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Abstract—Modern pharmaceutics are actively developing towards the design of targeted drugs. The develop-
ment of selectively acting formulations requires the creation of smart delivery systems based on carriers that
would first find the target cells and enter them and then release the active substance locally. Nanoparticles of
biocompatible and biodegradable polymers can be effectively used as such carriers. Flexible regulation of the
molecular structure and architecture of polymers, as well as the modification of nanoparticles with vector
molecules, allows one to construct carrier particles for the development of nanoformulations for active agents
of various nature. This review presents the main approaches to the design of nanoformulations for targeted
delivery, describes the methods for the preparation and study of nanoparticles based on hydrophobic and
amphiphilic biodegradable lactide polymers, and discusses the effect of the molecular structure and prepara-
tion conditions on the characteristics of nanoparticles in detail. Some results of research in this area of the
Kurchatov complex of NBICS nature-like technologies are also presented.
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INTRODUCTION

The development of nanotechnology has opened
up fundamentally new opportunities for the design of
drug delivery systems [1, 2]. The creation of complexes
based on nanoparticles-carriers and biologically active
agents allows one to solve a whole range of problems
inherent in traditional dosage forms and significantly
improve their therapeutic efficacy. Besides reducing
side effects, increasing the solubility, stability and bio-
availability of pharmaceutical compounds, nanomed-
icine technologies can provide selective (targeted)
delivery of an active compound to a diseased organ or
tissue, its prolonged release, and overcoming various
biological barriers, such as blood—brain barrier [3].
Approaches for programmed “on demand” drug
release from a nanoparticle (NP) under the influence
of an external stimulus were developed [4]. The field of
nanoteranostics, the development of nanoforms that
combine both diagnostic and therapeutic functions, is
actively developing [5]. The high cost and long-lasting
process of searching and synthesizing new biologically
active molecules make the development of more effec-
tive and safe dosage forms of already existing pharma-
ceutically active substances urgent.

Nanoparticles used in pharmaceutics are defined
as colloidal particles ranging from 10 to 400 nm, in
which the active agent is dissolved, loaded, sorbed,
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encapsulated, or covalently bound. To date, a wide
range of carrier nanoparticles of various nature and
structure has been developed: dendrimers [6], lipo-
somes [7, 8], polymeric NPs [9—11], inorganic com-
pounds [12], etc. Biodegradable polymers are of par-
ticular interest for the development of drug delivery
systems: carriers based on these polymers degrade
after performing their function and do not harm the
body. There are various natural and synthetic biode-
gradable polymers, among which lactide based poly-
mers are widely used. The properties and degradation
rates of these materials can be controlled by changing
the molecular weight, enantiomeric composition
(content of L- and D-Ilactide in the polymer chain), by
the copolymerization with other cyclic ethers (gly-
colide, e-caprolactone, etc.), modification of end
groups, and various types of post-processing. Polylac-
tide and its copolymers are most often used for the
manufacture of implants, scaffolds, and drug delivery
systems due to their excellent biocompatibility and
synthetic flexibility, which provides synthesis of the
materials with predetermined properties and degrada-
tion times from several weeks to several years. Copoly-
mers of D,L-lactide with glycolide (PLGA) with a rel-
ative composition of 50 : 50 and 75 : 25 are most often
used to obtain polymer micro- and nanoparticles due
to their good solubility and rather rapid degradation.
Many drugs based on them were developed and
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Fig. 1. (Color online) The schematic structure of nanoso-
mal delivery system.

entered the market. These hydrophobic polymers are a
good reservoir for loading hydrophobic active agents
into them, whose release occurs through diffusion and
is further accelerated at later stages due to polymer
degradation. Various amphiphilic compounds (copo-
Ilymers of propylene oxide with ethylene oxide:
pluronics, polyvinyl alcohol, etc.) are used to stabilize
hydrophobic PLGA-based NPs.

The development of synthesis methods led to the
design of amphiphilic biodegradable polymers with a
covalently bond hydrophobic polylactide block and a
hydrophilic polyethylene oxide block. Such copoly-
mers are capable of self-assembly into various nano-
structures (micelles, particles, polymerosomes, etc.),
whose morphology and size are determined by the
molecular structure and architecture of the block
copolymer, and also largely depends on the method of
NP obtaining. The same parameters allow one to con-
trol the loading efficiency and release kinetics of a
pharmaceutical agent. A wide range of tools provides
high flexibility for developers for designing of a nano-
formulation for targeted delivery of active molecules of
various natures.

1. BASIC PRINCIPLES
OF NANOFORMULATION DESIGN

The structure of a drug nanoformulation is repre-
sented by a hydrophobic core and a stabilizing shell
modified by vector molecules that recognize receptors
on cells of the diseased tissue (Fig. 1). The drug agent
can be loaded into the particle, sorbed by the shell, or
covalently bound by one of the elements of the system.
The nature of the material constituting the reservoir
and its structure determine kinetics of drug release,
which occurs as a result of diffusion, degradation of
the reservoir and/or exposure of its shell to external
factors (pH, radiation, heating). The targeted action of
the drug is provided by active and passive targeting
strategies.
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1. 1. Active and Passive Targeting for Delivery
to Malignant Tumor

Delivery of anticancer drugs to the target tissue is
one of the main tasks to be solved. NPs loaded with the
drug are transported in the body by two mechanisms:
passive and active targeting. Passive targeting to solid
tumors can be achieved through the enhanced perme-
ability and retention effect (EPR effect), as first
described in the 1980s [13, 14]. Pathological, pharma-
cological, and biochemical studies have shown that a
solid tumor usually has such pathophysiological char-
acteristics as hypervascularization, incomplete vascu-
lar architecture, and secretion of vascular permeability
factors that stimulate extravasation and immaturity of
lymphatic capillaries [15]. The tumor vasculature is
characterized by a high proportion of proliferating
endothelial cells, increased tortuosity, pericyte defi-
ciency, and the formation of an atypical membrane.
All this leads to rapid vascularization of the tumor,
which is necessary to provide it with oxygen and nutri-
ents and further proliferation. These characteristics
make tumor blood vessels permeable to macromole-
cules. In addition, the lymphatic drainage system of
the tumor functions ineffectively due to immature
lymphatic capillaries; thus, nanocarriers are selec-
tively preserved for a long period in the interstitial tis-
sue of the tumor [15]. Numerous studies have shown
that the EPR effect induces passive accumulation of
macromolecules and micelles in solid tumors,
enhancing the therapeutic effect while reducing side
effects. It was also found that in most human tumors
the effective pore size in the vasculature ranges from
200 to 600 nm in diameter, which allows passive tar-
geting of tumors [16]. It was noted that the secretion of
various factors such as nitric oxide, prostaglandins,
bradykinin, and the main growth factor of fibroblasts
in tumor tissues and overexpression of genes (such as
vascular permeability factor or vascular endothelial
growth factor) cause hyperpermeability of tumor
microvessels. However, let us note that vascular per-
meability in the tumor changes with its progression
and depends on the type of tumor and its anatomical
location. For passive targeting, NPs must circulate in
the blood for a sufficiently long time, and their size
determines their biological fate. Polymeric micelles
less than 10 nm are easily excreted through the glo-
merular filtration [17], while larger NPs of 50—100 nm
circulate for a longer time and are excreted by the liver
and spleen.

Active targeting is aimed at an increase in the drug
delivery to a target using biologically specific interac-
tions such as antigen—antibody binding, or locally
applied treatments such as sonication or heating. In
this case, NPs can be modified with a ligand (mono-
clonal antibodies, folic acid, transferrin, o-fetopro-
tein, luteinizing hormone, epidermal growth factor, or
Vol. 16
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o,-glycoprotein) or with a pH-sensitive fragment in
accordance with the biological characteristics of the
tumor tissue [18—20]. Active targeting uses tumor cell
characteristics such as overexpression of cell surface
tumor antigens and tumor-specific antigens, as well as
a relatively lower pH of the tumor environment
(pH 7.0) compared with normal tissue (pH 7.4). Spe-
cific interactions between vector components of the
carrier with antigens localized in the target tissues
cause selective drug accumulation in these tissues.
Active targeting reduces adverse side effects, since the
drug accumulates only in tumor sites and allows drugs
to absorb cells through endocytosis [21].

