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INTRODUCTION
Polymeric nanoparticles and microparticles are a

promising platform for the development of targeted
and prolonged-release therapeutic systems. Nanofor-
mulations are characterized by increased efficacy and
reduced side effects in comparison with classical dos-
age forms. Most of these systems are based on biode-
gradable and biocompatible materials, mainly ali-
phatic polyesters and polyethers, polyanhydrides,
polyamides, and polyorthoesters. The most
demanded of these are polyesters of α-hydroxyacids:
polylactide, polyglycolide, poly(ε-caprolactone),
polydioxanone, and their copolymers [1–6]. The reg-
ulation of the molecular and supramolecular structure
as well as the architecture of biodegradable polymers
provides a way to control their physicochemical prop-
erties and the release profile of the active substance,
which is important for the creation of prolonged-
release pharmaceutical systems. Currently, the litera-
ture describes a huge number of lactide polymers of
different topology: linear, branched, star-shaped, and
graft. This review summarizes the published data on

methods for the synthesis of biodegradable polymers
based on lactide of various topologies as well as on the
main technologies for formulation of nanostructures
for use in targeted drug delivery systems.

COPOLYMERS OF LACTIDE 
AND GLYCOLIDE

In recent decades, ring-opening polymerization
(ROP) has attracted increased attention owing to the
possibility of synthesis a wide range of biodegradable
polymer structures compatible with the human body.
In the body, the process of hydrolytic degradation
(breaking of ester bonds) of these polymers proceeds,
which at a later stage is supplemented by biodegrada-
tion under the action of enzymes. The products of
hydrolysis are included in metabolism, and the rate of
hydrolysis can be easily regulated by changing the
chemical composition and structure of the copolymer
[2, 4].

Some of the ROP polymerizable cyclic monomers
are presented below.

Among them, lactide and its copolymers attract the
most attention as materials for biodegradable surgical
sutures, drug delivery systems, cardiovascular, dental
and orthopedic temporary fasteners, and matrices for

tissue engineering and bioartificial organs The main
raw material for the production of poly(lactic acid) as
well as the internal cyclic diester of lactic acid (lactide)
is lactic acid. Lactic acid (α-hydroxypropionic acid) is
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the simplest α-hydroxy acid with an asymmetric car-
bon atom. It exists in three forms: two optically active
forms (enantiomers) and an optically inactive racemic

mixture from which optically active L- and D-isomers
of lactide and optically inactive meso- and D,L-forms
are produced [7–11]:

In industry, lactic acid is usually obtained from raw
materials that contain glucose, sucrose, and maltose,
for example, refined syrup, molasses, and starch
(corn, potato). Lactic acid can also be obtained from
petrochemical raw materials, but the enzymatic
method is much more ecofriendly. Moreover, petro-
chemical synthesis usually produces an optically inac-
tive mixture (about 50 : 50) of L- and D-forms of lactic
acid, while lactic acid produced by bacterial fermenta-
tion is formed almost exclusively in the L-form [8, 9].

There are two main methods for the synthesis of
polylactide: the polycondensation of lactic acid and
the ring-opening polymerization of lactide. In view of
the need to remove the released water from the reac-
tion medium in the polycondensation method, it is
rather difficult to synthesize a polymer with a high
molecular weight and good physical and mechanical
characteristics which is suitable for the manufacture of
medical devices. To shift the equilibrium and obtain a
high molecular weight product, it is necessary to distill
off or chemically bind water released in the polycon-
densation process. The molecular weight of poly(lac-
tic acid) synthesized by the polycondensation method
without the use of additional crosslinking agents,
commonly, does not exceed 10 × 103.

