
solvents are advantages of the method. However, the disadvantage of
the method includes usage of copious amounts of water followed by
its elimination from the suspension.

5.1.2.3. Emulsification-salting out. Emulsification-salting out is a deriva-
tive of the emulsification-solvent diffusion method. In this case, the
organic solvent (e.g., acetone) used is totally miscible with water. The
polymer-containing solvent is emulsified in an aqueous phase contain-
ing high concentration of a salt (magnesium chloride, calcium chloride)
Fig. 6. Conventional DDSmanufacturing techniques. (A) Nanoprecipitation (B) Emulsification-b
in the first step. In the second step, different methods are applied to remove the solvent and p
or sucrose. The saturated aqueous solution prevents acetone from
mixing with water. Dilution of the emulsion droplets with large
amounts of water results in an abrupt drop of salt concentration within
the continuous phase, leading to the extraction of organic solvent and
precipitation of NPs. This method works exclusively for lipophilic
drugs. The choice of salting-out agent greatly influences the size of the
particle and drug encapsulation efficiency, whereas mechanical mixing
and stabilizer concentration had little effect. Themain advantage of salt-
ing out is that it minimizes stress to protein encapsulants. Moreover,
salting out does not require an increase of temperature hence beneficial
for processing of heat sensitive substances. Emulsification-salting out
also helps to avoid the use of organic chlorinated solvents and large
amounts of stabilizer during formulation. High drug loadings can be
achieved, depending on the solubility of the drug in acetone and on
the nature of the salting-out agent. The greatest disadvantages include
its exclusive application to lipophilic drugs and the extensive washing
of nanoparticles [155,213].The use of acetone and large amounts of
salts may raise some concern about recycling of the salts and compati-
bility with active compounds [214].

5.2. Non conventional techniques of fabrication

Conventional nDDS fabrication techniques have many disadvan-
tages, such as particle-size polydispersity, low drug-loading efficiency,
difficulties for incorporation of hydrophilic drugs and batch-to-batch
variations [145,219]. For instance, the final size of the nDDS generated
by emulsion-based technique is directly determined by the size of the
emulsion droplets, which itself could be very heterogeneous during
asedmethods. Emulsified oil-in-water droplets containing polymer and drugs are formed
recipitate nanoparticles. (i) Salting out (ii) Solvent diffusion (iii) Solvent evaporation.

image of Fig.�6


Fig. 7. Non conventional techniques (A) Schematics of microfluidic device for siRNA-loaded liposome manufacture. Figure reproduced with copyright permission from Belliveau et al. [220]
obtained from NPG (B) Schematics of Electrospraying set up (C) Method of Particle replication in Non-wetting Template (PRINT®).
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bulk mixing. Below are the described techniques that solve some of
these problems. Fig. 7 shows a graphical summary of them.

5.2.1. Microfluidics
Microfluidics is themanipulation offluid in nano/picoliter scale chan-

nels, and it presents exciting opportunities to improve the fabrication of
nDDS. There are different approaches: flow-focusing configuration, in-
flow focusing and concentric capillaries (Fig. 8). The most common is
the flow-focusing approach, where basically two streams containing
continuous and disperse phases are infused into two separate inlets,
and the disperse phase is confined to isolated droplets or narrow stream
at T-junction. This approach is mainly used for polymer based nDDS
whereas liposomes are produced through electroformation-based
microfluidic systems.

The second one involves spreading lipids dissolved in an organic
solvent, such as chloroform, on the surface of a planar electrode and
subsequent evaporation of the solvent by vacuum dessication to form
a dry phospholipidic filmwhich is immersed in an aqueous solution. Fi-
nally, an electrical field is applied across the lipid film and surrounding
buffer. The lipids interact with the aqueous solution and electric field by
“peeling off” the electrode surface in layers and self-assembling into
giant but polydisperse, multilamellar vesicles (Fig. 7A). Emulsification-
based, extrusion-based and pulsed-jeting microfluidic configurations
are also used for liposome manufacturing [221]. Belliveau et al. [220]
encapsulated small interfering RNA (siRNA) in liposomes through
emulsification-based microfluidic device. This liposomal formulation
can silence therapeutically relevant genes in a variety of animal models
Fig. 8.Microfluidic approach (A) Flow focusing, (B) T-junction, and (C) Concentric capillaries.
and are in clinical trials for treatment of cardiovascular disease, liver
cancer and other disorders. Basically, lipids dissolved in ethanol and
siRNA in aqueous solution were pumped into the two inlets of the
microfluidic mixing device using a syringe pump. The shape of the
channels (herringbone structure) induce chaotic advection of the lami-
nar streams causing rapid mixing of the ethanol and aqueous phases
with corresponding increase in the polarity of the lipid solution. At
a critical polarity, liposomes get precipitated. Microfluidics devices
are also used for the production of polymeric nanoparticles [222],
polymersomes [223] and polymeric conjugates [224] among other
architectures.

The general benefits of conducting reaction in microfluidics chips
include rapid mixing of reagents, reaction flexibility for multi-step
reaction design, enhanced processing accuracy and efficiency, better
heat transfer due to high surface-to-volume ratio, miniaturization, cost
savings from reduced consumption of reagents and better controllabili-
ty over the physical properties of drug carriers. Also, it allows for on-line
quality control and is amenable to scale-up [155,225].