1.2. The Circulation Time of Nanoparticles
in the Bloodstream

Any targeting strategy will not be effective in case of
rapid removal of NPs from the circulatory system.
When administered intravenously, hydrophobic parti-
cles very quickly adsorb plasma proteins and are rec-
ognized by the system of mononuclear phagocytes,
which eliminate them from the bloodstream. This pro-
cess depends on the physical and chemical properties
of NPs and is significantly accelerated with an
increase in their size. To increase the circulation time,
steric surface stabilization technologies, which pro-
vide the so-called stealth effect, are used. The hydro-
philic shell of polymeric NPs can be formed by various
types of polymers. The most commonly used lyo-
philizing polymer is polyethylene glycol (PEG); it is
biocompatible and FDA approved. When hydrated,
PEG forms a dense polymer brush stretched in the
direction from the micelle core. Due to its good solu-
bility in water, high mobility, and large excluded vol-
ume [22], PEG imparts steric stability, minimizing the
interfacial free energy of the micellar core and pre-
venting hydrophobic intermicellar interactions [23]. A
hydrophilic corona is required to prevent adsorption of
opsonin and subsequent recognition by the mononu-
clear phagocytic system in the liver and spleen [24].
The neutral nature of the PEG corona can effectively
protect cationic polyethylenecimide and prevent its
nonspecific interactions with negatively charged
plasma proteins in the biological environment,
thereby providing a long circulation time [25]. More-
over, although PEG chains usually have a molecular
weight of 1 to 15 kDa [26], some data indicate that the
longer the chains and the denser the hydrophilic
brush, the stronger the masking effect and the longer
the circulation time in the blood [22]. It was shown in
[27] that the conformation of PEG bound to the poly-
mer core can affect protein adsorption and comple-
ment-dependent phagocytosis. Indeed, PEG attached
by both ends to NPs formed a more compact confor-
mation and more effectively prevented adsorption of
blood proteins. In addition, the end groups of PEG
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can be functionalized to bind ligands that allow alter-
ing the properties of the corona. In [28], acetalde-
hyde-functionalized micelles were obtained based on
a block copolymer of PEG and poly-D,L-lactide, to
which an anionic peptidyl ligand (tyrosyl-glutamic
acid) was attached to impart a negative surface charge
and improve the masking properties. Up to 25% of the
administered polymeric micelles were still circulating
24 h after intravenous injection, indicating that the
half-life of the carrier was approximately the same as
that of the well-established pegylated liposomes.

An alternative approach for increasing the circula-
tion time, the introduction of antibodies, which spe-
cifically bind to erythrocytes, simultaneously with the
nanoformulation, looks promising [29]. As a result,
the immune system begins to actively remove a small
part of the red blood cells and is distracted from the
NP clearance. The described strategy, called the
mononuclear phagocytic system cytoblockade, allows
one to increase the circulation time of NPs by tens of
times, regardless of their nature.

1.3. Visualization of Nanoparticles

To visualize NPs in vitro and study their biodistri-
bution in the body, labels of organic or inorganic
nature are introduced into the structure of NPs. Fluo-
rescent compounds allow optical visualization and
assessment of the accumulation of carriers in the dis-
eased tissue [30], agents based on iodine and barium
have high visibility for computed tomography, and for
magnetic resonance imaging, tags based on chelate
complexes of gadolinium, manganese, iron oxides are
used. Other methods include positron emission
tomography in combination with radioactive isotopes
BF, 150, BN, and ""C, as well as single-photon emis-
sion computed tomography that detects isotopes
PmTc, 121, etc. The listed methods differ in the reso-
lution and penetration depth. The choice of a visualiz-
ing approach is determined by the task of the devel-
oped therapeutic or diagnostic delivery system. Let us
emphasize that modern technologies allow to combine
these two functions in one system, which can be used
to simultaneously identify the localization of the dis-
ease and conduct the therapy.

1.4. Nanotechnologies for the Development of Vaccines
and Drugs against Viral Infections

A huge threat is posed by viral respiratory infec-
tions, which can spread throughout the world within a
matter of months given the high interconnectedness of
countries. The outbreak of SARS-CoV-2 coronavirus
infection, which began in January 2020 in China, was
declared a pandemic on March 11. According to Johns
Hopkins University, by July 2020, more than 15 mil-
lion cases of the infection and more than
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615000 deaths in 215 countries were registered. An
important challenge in the fight against any viral
infection is the development of vaccines, as well as
means for diagnostics and treatment. Nanostructured
carriers are promising candidates for solving these
problems, since their morphology and size are strongly
similar to those of viruses. Nanotechnologies offer
effective approaches to create diagnostic tools,
develop vaccines against SARS-CoV-2, and design
drugs for the treatment of COVID-19 [31]. Nanopar-
ticles can carry a multivalent antigen and deliver it in a
targeted manner. In addition, nanocarriers can act as
an adjuvant that enhances the immune response. The
nanovaccine against SARS-CoV-2 based on lipo-
somes loaded with mRNA-1273 is considered as one
of the most promising and safest methods. Clinical tri-
als showed a sustained immune response [32]. In
terms of therapeutic agents for the treatment of
COVID-19, only a few molecules have demonstrated
effectiveness in clinical trials. Among them is dexa-
methasone, an anti-inflammatory corticosteroid.
Effective liposomal nanoformulations of this agent
have already been developed, in particular for the
treatment of multiple myeloma [33]. In [34], it was
believed that the dexamethasone nanoformulation has
high potential for the treatment of COVID-19, since it
can target alveolar macrophages when delivered to the
lungs or phagocytes in the inflammation area.

Nanovaccines were effective against other respira-
tory viruses. As an example, [35] describes a vaccine
based on biodegradable virus-like PLGA nanoparti-
cles against the Middle East respiratory syndrome
coronavirus (MERS-CoV). The surface of carriers
based on poly(D,L-lactide-co-glycolide) with an
average diameter of 114 nm was conjugated to the viral
antigen and additionally loaded with an adjuvant to
enhance the immune response. Studies in mice
showed sustained production of specific antibodies
and a higher level of the immune response compared
with the administration of the pure adjuvant. Basi-
cally, it was the combination of two active components
in the nanovaccine that led to an increase in its effec-
tiveness.

In [36], the results of the development of a dosage
form of diphyllin based on poly(lactide-co-glycolide)-
block-PEG NPs for the treatment of peritonitis
caused by feline coronavirus (FIPV) were pre-
sented. The hydrophobic antiviral agent was loaded
into the core of the carriers with an average diame-
ter of 40 nm. The developed nanoformulation
demonstrated improved safety and increased inhibi-
tory effect against FIPV in experiments in vitro.

The SARS-CoV-2 pandemic showed that we have
a very limited ability to resist respiratory viruses and
that the main defense is the immune system. The
development and testing of new drugs and vaccines are
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complex processes that require prolonged research.
The world’s first vaccine against SARS-CoV-2 Gam-
Covid-Vac (trade name Sputnik V) based on a combi-
nation of recombinant adenoviral vectors was devel-
oped at the Gamaleya National Research Center for
Epidemiology and Microbiology and registered in
August 2020. Clinical trials of the first and second
phases proved the safety of the vaccine along with the
development of humoral and cellular immunity [34].

For the rapid development of vaccines and new
effective dosage forms, the creation of platforms based
on nanostructured carriers of various nature is an
urgent task. The basic element of the platform is a
nanoparticle-carrier with a controlled size, which can
be loaded with an active agent using previously known
approaches and modified on the surface with targeted
ligands for targeted delivery. The development of
nanostructured vaccines and drug delivery systems of
a new generation requires the development of new
functional materials, methods for preparation, modi-
fication, and loading NPs, and approaches for con-
trolling their morphology and physicochemical prop-
erties. It is possible to solve this complex of interdisci-
plinary problems only under close interaction of
specialists from different fields with the involvement
of modern research methods. Biodegradable NPs
based on lactide copolymers are one of the promising
platforms. This review describes methods of prepara-
tion NPs, as well as their structure and properties
based on these polymers with different compositions
and architectures (linear and branched); examples of
the developed nanoformulations are given; methods
for studying NPs, including those using a synchrotron
radiation source, are described.

2. PREPARATION OF NANOPARTICLES,
BASED ON POLY(LACTIDE-CO-GLYCOLIDE),
THEIR STRUCTURE AND PROPERTIES

Polylactide (PLA) and its copolymers with gly-
colide (PLGA) are biodegradable polyesters (Fig. 2),
which are widely used in biomedicine and pharmaceu-
tics due to their excellent biocompatibility, versatility,
and relative availability.