The ROP of aliphatic cyclic esters is a constantly
and dynamically developing area of research. The
advantages of ROP over polycondensation are as fol-
lows: milder reaction conditions, the absence of
byproducts, and the possibility to use even six- or
seven-membered lactones [4, 6]. The mechanisms of
ionic and coordination polymerizations of aliphatic
cyclic esters have been systematically considered since
the late 1960s. These mechanisms provide a reason-
ably good control of polymer characteristics (i.e., pre-
dictable molecular weight, narrow molecular weight
distribution, high conversion) and are especially well

suited for macromolecular engineering to obtain
homo- and copolymers of various architectures (e.g.,
binary and ternary block copolymers, graft, star-
shaped, hyperbranched) [4].

Depending on the structure of the monomer, the
catalytic/initiating system, and the nature of the
formed active centers, ROP can proceed via the free
radical mechanism, the coordination–insertion
mechanism, or the anionic (or cationic) mechanism
[3]. Anionic and coordination ROP allow achieving
the highest polymerization yields and molecular
weights in a short reaction time. In the anionic ring-
opening polymerization (AROP), nucleophilic
reagents (organometallic compounds, metal amides,
amines, alkoxides, alcohols, water) are used as initia-
tors. A huge number of ROP catalytic systems are
known [4, 12].

Depending on the organometallic derivatives of
metals (such as Al, Sn, Nd, Y, Yb, Sm, La, Fe, Zn, Zr,
Ca, Ti, and Mg), ROP proceeds mainly according to
two key mechanisms. Some of them act as catalysts
and activate the monomer by complexing with the car-
bonyl group. Then the polymerization is initiated by
any nucleophile, for example, water or alcohol, which
are present in the polymerization medium in the form
of impurities or are added in a controlled amount. The
organometallic compound plays the role of an initia-
tor, and polymerization proceeds according to the
coordination–insertion mechanism. In ROP,
hydroxyl-containing initiator molecules can act as
molecular weight regulators for polymers. The polym-
erization rate can be controlled using a wide range of
catalytic systems, such as tin octanoate and 2-ethyl-
hexanoic acid [4].

To obtain biodegradable materials with predeter-
mined properties and degradation profiles, several
forms of lactide are copolymerized with each other as
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well as copolymerized with other cyclic esters: gly-
colide, ε-caprolactone, δ-valerolactone, trimethylene
carbonate. The copolymers of lactide with glycolide
(PLGA) are widely used in medicine. They are

approved by the United States Food and Drug Admin-
istration (FDA). Like the corresponding homopolymers
(PLA and PGA), PLGA are thermoplastic polyesters
that are synthesized by ring-opening polymerization:

Owing to the different reactivity of lactide and gly-
colide, copolymers with different microstructures can
be obtained. By varying the chemical composition,
molecular weight, and supramolecular structure, one
can “control” the physicomechanical characteristics
of the material, its solubility, thermophysical proper-
ties, and the biodegradation rate. It is important to
select the optimal reaction conditions to achieve high
conversion and molecular weight of the polymer. The
hydrophobicity of polylactide is much higher than that
of polyglycolide owing to the presence of a pendant
methyl group. As a result, the rate of hydrolysis of the
main chain is much lower, while the solubility in
organic solvents is higher.

Homopolymers of L-lactide and glycolide are
highly crystalline materials with a relatively long deg-
radation period, but their copolymerization disrupts
the stereoregularity of chains and decreases the degree
of crystallinity. Since the amorphous regions of the
material are significantly more accessible for water
than the crystalline ones, hydrolytic degradation in
the copolymers of lactide with glycolide proceeds
faster than that in the corresponding homopolymers.
Copolymers containing more than 30% glycolide
units are completely amorphous. The glass transition
temperature varies from 40 to 60°C and depends on
the microstructure of the copolymer and its composi-
tion. The rate of biodegradation also depends on the
ratio of the units; copolymers with the composition
lactide : glycolide = 50 : 50 degrade most rapidly.
Owing to their biocompatibility as well as the ability to
regulate the physical and mechanical properties and
the time of biodegradation, lactide polymers and
copolymers with glycolide are widely used for the
manufacture of suture materials for surgery, fasteners
for traumatology and orthopedics, matrices for regen-
erative medicine, and targeted delivery and prolonged
drug release systems. Currently, commercially avail-
able PLGA copolymers of various compositions (50 :
50, 65 : 35, 75 : 25, and 85 : 15) and molecular weight
((10–200) × 103) are well studied. Most of the work is
focused on the copolymers of two types: poly(L-lac-
tide-co-glycolide) (PLGA) and poly(D,L-lactide-co-
glycolide) (PDLGA). Miller et al. [13, 14] showed that