5.2.2. Electrospraying
Electrospraying, also called EHD atomization (EHDA), is a promising

technique for preparation of micro- and nanoparticles suitable as drug-
delivery systems. The typical electrospraying setup consists of three
main components: high-voltage power supply, spinneret, and conduc-
tive plate as collector, as can be seen in Fig. 7B. The principle of
electrospraying is based on the theory of charged droplets; stating
that an electric field applied to a liquid droplet exiting a capillary is
Figure reproduced with copyright permission from Zhang et al. [155] obtained from Elsevier.
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able to deform the interface of the droplet. The electric charge generates
an electrostatic force inside the droplet which competes with the
surface tension of the droplet, forming the Taylor cone, characteristic
of a charged droplet. Eventually, the electrostatic force, generated by
the use of high voltage on the capillary, is able to overcome the surface
tension of the droplet. The excess charge then needs to be dissipated
and smaller charged droplets on the micro to nano-scale are ejected
from the primary droplet, thus reducing its charge without significantly
reducing itsmass. Due to Coulomb repulsion of the charges, the droplets
disperse well and do not coalesce during their flight toward the collec-
tor. Once the droplets are ejected from the Taylor cone according to the
theory of charged droplets, solvent evaporation leads to the progressive
contraction and solidification of droplets resulting in solid polymeric
particles deposited on the collector [226–228]. In general, it is also the
same setup that can be used for electrospinning of nanofibers, with
modification of parameters such as solution properties, voltage applied
or distance from tip to collector are modified. Many authors reported
the use of electrospunmats as successful nanoengineered drug delivery
systems [229,230]. Nanofibers possess high surface area with ability to
incorporate a wide range of drugs and have the ease of fabrication,
thus serving as a platform for controlled drug release. Nevertheless,
they lack the features for passive targeting, which is the main property
of the nDDS and hence they are not discussed further in this review.
So far, with this technique only polymeric nDDS have been obtained.
For example, Xie et al. encapsulated paclitaxel in PCL and PLGA
electrosprayed nanoparticles. Depending on the flow rate, molecular
weight of the polymer and solvent used, the encapsulation efficiencies
varied between 78 to 82%, while loading capacities varied from 8 to
16% [231]. Albumin [232,233], PLA [234] and chitosan [235] are also
electrosprayed for drug delivery applications. The main advantages of
EHDA over other conventional encapsulating methods are higher
loading efficiency, narrow particle-size distribution, and ease of particle
synthesis due to single-step processing. Furthermore, electrospraying
would eliminate the need for using a surfactant or additional template
[227].

5.2.3. Top-down techniques
As discussed earlier, the capacity to achieve large size differences

and shape variation is greatly limited by the nature of the self-
assembly process. Consequently, the top-downmethods are considered
attractive because of its ability to produce particulate DDS with well-
controlled size and shape.

5.2.3.1. Particle replication in non-wetting template (PRINT). PRINT®
(Fig. 7C) first introduced in 2005, is a top-down technique to fabricate
monodisperse particles with precise particle structures. A non-wetting
perfluoropolyether (PFPE) elastomericmold containingwells or cavities
of predefined shape and size is used to fabricate particles. The polymer
liquid solution containing the cargo is confined in the cavities by
pressure applied between the mold and the PFPE surface, followed by
crosslinking or solvent evaporation [236]. The low surface energy of
PFPE prevents the overflow of polymer solution to non-cavity regions,
leading to well-isolated NP formation. Using this method, particles
from 80 nm to 20 μm are produced. Fabrication and applications of
PRINTwere described earlier by DeSimone and co-workers [236]. How-
ever, PRINT® technology has no significant influence on the pharma-
ceutical market, though it is an interesting approach that utilizes an
available technology for the large-scale production of nanostructures.

From the aforementioned techniques (Table 4), and considering FDA
approval as a target for design, electrospraying and microfluidics repre-
sent the best choice for nDDS manufacture. Indeed, the former one
could be used at a laboratory stage for optimization of nDDS due to its
low cost, time and easiness, whereas the second one could be applied
at an industrial stage, based on the results obtained for electrosprayed
nDDS.
6. Conclusion

Further to the approval and consequent commercialization of
AmBisome® in the 1990s, competition between the pharmaceutical
companies was triggered. Many new nDDS have been investigated
(e.g. polymersomes, micelles, dendrimers) and approved (e.g. albumin
nanoparticles, micelles, PEGylated liposomes) since then, but liposomes
keep leading the nDDS market. Thanks to their biodegradability,
biocompatibility, predictable interaction mechanism with membrane
components, and ability to efficiently encapsulate a wide range of mol-
ecules. The design of successful nDDS implies not only in understanding
the effect of multiple parameters affecting the release profile, but also
other factors such as the possibility of scaling-up the manufacturing
processes and product safety considerations. For instance, synthetic
polymeric nanoparticles seem to be promising nDDS due to the ease
of regulation of their release profiles and the possibility of using scalable
manufacture techniques, but the inflammation produced by the acidic
microenvironment after degradation and the intense interaction be-
tween drugs and carrier material during bulk erosion is delaying their
clinical approval. The success of nDDS design must be centered on a
clinical perspective aiming towards its commercialization. The transfer
of knowledge from the academicworld to the industrial one is expected
to reach a climaxwith competition, and the real life nDDS that cause less
pain will be embraced by the patients.
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