The biocompatibility of these aliphatic polyesters is
confirmed by a long history of their use in the produc-
tion of Vicryl absorbable sutures, which were devel-
oped in 1970. Currently, PLA and PLGA are actively
used to develop biodegradable implants for surgery
and traumatology, scaffolds for regenerative medicine,
micro- and nanoformulations. The main degradation
mechanism is hydrolysis of the ester bond in the poly-
mer structure. The control of the properties and deg-
radation period of PLGA copolymers is achieved by
varying the relative composition (the lactide/glycolide
ratio), molecular weight, as well as using optically
active L-lactide or inactive D,L-form, which deter-
Vol. 16
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mines the possibility of crystallization of PLA blocks.
This simple set of tools allows one to control polymer
degradation time over a wide range: from 1 month to
several years. The end products of degradation in the
body are lactic and glycolic acid, which are eliminated
through natural metabolic cycles.

Immediately after the successful commercializa-
tion of absorbable surgical sutures, the potential of lac-
tide polymers was highlighted by the developers of
pharmaceutical products, who began to use them to
create controlled drug release systems based on PLGA
microparticles. Injectable depot forms of microparti-
cles (administered intramuscularly or subcutaneously)
provide a controlled release of active compounds over
weeks and even months, thereby demonstrating a huge
advantage over classical dosage forms that, commonly,
require daily administration to maintain a therapeuti-
cally effective concentration in the blood. Dozens of
prolonged release drugs based on PLGA microparti-
cles are used in clinical practice for the treatment of
alcohol dependence, cancer, schizophrenia, and many
other diseases [37]. We are happy to note that some of
them are manufactured in Russia. However, the con-
cept of microparticles is reduced to the development
of prolonged forms; they do not provide a targeted
action of the active substance.

Submicron particles up to several hundred nano-
meters in size can be injected intravenously and spread
through the capillary network, eventually penetrating
cells. This fundamental difference from microparticles
explains distinguishing N Ps into a separate class, while
their size is not limited by the threshold of 100 nm gen-
erally accepted for nanotechnology. For targeted
delivery to target cells, passive (EPR effect) and active
targeting strategies are used.

The requirements for the purity and composition of
PLGA used in medical and pharmaceutical applica-
tions are quite high. ASTM standards allow a content
of unreacted monomer at the level no more than
3 mol %, a maximum tin concentration of 200 ppm, a
water content no more than 0.5%, and a solvent con-
tent of no more than 0.001%. It is important that the
actual relative composition of the copolymer (lac-
tide:glycolide) should differ from the declared one by
no more than 3%. Such polymers can only be synthe-
sized using controlled polymerization technologies
that allow one to obtain a product with a given compo-
sition, high conversion, and narrow molecular weight
distribution. In [38, 39], an original method for study-
ing the polymerization kinetics of lactide and other
cyclic esters using differential scanning calorimetry
was proposed. It was used to establish the optimal
regimes for the synthesis of biodegradable polymers
with different relative composition. Tin impurities in
these materials arise because of the use of a tin con-
taining catalyst; therefore, the development of new
catalysts based on lighter metals, such as zinc [40] or
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Fig. 2. The structural formulas of polylactide and PLGA
copolymer.

zirconium [41], is a relevant direction. PLGA copoly-
mers must undergo comprehensive quality control
before being used to develop nanoformulations. It is
especially important for materials after storage, since
their hydrolytic degradation slowly proceeds in air
even at room temperature.

2. 1. Methods for Preparation of PLGA Nanoparticles.
Nanoprecipitation Mechanism

A wide range of methods for preparation NPs with
a predetermined size and their loading with medicinal
compounds has been developed [42]. The choice of
the method is mainly determined by the type of the
used copolymer and the nature of the drug substance,
as well as the ease of implementation. An approach, in
which NPs are synthesized through the polymeriza-
tion of lactide in solution in the presence of a drug, is
known [43]. Microfluidic technologies are effective
for producing NPs with a narrow size distribution in a
continuous mode [44]. In [45], a method for prepara-
tion of PLGA nanoparticles using a template, PRINT,
is described. The approach is interesting in that it pro-
vides NPs with an extremely narrow size distribution
and controlled morphology. In this case, a very high
content of docetaxel (up to 40 wt %) is achieved in
NPs. The most widespread methods are emulsifica-
tion and solvent displacement (nanoprecipitation),
which are based on mixing an organic phase (polymer
solution) and an aqueous phase (stabilizer solution)
[46]. Depending on their nature, the loaded drug can
be dissolved in both organic and aqueous phases. The
classical method of obtaining a simple emulsion of the
oil-in-water type involves preparing a solution of the
polymer and the drug in an organic solvent and further
dispersing in a larger volume of an aqueous solution
of the stabilizer under active stirring or exposure to
ultrasound. The organic solvent diffuses from the
droplets and is removed by evaporation or
extraction, resulting in the formation of solid parti-
cles [47]. For the encapsulation of water soluble
drugs, the method of double emulsion of the water-
in-oil-in-water type is used [48].

An efficient one-step approach for the incorpora-
tion of lipophilic drug compounds is the nanoprecipi-
tation method first proposed in 1989 [49]. The organic
phase is a solution of the polymer and the drug com-
pound in a polar solvent that is well miscible with
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water (usually acetone, tetrahydrofuran, or their mix-
tures with water or ethanol). This solution is poured
into the aqueous phase (stabilizer solution in water)
under stirring. The organic solvent is removed under
weak heating and reduced pressure [46]. The resulting
aqueous suspension is centrifuged and washed several
times to remove residual organic solvent, after which it
is frozen with the addition of a cryoprotectant and lyo-
philized [50]. The mechanism of NP formation is
explained by the so-called ouzo effect [51]. When the
Greek alcoholic drink Ouzo is mixed with water, the
clear liquid instantly turns into a milky suspension.
The drink consists of 55% water, 45% ethyl alcohol,
and approximately 0.2% anethole essential oil
extracted from anise. When an excess of water is
added, the oil loses its solubility, resulting in the for-
mation of an intensively light scattering suspension.
The formation of NPs is explained in a similar way
when water-insoluble polymers or lipids are used
instead of oil. Figure 3 shows a triple phase diagram of
the organic solvent/solute/water system. The binodal
curve corresponds to the limit of miscibility depending
on the composition and separates the one-phase
region from the two-phase one, while the spinodal
curve determines the limit of the thermodynamic sta-
bility. The spinodal separates the region in which the
system develops due to nucleation from the region
where spontaneous phase separation occurs (region
with yellow stripes). Between the binodal and
spinodal, there is the region of the ouzo effect at low
polymer concentrations and ratios of organic sol-
vent/water. In this region, the mixture is separated
into a monomodal dispersion of nanosized droplets
dispersed in an aqueous solution. Particles can be also
formed outside the ouzo effect between the spinodal
and binodal, but in this region NP aggregates with an
uncontrolled size appear in addition to NPs [52]. The
formation of NPs from the dispersion of droplets in
the ouzo effect region is most often explained by the
classical theory of nucleation. The nucleus is formed
as a result of statistical density fluctuations, whose
probability increases with an increase in the supersat-
uration of the polymer solution. The energy of the
potential barrier for the formation of a nucleus of the
radius r for the case of homogeneous nucleation is
expressed by the equation

AG = 4nr’y + 4/3nr Ag,,

where 7 is the surface tension at the solid—solution
interface; Ag, is the difference in free energy per unit
volume between the thermodynamic phase in which
nucleation occurs and the phase that nucleates. Since
the second term is negative, the AG value passes
through a maximum that determines the value of the
critical radius , = —2y/Ag,. Nuclei smaller than the
critical size disappear, while nuclei with a larger radius
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are stable and can grow further. The nucleation rate J
and the critical nucleus radius are related to the super-
saturation of the solution S and the thermodynamic
characteristics of the particle/solution interface
through the y parameter. According to the classical
theory of nucleation [53]:
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where N, is the number of solute molecules per unit
volume of the initial phase; 0 is the frequency of trans-
port of the molecules to the boundary; V; is the volume
of the solute molecule; k is the Boltzmann constant;
and 7 is the temperature. The © parameter can be
approximated by the equation

o=KL

3mayn
where 1 is the viscosity of the solution and g is the
average effective diameter of diffusing particles [54].
Let us emphasize that in the case of nanoprecipitation,
rapid mixing of the organic and aqueous phases and
rapid diffusion of the components are required for
homogeneous supersaturation (as compared with the
rate of nucleation). It is assumed that all particles are
formed from one homogeneously supersaturated solu-
tion. The growth of particles due to condensation
(attachment of polymer molecules from the surround-
ing solution to the nucleus) proceeds until the concen-
tration of the dissolved polymer corresponding to the
saturation level is reached. At the next stage, the
growth of particles can occur through coagulation with
other particles and Ostwald ripening. These processes
are observed on large time scales and are especially
pronounced if there is no stabilizer in the medium that
acts as a steric barrier. For preparation of NPs with a
narrow size distribution, it is important to create con-
ditions under which the phases of nucleation and
growth will be separated in time.