PDLGA of composition 50 : 50 degrades in about 1–
2 months; PDLGA of composition 75 : 25 degrades in
4–5 months; PDLGA of composition 85 : 15 degrades
in 5–6 months [15].

PLGA has low toxicity, excellent biological com-
patibility, and relatively high compatibility with other
polymers and physiologically active substances; there-
fore, it is commonly used in medicine, in particular, to
create drug-loaded nanoparticles and microparticles.
A number of methods were developed that make it
possible to prepare PLGA nanoparticles with a given
size and degree of drug loading. The choice of method
is mainly determined by the type of copolymer and
drug and the method of administration to the body.
Nano- and microparticles are formulated by chemical,
physical, and physicochemical methods. Most of
them are modifications of three main methods: spray
drying, phase separation (coacervation), and solvent
extraction (evaporation).

Emulsion Methods
Simple emulsions. The solvent extraction/evapora-

tion method is the most common encapsulation
method (Fig. 1). It does not require elevated tempera-
tures or the introduction of additional components
(e.g., phase separation agents). By careful selection of
reagents and encapsulation conditions, nanoparticles
and microparticles of controlled size can be obtained.
The simplest version of this method involves the for-
mation of oil-in-water or water-in-oil emulsions.

This method is commonly used for loading physio-
logically active substances insoluble or poorly soluble
in water. PLGA is dissolved in a good, water-immisci-
ble solvent (e.g., dichloromethane, chloroform, ethyl
acetate) to give a single-phase solution. Because of its
toxicity, chloroform is not recommended for use in the
preparation of dosage forms. Dichloromethane is
highly volatile and, as reported, uniformly spherical
particles are formed with its use. Ethyl acetate is pre-
ferred because it is less toxic but partially miscible with
water. Therefore, the search for a nontoxic solvent
with appropriate properties is still an important issue
for researchers using this method. A drug and polymer
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Fig. 1. Schematic illustrating the formation of nanoparticles by emulsifying an organic solution of a drug with a polymer in an
aqueous medium followed by extraction/evaporation of the solvent. Color drawings can be viewed in the electronic version.
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(e.g., PLGA) are dissolved in an organic solvent and
then added to water that contains a surfactant (often
poly(vinyl alcohol)) at the required temperature under
stirring. Then, the organic solvent is gradually evapo-
rated or extracted, and PLGA particles are precipi-
tated in the form of spheres [16–19]. Initially, the
emulsion is kept under reduced or atmospheric pres-
sure, controlling the stirring rate while evaporating the
solvent. Later, the emulsion is transferred to a large
volume of water (with or without surfactant) or
another quenching medium to remove the residual
organic solvent. The prepared solid nanoparticles or
microparticles are washed and dried under suitable
conditions to obtain the final formulation for injec-
tion. By varying the stirring speed, surfactant concen-
tration, and chemical structure of PLGA, the particle
size can be tuned. To date, many hydrophobic drugs of
different therapeutic groups were successfully loaded
by this method: antagonists of narcotic analgesics
(naltrexone, cyclazocine), local anesthetics (lido-
caine), anticancer agents (cisplatin, 5-fluorouracil),
steroids (progesterone), and many others [20]. The
solvent evaporation method using an oil-in-water
emulsion is suitable for the incorporation of hydro-
phobic compounds, but it is not effective for hydro-
philic drugs. The loading of hydrophilic active com-
pounds using an oil-in-water emulsion contributes to
a low loading efficiency and sharp release profiles. In
addition, the drug can diffuse into the continuous
aqueous phase during emulsification, resulting in a
large loss of the drug. To overcome these losses, sev-
eral modified methods were proposed, among which
one of the most effective is the method of double
emulsion water in oil/in water.