There are many articles and reviews devoted to the
effect of preparation conditions on the average size
and stability of the resulting aqueous suspension, as
well as on the efficiency of loading pharmaceutical
agents [55—58]. Characteristics of the resulting NPs
depend on many factors: the polymer concentration in
the organic phase, the type and concentration of the
stabilizer in the water phase, the ratio of the volumes
of aqueous and organic phases, the type of organic sol-
vent used, the molecular weight of the polymer, stir-
ring rate, temperature, etc. Among the most import-
ant parameters, determining the size of NPs, the com-
patibility of an organic solvent and water, expressed by
the interaction parameter %, which is calculated based
on the Hildebrand solubility parameters, can be dis-
tinguished. Under conditions of high miscibility of the
Vol. 16
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Fig. 3. (Color online) The phase diagram of ternary mixture with ouzo effect region, TEM image of PLGA nanoparticles and

their schematic structure.

solvent and water, the mixture is rapidly homoge-
nized, and the resulting NPs have the smallest diame-
ter. It was shown in [56] that the diameter of PLGA
nanoparticles was less than 80 nm when using solvents
with a low % value (dimethyl sulfoxide, dimethylfor-
mamide (DMF), and acetonitrile). When acetone was
used, it increased to 100 nm; the highest value,
approximately 200 nm, was observed for tetrahydrofu-
ran (THF). The use of mixtures of DMF with THF in
various ratios during nanoprecipitation allowed to
prepare particles with intermediate sizes, while the
dependence was characterized by high linearity, and
the particle size distribution remained narrow.

2.2. Small-Angle X-ray Scattering
to Study Size and Morphology

The small wavelength of X-ray radiation in com-
parison with the wavelength of visible light used in the
method of dynamic light scattering allows one to con-
duct a more detailed study of the structure of poly-
meric NPs in a suspension. Important tasks include
the study of the organization of NPs in aqueous dis-
persions of low concentrations and carrying out mea-
surements over time, for example, in the process of
heating a suspension or releasing a drug. Laboratory
X-ray equipment can be used very limitedly for such
experiments due to the rather large size of NPs (100—
200 nm), low contrast between the electron density of
polymer and water, and long signal accumulation
time. Only synchrotron X-ray radiation with good
beam collimation possesses the necessary characteris-
tics. Small-angle X-ray scattering (SAXS) is effective
for studying the shape and morphology of NPs, while
the region of large angles characterizes the supramo-
lecular organization of the polymer and the phase state
of the loaded substance.

The SAXS method was used to study aqueous sus-
pensions of PLGA-based NPs stabilized with Pluronic
NANOBIOTECHNOLOGY REPORTS
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F68. The scattering curves for samples of aqueous sus-
pensions of NPs are given in Fig. 4a. They show a
slight inflection typical for scattering of spherical
objects. By applying the Fourier transform to the
obtained curves one can construct the pair distribu-
tion functions for an average particle (Fig. 4b), i.c.,
assuming that all particles are of the same size.
According to Fig. 4b, the pair correlation function has
a bell-like shape, which is typical for spherical parti-
cles. It is easy to determine the diameter of NPs from
it, which was 120 nm. The radius of gyration calculated
from the scattering curves is R, = 44 nm. The shape of
the averaged NP can be estimated by representing it as
an ellipsoid, in which the b and ¢ semiaxes are equal;
then the b/a semiaxis ratio can be calculated by the
formula

SoleR,

|
N |
N, I —

For a sphere b/a = 1, in the other case one of the
axes is more elongated. The calculation shows that
particles stabilized by Pluronic F68 have a shape very
close to a ball (b/a = 0.92). The ab initio model of the
averaged NP, built on the basis of pair correlation
functions, is shown in Fig. 4c. It can be seen that its
shape is very close to spherical.

2.3. Loading of Anticancer Agents
into PLGA Nanoparticles

PLGA nanoparticles are used to deliver a wide
range of pharmaceutically active agents for the treat-
ment of many types of diseases [59]. The creation of
nanoformulations of chemotherapeutic agents is
actively developing area. One of the main causes for
the pronounced side effects of cancer chemotherapy is
the nonselective action of the agent, which affects not
only diseased but also healthy tissue. Therefore, the
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Fig. 4. (Color online) The SAXS curve (a), pair correlation function (b), and reconstructed shape (c) of the sample of PLGA

nanoparticles stabilized by Pluronic F68.

development of selectively acting nanoformulations
based on PLGA particles is especially important for
anticancer drugs [60]. To solve this problem, the abil-
ity of NPs to accumulate in tumor tissues due to the
size and vector molecules on the surface can be effec-
tively used. We note that the physicochemical proper-
ties of the carriers allow them to overcome another
important barrier, multidrug resistance [61]. Its mech-
anism is determined by expression of membrane pro-
teins in resistant tumor cells: P-glycoprotein and MRP
protein, which effectively release various chemical
compounds from the cell. It was shown that block
copolymers of ethylene oxide and propylene oxide
(Pluronic trade mark) inhibit P-glycoprotein and
other adenosine triphosphate-dependent systems of
reverse transport of drugs from the cell [62]. At the
same time, Pluronic polymers act as stabilizers for
PLGA nanoparticles, thus performing the dual func-
tion.

There are several main approaches to loading an
active agent into PLGA nanoparticles: covalent bind-
ing, encapsulation, surface sorption, and incorpora-
tion into a hydrophobic core. The first method was
applied, for example, for the development of NPs
based on PLGA conjugates with doxorubicin [63].
However, the loading of the active substance into such
NPs is low, since the linear PLGA polymer can have a
maximum of two functional end groups for the bind-
ing to two molecules of the active compound. To a cer-
tain extent, the problem can be solved by using poly-
mers with a low molecular weight, but a more effective
approach is to use branched polymers characterized by
a high concentration of functional groups. These
materials are described in the final part of the review.

Sorption and loading into the core are more uni-
versal and easier to implement approaches. Using
these methods, many amphiphilic and hydrophobic
compounds for cancer therapy can be included in
NPs: doxorubicin, docetaxel, paclitaxel, cisplatin, etc.
[60]. To load hydrophobic molecules, they are dis-
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solved together with the polymer in the organic phase.
As a result of coprecipitation, the drug is physically
trapped in the NP core. The loading efficiency and the
final content of the active compound depend on the
nature and concentration of the drug and polymer, the
type of the solvent used, and technological parameters
of the process.

PLGA nanoparticles loaded with paclitaxel of an
average size of 105 nm were described in [64]. The
resulting nanoformulations showed a high antitumor
effect against resistant tumors in vitro and in vivo. In
the experiment on Jurkat WT cells, fluorescence of
NPs labeled with coumarin-6 was observed not only
on the cell surface, but also inside them. This indicates
the uptake of labeled NPs by the cells. PLGA-based
NPs loaded with paclitaxel, additionally modified
with a fragment of the recombinant a-fetoprotein
rAFP3D, demonstrated a selective effect, increased
efficiency, and overcoming multidrug resistance of
cancer cells [65]. This effect was achieved through the
use of a vector protein that binds to receptors of o-
fetoprotein, which is expressed on the surface of vari-
ous types of malignant tumors.

We note that there are many works with contradic-
tory results on the influence of conditions of the pro-
cess of preparation of PLGA particles by the nanopre-
cipitation method on their characteristics. Despite the
fact that the discussion about the mechanism of their
formation is still underway, developers successfully
apply the method of nanoprecipitation to obtain
PLGA particles and create effective nanoformulations
and vaccines on their basis.