Double emulsion method. Multiple emulsion tech-
niques (e.g., water in oil/in water) are well suited for
loading hydrophilic compounds and drugs, such as
proteins, peptides, and hydrophilic anticancer agents.
In contrast to simple emulsion methods, which are
ideal for water-insoluble drugs, double emulsions of
PO
the drug to be incorporated into the particles are usu-
ally obtained as follows: an aqueous solution of a
hydrophilic drug is prepared and emulsified in the
organic phase which is a polymer solution in organic
solvent. This results in the formation of a first (or pri-
mary) emulsion in which aqueous droplets containing
the drug are suspended in the organic phase (water-in-
oil emulsion). The emulsion is then dispersed in a
basic aqueous medium containing surfactants to pre-
vent the aggregation of droplets, forming a double
water/oil/water emulsion. The size of the resulting
droplets can be controlled by changing the modes of
dispersion and homogenization. The addition of the
primary emulsion to the surfactant solution and the
removal of the organic solvent lead to the formation of
a rigid polymer shell around the hydrophilic drug sub-
stance. In this way, microparticles based on naltrexone
hydrochloride, pseudoephedrine hydrochloride,
leuprolide acetate peptide, vaccines, and other sub-
stances are obtained. PLGA-based particles are sensi-
tive to moisture; therefore, they are dried by freeze-
drying for long-term storage, often by introducing
cryoprotectants (usually sucrose or glucose) [21–23].
Compared to other methods of particle preparation,
the solvent evaporation method is rather laborious. Its
duration depends on the rate of evaporation of solvent,
which can be increased by heating the system. Thus,
the problem of drug stability arises especially when
operating with temperature-sensitive substances. It is
important to avoid residues of toxic solvents (methy-
lene chloride, chloroform, acetonitrile, tetrahydrofu-
ran, or methanol) in the final product, which is
achieved through prolonged drying. Very often, the
drying process has to be carried out at low tempera-
tures owing to the low glass transition temperatures of
the polymers used. It is reported that in some cases
drying can take more than one week. The above disad-
vantages of the solvent evaporation method provide an
argument for focusing on other microparticle prepara-
tion methods, such as spray drying, which can effec-
LYMER SCIENCE, SERIES B  Vol. 63  No. 3  2021
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Fig. 2. Schematic illustrating the formation of PLGA nanoparticles by microfluidic technologies.
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tively encapsulate a wide range of drugs, both hydro-
phobic and hydrophilic, with shorter preparation
times and milder drying conditions.

Spray Drying

Spray drying is a relatively simple, inexpensive, and
effective method of producing polymer microparticles
with an incorporated biologically active substance.
The spray drying process is f lexible and produces good
quality microparticles. The type of drug (hydrophobic
or hydrophilic) determines the choice of solvent that
will be used in the process. Traditionally, the process
consists of spraying a solution/solid dispersion of a
polymer with an active substance into a hot dry
medium, for example, into a stream of heated air. At
the exit from the spray nozzle, the solution/dispersion
stream is crushed into small droplets which, as a result
of rapid evaporation of the solvent, transform into a
solid dried state. This is done in three steps: aerosol
formation, aerosol contact with warm air and aerosol
drying, and separation of the dried product and sol-
vent-saturated air. In this way, both microparticles
with a relatively uniform distribution of the active sub-
stance over the volume (in this case, a joint solution of
the polymer and the active substance in an organic
solvent is subjected to spray drying) and microparti-
cles of the core–shell type are obtained (in this case,
the dispersion of the substance forming the core of a
microparticle and insoluble in a dispersion medium,
in the concentrated solution of a substance that forms
a shell, is subjected to spray drying). The literature
describes a technology for producing PLGA-based
microspheres for the delivery of diazepam, piroxicam,
progestone, theophylline, and vitamin D3 and for the
encapsulation of water-soluble materials (albumin and
vaccine antigens). The size of microsphere particles
formulated by spray drying ranges from several
POLYMER SCIENCE, SERIES B  Vol. 63  No. 3  2021
microns to several tens of microns and has a relatively
narrow distribution [24]. The spray drying of a PLGA
solution with an active substance is often carried out in
the presence of an aqueous solution of carbohydrates
(mannitol, lactose, trehalose); in addition, stabilizers
(poly(ethylene glycols), polyethyleneimine) are added
to reduce the tendency toward agglomeration.