3. NANOPARTICLES BASED
ON AMPHIPHILIC PLA-b-PEG BLOCK
COPOLYMERS

The discovery of the pegylation method (modifica-
tion with hydrophilic PEG polymer) was a break-
through. This approach allowed one to camouflage
Vol. 16
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Fig. 5. The scheme for the synthesis of diblock (a) and triblock (b) copolymers of ethylene glycol and lactide, where # is the
polymerization degree of the PLA block, m is the polymerization degree of the PEG block.

pharmaceutically active substances and nanomaterials
from the cells of the immune system and significantly
extend the time of their circulation in the bloodstream.
PEG is a nontoxic polymer that is readily soluble in
water; it is removed from the human body through
glomerular filtration in the kidneys. In 1990, the FDA
approved the first pegylated protein product, the ade-
nosine deaminase enzyme, aimed at treating severe
forms of the immunodeficiency virus. Launched in
1995, Doxil, a drug based on pegylated liposomes,
demonstrated an increase in the bioavailability of
doxorubicin within 1 week after the injection up to
90-fold compared with the free drug, while its half-life
increased to 3 days. PEG is incorporated into the lipid
bilayer of the liposome, forming a hydrated membrane
that protects liposomes from aggregation and phago-
cytosis, and also facilitates a reduction in adsorption of
opsonins, increasing the circulation time in the blood-
stream. Since then, this approach was actively used by
researchers and developers to design drug delivery sys-
tems [66, 67]. Biodegradable block copolymers of
polylactide and polyethylene glycol (PEG-b-PLA) are
promising materials for the development of nanofor-
mulations and vaccines. Polyethylene glycol cova-
lently bound to the hydrophobic PLA block assigns
the polymer an amphiphilic nature, which provides
block copolymers with the ability to self-assembly.

Linear amphiphilic PEG-b-PLA are synthesized
by one-step ring-opening polymerization of lactide in
the presence of the PEG macroinitiator [68, 69]. A
change in the molar ratio of the components of the
reaction mixture allows one to obtain block copoly-
mers of various compositions, while the use of mono-
or bifunctional macroinitiators leads to various struc-
tures. Monofunctional PEG methyl ether is used for
the synthesis of diblock copolymers of the A—B type,
where A is the hydrophilic block, B is the hydrophobic
block, and bifunctional PEG is used for the synthesis
of triblock copolymers of the B—A—B type. Schemes
for the synthesis of diblock PEG-b-PLA and triblock
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PLA-b-PEG-b-PLA copolymers by ring-opening
polymerization are shown in Figs. 5a and 5b, respec-
tively. Conversion, residual monomer content, com-
position and number-average molecular weight M, of

the block copolymers are determined by means of 'H
nuclear magnetic resonance. The same stringent
requirements as for PLA and PLGA polymers are
imposed to block copolymers.

In aqueous solutions, the self-assembly of amphi-
philic amorphous block copolymers into various
supramolecular structures occurs due to hydrophobic
interactions between the chains of the insoluble block,
which lead to their aggregation and the formation of a
hydrophobic core of the nanostructure. The shell of
hydrated chains of the water-soluble PEG block acts
as a stabilizer and prevents the unlimited growth of the
formed structures and their isolation into a separate
macroscopic phase. Amphiphilic block copolymers
with a relatively long hydrophilic block in aqueous
solutions, as a rule, associate into spherical star-
shaped micelles of the core—corona type [9, 12]
(Fig. 6). Block copolymers with a long hydrophobic
block can form not only spherical crew-cut micelles
[70, 71], but also cylindrical micelles, bilayer vesicles,
and lamellae [12, 72].

Block copolymer NPs consist of a hydrophobic
PLA core surrounded by a hydrophilic PEG corona
[73—75]. Due to the core—corona structure and the
ability to encapsulate various substances, PEG-b-PLA
block copolymer nanoparticles are of considerable
interest for the development of drug delivery systems
based on them [76, 77]. However, to develop an effec-
tive nanoformulation, it is necessary to consider many
factors, for example, the molecular composition of the
block copolymer [78], the chemical affinity of the
drug and the block copolymer [76, 79], the concentra-
tion of the drug and the block copolymer [78, 80],
conditions for preparation of NP [80], etc. In this sec-
tion, we will consider how the molecular composition
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Fig. 6. (Color online) Self-organization of amphiphilic block copolymers into nanoparticles loaded with an active agent.

of amphiphilic linear PEG-b-PLA copolymers affects
the size, morphology of formed NPs, their solubilizing
ability, and the rate of the loaded substance release.
Let us consider the effect of the stereoregularity and
length of the hydrophobic PLA block within PEG-b-
PLA copolymers on the size, morphology, solubiliz-
ing ability of PEG-b-PLA particles in aqueous solu-
tions, as well as on the release rate of solubilized sub-
stances.

3.1. The Effect of Hydrophobic PLA Block
Stereoregularity on Nanoparticle Characteristics,
Loading, and Release of an Active Agent

PLA has three stereoisomers. Isotactic poly-L-lac-
tide (P(L)LA) and poly-D-lactide (P(D)LA) are
capable of crystallization, while racemic poly-D,L-
lactide (P(D,L)LA) is amorphous [81]. Depending on
the stereoregularity of the PLA block within
PEG/PLA block copolymers, they can be used to for-
mulate NPs based on both amorphous [82] and semi-
crystalline cores [75]. In addition, when mixing block
copolymers PEG/P(L)LA and PEG/P(D)LA in an
equimolar ratio, NPs, in the core of which P(L)LA
and P(D)LA blocks are cocrystallized with the forma-
tion of the stereocomplex, are obtained [81, 83]. In
addition to PLA, the hydrophobic block can be repre-
sented by poly-e-caprolactone (PCL). Let us consider
how the stereochemical structure of the PLA block
that forms the core of the particles affects their solubi-
lizing ability and the rate of encapsulated substance
release.

In [84], nanoparticles with amorphous P(CL-co-
(D,L)LA) and semi-crystalline P(CL-co-(L)LA) core
based on PEG-b-poly-e-caprolactone-co-D,L-lac-
tide (PEG-b6-P(CL-(D,L)LA) and PEG-b-poly-¢-
caprolactone-co-L-lactide  (PEG-b-P(CL-(L)LA)
copolymers, respectively, were prepared by dialysis
and their solubilizing ability was investigated. Pyrene
was used as a model hydrophobic agent, for which the
K, equilibrium inclusion coefficient in the NP core
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was determined. The K, value was 5.72 x 10* and
2.12 x 10° for the particles based on PEGs,-b-P(CL-
co-(L)LA) and PEGsy-b-P(CL-co-(D,L)LA) copo-
lymers, respectively. The lower K, value in the case of
PEGsy-b-P(CL-co-(L)LA) particles are explained by
the peculiarities of the semi-crystalline core structure,
namely, the close packing of P(CL-co-(L)LA) chains,
which prevents the solubilization of pyrene molecules
[84]. However, when studying the solubilizing ability
of PEG-b-PLA particles obtained by nanoprecipita-
tion of the relatively poorly water soluble anticancer
drug doxorubicin, it was found that PEG-b-P(L)LA
and PEG-b-P(D)LA particles with a semi-crystalline
core encapsulate the drug more efficiently than PEG-
b-P(D,L)LA particles with a amorphous core [75].
Thus, the content of the loaded drug in PEG,;-b-
P(L)LA¢, and PEG,;-6-P(D)LA; was 1.66 = 0.15
and 1.61 £ 0.13 wt %, respectively, while in PEG;-b-
P(D,L)LAsg it was only 0.81 & 0.11 wt % (with the ini-
tial drug loading of 10 wt %). It is assumed that low
loading values in the case of PEG-b-P(D,L)LA par-
ticles may be associated with a weak interaction
between doxorubicin and P(D,L)LA chains of the
hydrophobic block in the core [75]. In the laboratory
of polymeric materials of Kurchatov Complex of
NBICS nature-like technologies NPs based on
PEG,;;-b-P(L)LA and PEG,;-b-P(D,L)LA copoly-
mers were prepared by the nanoprecipitation method
and the effect of the stereochemical structure of the
PLA block on their solubilizing ability in relation to
the anticancer drug oxaliplatin, which is poorly solu-
ble in water, was studied [85]. Under similar polymer-
ization degrees of the hydrophobic PLA block, the
content of oxaliplatin in PEG,;;-6-P(L)LA and
PEG,5-6-P(D,L)LA particles was 0.9 and 3.8 wt %,
respectively (with the initial load of 5 wt %). Appar-
ently, the close packing of P(L)LA chains in the semi-
crystalline core prevents the efficient encapsulation of
oxaliplatin.
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The release rate of an encapsulated substance from
PEG-b-PLA nanoparticles also depends on the ste-
reochemical nature of the PLA block. In [86], the
effect of the stereoregularity of the PLA block on the
release rate of hydrophobic drugs, sulindac and
tetracaine, incorporated into PLA-b-PEG,y,-56-PLA
nanoparticles was investigated. Loaded NPs based on
triblock copolymers were obtained by heating polymer
solutions to 80°C followed by their cooling. In the case
of P(L)LA-b-PEG-b-P(L)LA nanoparticles, the
release of loaded sulindac was observed within 4—
8 days, for tetracaine within 2—4 days. For P(D,L)LA-
b-PEG-b-P(D,L)LA nanoparticles, it was found that
the release of sulindac lasts up to 18 days, tetracaine up
to 8—9 days. Apparently, the significant difference in
the release rates of the loaded drugs is associated with
the different core structure of PLA-b-PEG-b-PLA
nanoparticles. It is assumed that the close packing of
P(L)LA chains in the semi-crystalline core can pre-
vent the drug from being evenly distributed over the
entire volume of the core, leading to its localization at
the periphery and, as a result, more rapid release [86].
In [75], in contrast, the highest rate of the encapsu-
lated drug release was observed for PEG,;;-b-
P(D,L)LAs; particles with amorphous core. In the
case of PEG,;-6-P(D,L)LAy particles, almost 100%
of the loaded doxorubicin was released within 5 h,
while in the case of mPEG,;;-b-P(L)LAg, and
mPEG,;-b-P(D)LA,, particles, approximately 50%
was released within the same time. The high rate of the
release from mPEG, ;-b-P(D,L) LAy particles is pos-
sibly associated with a weak interaction of doxorubicin
and P(D,L)LA chains, which facilitates diffusion of
drug molecules from the particle core [75].