Microfluidic Technologies

A promising approach for preparation of polymer
particles is the use of microfluidic technologies
(Fig. 2). This method implies the ability to manipulate
fluid f lows and single droplets, which in turn opens up
wide opportunities for implementing microfluidic
technologies for the synthesis and assembly of “smart”
particles and the creation of microcapsules, polymer-
osomes, and biocompatible cell matrices as well as
high-throughput methods of analysis in experimental
biology. The generation of a monodisperse emulsion
of controlled size and morphology under the mildest
conditions is one of the main advantages of droplet
microfluidics in comparison with classical approaches
to emulsification based on mechanical action. This
method allows one not only to fundamentally improve
the quality of the obtained microparticles/nanoparti-
cles but also to ensure the production of particles of
complex structure (multilayer, multicore). The advan-
tage of polymer particles obtained in microreactors is
a narrower particle size distribution, which is achieved
through the strict and complete control of conditions
in the microreactor (pressure, temperature, and flow
rate).

Microfluidic devices can be capillary systems with
direct f lows, focused f low, or a combination of both of
these principles. In cocurrent capillary devices, the
aqueous phase (e.g., PVA in water) is introduced into
two side channels and the organic phase containing
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the drug and polymer is directed into the central chan-
nel of the device using syringe pumps at a constant
speed. Monodisperse emulsion droplets are continu-
ously formed at the junction points of the combined
microchannels used in the capillary device with direct
streams to prepare microspheres loaded with a drug
(e.g., bupivacaine, a local anesthetic). In capillary
flow focusing devices, two liquid phases (i.e., an
organic phase containing drug and polymer and a con-
tinuous aqueous phase) are introduced from opposite
directions into a microfluidic mixing cell. The internal
organic phase is hydrodynamically focused by the f low
of an external aqueous liquid through the opening.
When the organic phase enters the hole, it decom-
poses (under conditions of dripping or insufficient
blowing) to form droplets of the monodisperse emul-
sion [25–27]. Compared to the simple oil-in-water
emulsion method, empty PLGA microspheres which
were obtained by the f low focusing method had a nar-
rower particle size distribution. All the methods used
to produce microparticles can be employed to produce
PLGA nanoparticles (nanospheres and nanocapsules)
by adjusting the process parameters. Over the past two
decades, many PLGA-based dosage forms have been
developed and used to treat various diseases [28–30].
The most popular are PLGAs with a relative composi-
tion (molar ratio of lactide : glycolide) of 50 : 50 and
75 : 25 [31]. Owing to the hydrolysis of PLGA, proper-
ties such as the glass transition temperature Tg, mois-
ture content, and molecular weight change over time.
These changes in properties of PLGA also affect the
release rate of the loaded drug, which also depends on
the nature of the drug [32].

Amphiphilic block copolymers based on lactide
and ethylene oxide are a promising type of polymers
for creating nanoparticles. Unlike PLGA particles,
which are hydrophobic and require obligatory stabili-
zation with surfactants, the tendency toward aggrega-

tion of copolymers of lactide and ethylene oxide is
even inherent in their very structure. The absence of
the need to remove the free stabilizer provides a great
technological advantage.

BLOCK COPOLYMERS OF LACTIDE
WITH POLY(ETHYLENE GLYCOL)

Poly(ethylene glycol) (PEG) is a biocompatible,
nontoxic, and nonimmunogenic water-soluble poly-
mer widely used in pharmaceutical and biomedical
technologies. Although PEG with molecular weight
below a certain value does not degrade in biological
media, it can be eliminated from the body through
excretion. It was shown that 98% of PEG with a
molecular weight of 4 × 103 is excreted from the
human body [33]. The widespread use of PEG deriva-
tives in targeted drug delivery systems is associated
with PEG resistance to proteins, since the resulting
hydrogen bonds of PEG with water exclude the
adsorption of proteins on them. Since PEG is a readily
soluble, highly polar polymer capable of forming a
random coil, which can effectively sterically protect
the surface of various nanoparticles and microparti-
cles, block copolymers with various hydrophobic
blocks can be obtained using PEG of different func-
tionality and molecular weights. The ring-opening
polymerization of lactide is a widely used method for
the synthesis of binary and ternary block copolymers
with PEG. Polymerization, usually, is carried out in
bulk at 140–170°C in an inert medium using a catalyst
and a macroinitiator (monofunctional methoxy(poly-
ethylene glycol) for the synthesis of binary copolymers
or bifunctional poly(ethylene glycol) for ternary block
copolymers) [34]. ROP allows the synthesis of high
molecular weight copolymers under mild conditions
and the control of molecular weight and molecular
weight distribution [4].
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Table 1. Examples of star-shaped (3-, 4-, and 6-arm) PLA polymers synthesized by ROP (catalyst Sn(Oct)2)

Core structure Arm structure Number of PLA arms
Molecular weight of 
polymer Mn × 10–3 References

Glycerol PDLLA 3 4.0–100.0  [50]

Trimethylolpropane PDLLA 3 14.6–75.5  [50, 51]

Pentaerythritol PDLLA 4 2.7–64.6  [50, 52, 53]

Dipentaerythritol PDLLA 6 5.9–86.0  [51, 54, 55]

Inositol PDLLA 6 4.6–66.8  [50, 56]

Sorbitol PDLLA 6 1.0–33.6  [57, 58]

Xylitol PDLLA 6 2.8–33.6  [57]

Cholic acid PDLLA 3 3.3–23.1  [50]

Trimethylolpropane PLLA 3 2.3–75.5  [59, 60]

Glycerol PLLA 3 2.8–130.0  [61, 62]

Pentaerythritol PLLA 4 2.7–320.0  [59, 63, 64, 68]

Dipentaerythritol PLLA 6 2.3–88.0  [50, 65, 66]

Inositol PLLA 6 11.0–34.0  [50, 56, 67]

Sorbitol PLLA 6 1.0–37.0  [57, 58]

Sorbitol PLLA 6 1.8–33.6  [57]
Such block copolymers can be modified at termi-
nal hydroxyl groups. For example, Asadi et al. pre-
pared PLA–PEG–PLA triblock copolymers with ter-
minal diacrylic fragments [35]. They are also charac-
terized by a good biocompatibility and the ability to
self-associate in an aqueous medium, and the pres-
ence of terminal double bonds allows photocrosslink-
ing of these micelles to obtain polymer nanogels.
Organometallic compounds are commonly used to
catalyze the ROP of lactide, and tin octanoate is one
of the most popular catalysts for the polymerization of
lactones in the presence of hydroxyl-containing com-
pounds [4, 36]. The purity of the polymer and its
molecular mass distribution affect the expected key
characteristics of nanostructures after aggregation
(e.g., zeta potential, hydrodynamic particle diameter).
In addition, the possible formation of a byproduct, a
PLA homopolymer or free PEG blocks, can also affect
the physicochemical characteristics of the resulting
nanoparticles. For example, mixing the PLA
homopolymer with PLA–PEG copolymers changes
the surface density of PEG on PLA–PEG nanoparti-
cles [37, 38]. As discussed above, the surface density of
PEG is an important characteristic of nanoparticles
that can affect colloidal stability as well as interactions
with plasma proteins, including complement proteins.
It is important to control the purity of the starting
macroinitiators, since the presence of a PEG-diol
POLYMER SCIENCE, SERIES B  Vol. 63  No. 3  2021
impurity in methoxy-PEG used for the synthesis of
diblock copolymers can lead to the formation of a tri-
block copolymer byproduct and, therefore, to a mix-
ture of block copolymers of different topology [39].