3.2. The Effect of Hydrophobic PLA Block Length
on Nanoparticle Size, Morphology,
and Solubilizing Ability

Size of block copolymer nanoparticles. The driving
force of self-assembly of amphiphilic block copoly-
mers into supramolecular structures in aqueous solu-
tions is hydrophobic interactions of polymer chains of
an insoluble block, while repulsive forces of chains of
a soluble block provide steric stabilization of particles
and limit their growth [7]. Thus, the size of block
copolymer NPs is determined by the length of both
hydrophobic and hydrophilic blocks; however, the
polymerization degree of the insoluble block largely
affects the particle size. Thus, it was found in [77] that
the hydrodynamic diameter D, of PEG-b-P(D,L)LA
particles prepared by the nanoprecipitation method is
26 nm and does not change with an increase in the
length of the hydrophilic PEG block from 45 to
113 monomer units. An increase in the polymerization
degree of the hydrophobic P(D,L)LA block from 28 to
347 monomer units led to a significant increase in the
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D, value of PEG,;;-b-P(D,L)LA nanoparticles from
25to 71 nm.

Based on PEG,;-b-P(D,L)L copolymers synthe-
sized in the laboratory of polymeric materials of the
National Research Center Kurchatov Institute by the
method of nanoprecipitation, aqueous suspensions of
the nanoparticles were formulated. According to
dynamic light scattering (DLS) data, the hydrody-
namic radius R, of the obtained particles increases
with an increase in the length of the P(D,L)LA block
(Fig. 7a). Thus, an increase in the polymerization
degree of the P(D,L)LA block n from 70 to
1400 monomer units leads to an increase in R, of
PEG,;;-6-P(D,L)LA,, particles from 18 £ 7 to 44 +
14 nm. In some cases, the distributions of (PEG;5-b-
P(D,L)LA,,and PEG,;;-6-P(D,L)LA,,;) are bimodal
(Fig. 7a). This is explained by the fact that in the stud-
ied suspensions, individual particles of small size (R, <
100 nm) coexist with a small number of their large
aggregates (R, = 0.1—1 um).

Commonly, an increase in the fraction of the
hydrophobic block in the copolymer leads to an
increase in the aggregation number of the particle and,
as a result, to an increase in its size [73, 80]. However,
the published data on the effect of the crystallization
of P(L)LA block length on the size of PEG-b-P(L)LA
block copolymer NPs are contradictory. As an exam-
ple, it was found in [87] that the hydrodynamic diam-
eter D, of P(L)LA -b-PEGy,-b-P(L)LA, particles pre-
pared by dialysis increases from 64 £ 3 to 211 £ 1 nm
with an increase in the length of P(L)LA block x from
61 to 90 units. In [84], no patterns were found in the
change of the D, value of PEG-b-P(CL-co-(L)LA)
nanoparticles with an increase in the length of the
crystallizing P(CL-co-(L)LA) block. In [88], using
the method of small angle neutron scattering, it was
found that an increase in the length of the P(L)LA
block from 58 to 88 units in the series of triblock
P(L)LA,-b-PEG,(,-b-P(L)LA, copolymers leads to
a slight increase in the diameter of the semi-crystal-
line core of the particles from 22 to 30 nm. In [89],
when studying aqueous suspensions of PEG;-b-
P(L)LA, and P(L)LA,-b-PEGy,-b-P(L)LA, nanoparti-
cles, it was found that a significant increase in the
length of the P(L)LA block x from 64 to 418 and y from
30 to 120 monomer units in the series of diblock and
triblock copolymers, respectively, practically does not
affect the size of the formed particles. The hydrody-
namic radius R, of PEG,;-b-P(L)LA, and P(L)LA,-
b-PEGy,-b-P(L)LA, nanoparticles, regardless the
length of the P(L)LA block, was ~20 and 30 nm,
respectively. It was found by SAXS that the radius R of
the semi-crystalline P(L)LA core for all samples,
except for PEG,;-b-P(L)LA,;5, was 11 nm. At the
given polymerization degrees of the P(L) LA block and
under the given conditions of their preparation (con-
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Fig. 7. The distribution of nanoparticles by hydrodynamic radii (a) for samples based on diblock PEG;3-6-P(D,L)LA copoly-
mers with P(D,L)LA block length of 70 (1), 210 (2), 700 (3), and 1400 units (4). Representative TEM image of nanoparticles

based on PEG113-b-P(D,L)LA7OO (C =0.5 mg/mL) (b)

centration, temperature, and rate of solvent displace-
ment), the size of PEG-b-P(L)LA particles is deter-
mined not only by the hydrophilic—hydrophobic bal-
ance in the copolymer, but also by the conditions of
P(L)LA block crystallization [89]. We note that in
[88], particles were formulated by the method of heat-
ing block copolymer solutions in D,O to 80°C and
their subsequent cooling, while in [89], dialysis was
used to prepare the particles. Thus, various patterns in
the change in the PEG-b-P(L)LA particle size with
increasing length of the P(L)LA block may be associ-
ated with the parameters of the particle preparation
process, which are usually far from thermodynami-
cally equilibrium conditions.

The morphology of block copolymer nanoparticles.
An increase in the length of the hydrophobic block
within the block copolymer can lead to a change in the
morphology of particles from spherical to cylindrical
and further to vesicular one [90, 91]. However, the
wide range variation of the polymerization degree of
the P(D,L)LA block in the series of PEG,;-b-
P(D,L)LA copolymers (from 28 to 1528 monomer
units) did not affect the morphology of the formed
particles; all the particles were spherical [73, 77].
When studying NPs based on synthesized PEG;;-b-
P(D,L)LA, copolymers, it was also found that a sig-
nificant increase in the length of the P(DD,L)LA block
n from 70 to 1390 monomer units does not lead to a
change in the particle shape. According to transmis-
sion electron microscopy (TEM) data, all PEG;-b-
P(D,L)LA, particles are characterized by the spherical
morphology (Fig. 3b).