The amphiphilic block copolymers of lactide with
poly(ethylene glycol) in an aqueous medium are capa-
ble of self-assembly into supramolecular structures,
micelles. In the simplest case, the formation of spher-
ical micelles of the core–corona type occurs in which
the hydrophobic PLA block forms the core and the
hydrophilic PEG forms the corona. Micelles based on
these block copolymers are biocompatible, biodegrad-
able, and nontoxic, and the PEG forming the shell
provides the necessary steric barrier and prevents the
adsorption of plasma proteins on the surface of parti-
cles, thereby increasing the time of their circulation in
the body. Thus, by varying the hydrophilic-lipophilic
balance of amphiphilic copolymers as well as the ste-
reospecificity and length of their constituent blocks,
particles with controlled size and morphology can be
obtained. Undoubtedly, such nanoparticles have great
potential for development of prolonged and targeted
drug delivery systems.

STAR-SHAPED POLYLACTIDES

The rapid development of synthetic methodologies
allows to synthesize polymers with a complex archi-



264 GOMZYAK et al.
tecture (star-shaped, hyperbranched, dendritic,
polymer brushes) in which polymer segments of dif-
ferent types (hydrophobic and/or hydrophilic, amor-
phous and/or crystalline) are combined in one mac-
romolecule. Star-shaped polymers are the simplest
branched polymers consisting of several linear chains
connected to a central branching center. According
to the IUPAC nomenclature, star-shaped polymers
are characterized by the presence of a single branch-
ing point from which linear chains originate. The

functionality of this point is indicated by the number
of arms (linear chains) emanating from it. There are
two main ways to synthesize star-shaped polymers:
divergent (“core first”) and convergent (“arm first”).
Low molecular weight substances (e.g., polyatomic
alcohols) or macromolecules with reactive functional
groups are used as the core. The examples of initia-
tors used for the synthesis of star-shaped polylactides
are presented below.

Star-shaped polymers have unique properties com-
pared to their linear counterparts. Owing a high den-
sity of segments, branching leads to more compact
structures, which sharply affects the mechanical and
viscoelastic properties and characteristics of solutions
[40]. The study of these properties is the subject of
numerous theoretical and experimental studies. Star-
shaped polymers are synthesized using the “core first”
and “arm first” strategies as well as their various com-
binations [41–49]. Table 1 shows the examples of star-
shaped polylactides synthesized in the presence of
cores with different functionalities.

In the case of lactide derivatives, the core first strat-
egy is used more widely than the arm first strategy.
Star-shaped biodegradable polyesters are synthesized
by the ROP method in bulk at 140–200°C in an inert
atmosphere using a catalyst and a multifunctional ini-
tiator as well as in solvents, such as tetrahydrofuran, m-
xylene, toluene, methylene chloride, chlorobenzene,
chloroform, and DMSO. While linear polymers are
synthesized by ROP with a monofunctional or difunc-
tional alcohol, the use of a polyol results in highly
branched (star-shaped) structures.

Typically, the number of “arms” in the polymer
corresponds to the number of functional groups in the
initiator. The position of the hydroxyl group in the