In contrast to particles based on PEG-6-P(D,L)LA
copolymers, the morphology of PEG-b-P(L)LA par-
ticles can be varied by changing the length of the crys-
tallizing P(L)LA block. In [78], when block copolymer
particles PEG,s-b-P(L)LA and PEG4,-6-P(L)LA were
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prepared by nanoprecipitation, it was found that an
increase in the proportion of the P(L)LA block in
PEG-b-P(L)LA copolymers leads to a change in the
morphology of the formed particles from spherical to
rod-shaped one. According to TEM data, the PEG,5-
b-P(L)LA 3 copolymer with the shortest P(L)LA
block forms spherical particles, while PEGys-b-
P(L)LA,; with the longest P(L)LA block forms rod-
shaped particles. In the case of PEG,-b-P(L)LAy,
and PEG,s-b-P(L)LA,4 copolymers with an average
length of the P(L)LA block, the coexistence of parti-
cles of both morphologies was observed, but with an
increase in the proportion of the P(L)LA block in the
copolymer, the proportion of rod-shaped particles
increased. For the series of PEG, 4-b-P(L)LA copoly-
mers, the formation of rod-shaped particles was found
in the case of PEG,,-b-P(L)LAgs with the longest
P(L)LA block. The coexistence of spherical and rod-
shaped particles was observed for PEG 4,-6-P(L)LA¢;
and PEG,4-6-P(L)LAs, copolymers. A similar change
in the morphology with an increase in the length of the
P(L)LA block was found for PEG-b-P(L)LA particles
prepared by dialysis [78].

Solubilizing ability of PEG-b-PLA particles. Gen-
erally, the volume of the particle core increases with an
increase in the proportion of the hydrophobic block,
which leads to an increase in the content of the loaded
substance and an increase in the loading efficiency
[92—94]. As an example, in [95], the manner in which
the composition of PEG,;;-6-P(D,L)LA copolymers
affects the ability of particles based on them to incor-
porate the anticancer drug, methotrexate, which is
poorly soluble in water, was studied. With an increase
in the proportion of the P(D,L)LA block from 46.6 to
95.0 wt % in PEG,;;-6-P(D,L)LA copolymers, an
increase in the content of the drug loaded in NPs
obtained by dialysis from 3.7 to 12.8% and of the load-
Vol. 16
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ing efficiency from 17.4 to 47.3% (with the initial drug
loading of 10 wt %) was observed. In [80], when
obtaining PEG,;-6-P(D,L)LA nanoparticles loaded
with water-soluble procaine hydrochloride by the
nanoprecipitation method, it was found that the drug
content in the particles and the efficiency of its
encapsulation do not change with an increase in the
P(D,L)LA block length and are ~0.24 and 8.3%,
respectively (with the initial drug loading of 2 wt %).
In [80], it was assumed that an increase in the length
of the hydrophobic P(D,L)LA block can lead to a
decrease in the mobility of P(D,L)LA chains in the
core of particles and, despite the increase in their size,
to a decrease in the volume available for drug inclu-
sion. In addition, with an increase in the length of the
P(D,L)LA block, its hydrophobicity increases, which
can also prevent the effective encapsulation of a
hydrophilic drug into the particles. In [85], the
effect of the P(D,L)LA block length in PEG,;-b-
P(D,L)LA, copolymers on the content of the antican-
cer drug, oxaliplatin, in PEG;-6-P(D,L)LA,
nanoparticles was studied. With an increase in the
polymerization degree of the P(D,L)LA block n from
62 to 173 monomer units, the content of oxaliplatin in
the particles decreased from 3.8 to 1.5 wt % (with the
initial loading of the drug of 5 wt %). Apparently, oxal-
iplatin is adsorbed at the core-shell interface; the
observed loading decrease can be explained by a
decrease in the density of PEG chains in the stabiliz-
ing corona. In [82], a decrease in the solubilization of
another hydrophilic agent (procaine hydrochloride)
with an increase in the molecular weight of the
P(D,L)LA block was associated with a decrease in the
mobility of P(D,L)LA chains in the core of the parti-
cles [82] and the formation of so-called frozen parti-
cles in the case of PEG,;-b-P(D,L)LA, block copoly-
mers with a sufficiently long P(D,L)LA block. The
glassy core of such particles makes it difficult for the
drug to penetrate and leads to a decrease in its loading.

An increase in the length of the crystallizing hydro-
phobic block within the block copolymer, as a rule,
negatively affects the content of the loaded drug and
the efficiency of its incorporation [96]. In [78], the
highest values of the loaded paclitaxel content and the
efficiency of its loading were found for NPs based on
PEG,s-b-P(L)LA,; copolymer with the longest
P(L)LA block. The paclitaxel content in PEGys-b-
P(L)LA,, and PEG,;s-b-P(L)LA,, particles was 5.5 *
0.4 and 4.7 + 0.6%, the loading efficiency was 57.8 =
4.3 and 48.3 *+ 11.6%, respectively. However, in the
case of PEG,;;-b-P(L)LA nanoparticles, an increase
in the P(L)LA block length from 54 to 85 monomer
units did not affect the drug content and its loading
efficiency, which were ~6.4 and 69%, respectively.
Thus, depending on the nature of the drug (primarily
its hydrophobicity), the length of the hydrophobic
block of the copolymer and its crystallization affect
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the loading in different ways; and this must be consid-
ered when developing nanoformulations.

The release rate of a substance loaded into the
block copolymer nanoparticle also depends on the
ratio of the lengths of hydrophilic and hydrophobic
blocks in the copolymer. In [95], the manner in which
the molecular composition of the copolymer affects
the release rate of the anticancer drug, methotrexate,
encapsulated in PEG,;-b-P(D,L)LA nanoparticles
was studied. The release of methotrexate was pro-
longed. An increase in the length of the hydrophobic
P(D,L)LA block from 56 to 1330 monomer units led
to a decrease in the rate of the release of the encapsu-
lated drug. Thus, in the case of nanoparticles based on
PEG,;-6-P(D,L)LAy, with the shortest P(D,L)LA
block, ~50% of the loaded metatrexate was released
within 5 days, while in the case of nanoparticles
based on PEG,;-b-P(D,L)LA;;, with the longest
P(D,L)LA block, ~10% of the drug was released
within the same time [95]. In [86], when studying
kinetics of the release of hydrophobic drugs, tetracaine
and sulindac, from P(D,L)LA -6-PEG,,-6-P(D,L)LA,
nanoparticles, it was found that even a slight change in
the P(D,L)LA block length affects the rate of drug
release. All samples showed slow and prolonged
release of both drugs (8—18 days); however, in the case
of tetracaine, an increase in the length of the
P(D,L)LA block x from 66 to 72 units led to a slower
drug release, while the release rate of sulindac
increased with an increase in the length of the
P(D,L)LA block. As well, in [86], the release Kinetics
of tetracaine and sulindac from NPs based on
P(L)LA -b-PEG,p,-b-P(L)LA, copolymers with the
crystallizing hydrophobic P(L)LA block was studied,
and it was found that an increase in the polymerization
degree of the P(L)LA block y from 77 to 88 monomer
units leads to an increase in the release rate of both
drugs. In [78], the manner in which the length of the
P(L)LA block in PEG,s-6-P(L)LA and PEG,;,-b-
P(L)LA copolymers affects the rate of paclitaxel
release from NPs was studied. The lowest paclitaxel
release rate was found for NPs based on PEGs-b-
P(L)LA,, and PEG,;,-b-P(L)LAgs copolymers with
the longest P(L)LA block.

Thus, amphiphilic block copolymers based on lac-
tones and PEG represent a flexible system for the
development of nanoformulations with the controlled
size of a carrier and high content of an active agent.
The structure and characteristics of NPs, as well as
their solubilizing ability and kinetics of the active sub-
stance release depend on the conditions of particle for-
mation, the chemical nature, and the length of the
blocks within the copolymer. These parameters can be
used as effective tools in the development of new tar-
geted drugs.
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Fig. 8. (Color online) The structure of a star-shaped (six-
arm) amphiphilic copolymer based on PLA and PEG.

3.3. Nanoparticles Based on Branched
Amphiphilic Copolymers

In the last decade, there is an increased interest in
branched polylactides with unique rheological,
mechanical, and physicochemical properties [97]. It is
especially important that branched polymers are char-
acterized by a higher concentration of end groups
compared with linear polymers with the same molec-
ular weight. This affects their solubility and provides
the possibility of the functionalization with vector
ligands, hydrophilic blocks, drug agents, photoactive
compounds.

Star-shaped polymers contain one branch point in
their structure, from which three or more linear arms
originate. Macromolecules of hyperbranched poly-
mers have a nest-like structure with a large number of
branching points; each of the linear chains can lead to
the formation of at least two other arms [98—100]. To
obtain amphiphilic branched s-PLA-b-PEG poly-
mers, end groups of branched polylactides are modi-
fied with PEG blocks (Fig. 8). The hydrophilic—
hydrophobic balance of branched amphiphilic com-
pounds can be controlled not only by the molecular
weight of blocks, but also by changing the number of
hydrophilic blocks per molecule. The described struc-
tures with a certain hydrophilic-hydrophobic balance
are capable of forming monomolecular NPs that are
resistant to sharp dilution in the human bloodstream.
There are two principal approaches to the synthesis of
branched polymers: the so-called arm first and core
first methods. Branched polylactides are most often
synthesized using the core first approach, which
implies building the polymeric arms on the core mol-
ecule. A compound containing three or more OH
groups (core) acts as a coinitiator of lactide polymer-
ization in the presence of the catalyst, tin 2-ethylhex-
anoate (tin octoate) [101]. This method has an
important advantage, namely, it consists in one step,
in contrast to the arm first approach, in which linear or
branched arms are primarily synthesized with their
subsequent attachment to the core molecule. The
number of arms in the resulting polymer is equal to the
number of hydroxyl functional groups of the coinitia-
tor. As an example, polyols such as trimethylolpro-
pane, pentaerythritol, and dipentaerythritol are the
most common multifunctional coinitiators for the
synthesis of three-, four-, and six-arm star-shaped
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polylactides, respectively. For the synthesis of hyper-
branched polymers, core molecules with a large num-
ber of OH groups are used. Such a core can be pre-
sented by Boltorn™ polyesters based on 2,2-
bis(hydroxymethyl)propionic acid, whose structure
contains from 16 to 64 hydroxyl groups, depending on
its pseudo generation.

Aqueous suspensions of NPs based on branched
amphiphilic block copolymers were studied using
DLS. From the size distributions presented in Fig. 9a,
it can be seen that in the case of NPs based on star-
shaped three-, four-, and six-arm block copolymers,
two fractions of NPs are present. The fraction with a
smaller hydrodynamic diameter D,, belongs to indi-
vidual NPs, while the fraction with a large size D,
consists of their aggregates. However, with an increase
in the number of arms from three to six at a similar
molecular weight of hydrophobic PLA blocks, no sig-
nificant difference in the hydrodynamic diameter of
NPs formed is observed. In this case, the values of the
average diameter vary from 14 to 16 nm depending on
the number of arms.

In order to study the effect of the hydrophobic PLA
block length on the NP size, a series of experiments on
preparation of particles based on four-arm P(L)LA
with the polymerization degree of 10, 25, and 50 was
carried out. From the data presented (Fig. 9b), it can
be seen that with an increase in the length of the
hydrophobic PLLA block of four-arm samples, the
hydrodynamic diameter of NPs increases from 15 to
44 nm. As in the previous case, the intensity distribu-
tion shows bimodality for all samples. When analyzing
distributions, it should be considered that the intensity
of light scattering strongly depends on the size of the
scattering object. When constructing distributions by
the number of particles, it becomes clear that individ-
ual NPs are the predominant fraction.

In [102], NPsbased on four- and six-arm s-PEG 5-
b-P(L)LA,, block copolymers, with an average diam-
eter of approximately 22 nm, are described. However,
the size of particles based on the linear block copoly-
mer with a similar molecular weight of hydrophobic
and hydrophilic block was 30 nm, which may indicate
a progressive tendency for the formation of monomo-
lecular NPs with an increase in the number of arms. It
is interesting that the contact angle in the case of
P(L)LA, homopolymers decreased from 90° to 80°
with an increase in the number of arms due to an
increase in the number of end hydroxyl groups. In
turn, the addition of a hydrophilic block to macromol-
ecules led to a significant decrease in the contact
angle, the values of which increased in the range from
20° to 50° as the number of arms increased due to a
decrease in the mobility of macromolecules. These
results demonstrate that the hydrophilicity of
branched block copolymers can depend not only on
their chemical composition, but also on the macro-
molecular architecture [102]. In [103], when studying
Vol. 16
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Fig. 9. The size distribution curves of nanoparticles based on star-shaped block copolymers: (a) the effect of the number of arms
in the s-P(L)LA5-6-PEGys copolymer: 3 (1), 4 (2), 6 (3), 64 arms (4); (b) the effect of the hydrophobic block length:

45-P(L)LA-b-PEGs (1), 4s-P(L)LAys-b-PEG 45 (2), 4s-P(L)LAs-b-PEGys (3).

the size and morphology of NPs based on the hyper-
branched PEGs-b-P(L)LA,¢ block copolymer using
DLS, it was found that aqueous suspensions (as for
star-shaped samples) consist of two fractions: individ-
ual NPs of 11—17 nm and their aggregates. This is also
confirmed by TEM images of nanoparticles above and
below their critical aggregation concentration.

It was shown in [104] that along with the length of
the hydrophobic block, the NP size can be affected by
the ambient temperature, the aqueous suspension
concentration, and the polymerization degree of the
hydrophilic segment. It was found that an increase in
the temperature leads to a decrease in the NP diameter
due to PEG dehydration. In addition, in polymers in
which the hydrophilic block is PEG,s, an increase in
the suspension concentration led to a significant
increase in the NP diameter due to secondary aggrega-
tion. However, in the case of longer PEG 33, this effect
was not observed. A change in the molecular weight of
PEG at a fixed length of the P(L)LA block also
affected the NP size. The NP diameter increased as
the weight decreased.

NPs based on star-shaped block copolymers
with hydrophobic poly-D,L-lactide-co-glycolide and
hydrophilic PEG blocks were obtained by the nano-
precipitation method in [105]. The hydrodynamic
diameter of the resulting NPs based on three-, four-,
and six-arm samples was 85, 122, and 208 nm, respec-
tively, with a molecular weight of the hydrophobic
block of 4500 Da and fixed length of the PEG block.
The loading of the hydrophobic drug doxorubicin also
increased in the range from 6.98 to 7.82% with an
increase in the number of arms and the rate of its
release from NPs regardless of pH of the medium had
an inverse relationship probably due to the formation
of a more compact core with an increase in the num-
ber of arms. In [105], in vitro tests showed that NPs
based on the four-arm block copolymer had the high-
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est cellular uptake and cytotoxicity, were also carried
out. A three-fold increase in the cellular uptake in
comparison with three- and six-arm samples is greatly
associated with the average size of the NPs themselves,
which facilitates penetration into HeLa cells.

The loading and release of a drug compound can be
influenced not only by the macromolecular architec-
ture and the polymerization degree of the hydropho-
bic block, but also by the length of the hydrophilic
segment. In [106], using the example of four-arm
s-PEG,-b-P(L)LA,, block copolymers, differing in
the molecular weight of PEG, it was shown that an
increase in the loading of ibuprofen is observed with its
increase and its release at later stages is also signifi-
cantly slowed down.

Along with the main characteristics of NPs, the
presence of active ligands within block copolymers
can significantly affect the cellular uptake. In [107] a
difference in the viability of 4T1 cells in the presence
of NPs based on the 64-arm PEG-b-P(L)LA block
copolymer and its analog modified with folic acid was
demonstrated. The cytotoxicity of NPs with solubi-
lized doxorubicin containing 5 mol % of covalently
bound folic acid was significantly higher due to its
interaction with cancer cell receptors. An increase in
the content of folic acid from 5 to 10% led to a decrease
in the stability of NPs in the aqueous medium and
their precipitation, probably due to the specific inter-
action of folic acid residues on the NP surface.

CONCLUSIONS

Biodegradable polymers based on lactide represent
a promising platform for nanomedicine. This is largely
determined by their excellent biocompatibility and a
wide range of instruments for regulating the molecular
structure and properties, which in combination with
modern methods for preparation of nanoparticles pro-
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vides the possibility of designing effective delivery sys-
tems for solving a variety of problems. The relative
composition and molecular weight of the polymer, its
molecular architecture (linear or branched), hydro-
phobic-hydrophilic balance, and the ability to crystal-
lize are important characteristics affecting the size of
nanoparticles and their ability to solubilize active
compounds. Only a combination of research methods,
including dynamic light scattering, electron micros-
copy and small-angle X-ray scattering, can provide
complete information on the morphology and struc-
ture of a nanoformulation. Biodegradable nanoparti-
cles ranging from 10 to 400 nm can be used to develop
not only vaccines and nanoformulations of chemo-
therapeutic agents, but also to overcome various bio-
logical barriers, deliver genes, targeting to various
inflamed tissues, and for many other applications.
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