core and the ratio of monomer to initiator determine
whether all hydroxyl groups initiate the growth of the
PLA chain. It was shown that primary hydroxyl groups
are more effective in initiating lactide polymerization.
The aim of study [68] was the systematic assessment of
the effect of the amount of hydroxyl groups of the ini-
tiator on the polymerization rate and optimization of
the polymerization time required for the formation of
high molecular weight polylactides. The polymeriza-
tion of lactide was carried out at 200°C (catalyst
Sn(Oct)2), and the initiators used contained from 1 to
12 hydroxyl groups. It was shown that the rate of
polymerization increases with an increase in the num-
ber of hydroxyl groups in the initiator, as is seen from
the analysis of the kinetic curves. For all initiators, the
lactide conversion was about 95%. It follows from the
results obtained that the functionality of the initiator
affects the rate of polymerization, but not the mono-
mer–polymer equilibrium. The use of initiators with
different numbers of hydroxyl groups made it possible
to obtain PLLA with different numbers of arms. An
important condition for effective initiating activity is
the solubility of the initiator in the polymerization
mixture. A poor solubility is characteristic of initiators
with a high melting point, such as pentaerythritol,
dipentaerythritol, and β-cyclodextrin, which mark-
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edly complicates polymerization [69]. Using multi-
functional initiators, various molecular architectures
with a strictly defined number of arms from 3 to 32 can
be obtained. For example, using dendritic initiators
derived from 2,2-bis(hydroxymethyl)propionic acid
(bis(MPA)), star-shaped PDLLA, PLLA, and PCL
with 2, 4, 6, or 12 arms corresponding to the number
of hydroxyls and a narrow MWD (less than 1.1) were
obtained. Stars with a large number of arms (up to 160)
are synthesized using hyperbranched polymers and/or
dendrimers [44–48, 70, 71]. More complex polyols
can also serve as initiators, for example, octafunc-
tional polyhedral oligomeric silsesquioxane (POSS)
[72]. In almost all works, Sn(Oct)2 was used as a cata-
lyst. Other catalysts were also implemented such as
calcium hydride, tin acetylacetonate, potassium
hexamethyldisilazide, tetraphenyltin, Bi(III) acetate
(Bi(OAc)3), and even the enzyme lipase. The
Bi(OAc)3-based system was comparable in catalytic
efficiency to Sn(Oct)2 at 140°C. There are few publi-
cations on the preparation of star-shaped polylactides
by polycondensation. The synthesized polymers usu-
ally have relatively low molecular weights (Mn < 4.7 ×
103). Higher molecular weight poly(lactic acid) (Mn ~
67 × 103) was obtained by the direct polycondensation
of lactic acid initiated by dipentaerythritol and pen-
taerythritol with antimony trioxide and p-toluenesul-
fonic acid as catalysts, respectively. In addition, star-
shaped 3- and 4-arm PEG–PLA copolymers were
obtained from branched poly(ethylene glycol) [73–
75]. Also, star-shaped polylactide was synthesized by
the ROP of D,L-lactide in supercritical carbon dioxide
with D-sorbitol as an initiator. This process was carried
out at significantly lower temperatures (up to 80°C)
compared to bulk reactions (140°C). As a result, a
decrease in the formation of byproducts was observed,
which led to a narrower polymer dispersion and good
control of the degree of branching [76]. Usually, star-
shaped polylactides are synthesized by ROP; however,
other approaches, for example, RAFT and ATRP, can
be used [77, 78]. Many lactone-based star-shaped
polymers can ultimately be used to produce nanopar-
ticles for targeted drug delivery. Recently, it was shown
that 3-, 4-, and 6-arm PLGA–PEG block copolymers
(initiated by trimethylolpropane, pentaerythritol, and
dipentaerythritol, respectively) exhibit reduced critical
micelle concentrations, a slower release of encapsu-
lated doxorubicin, and a certain increase in internal-
ization into HeLa line cells [79]. These star-shaped
polymers probably do not form monomolecular
micelles: the average size of their aggregates in water is
in the range of 80–200 nm, and it increases with an
increase in the degree of branching. This indicates that
colloids are formed by polymer aggregation and
become more stable because of more frequent entan-
glements as a result of the presence of branching
points (hence the lower values of the critical micelle
concentration). A number of studies demonstrated

that nanoparticles based on star-shaped polymers can
be loaded with drugs, such as indomethacin and ibu-
profen [72, 80–82].

BRANCHED POLYMERS 
BASED ON POLYGLYCEROL

To obtain star-shaped polymers the number of
arms in which is more than 10, it is necessary to use
initiators containing a large number of reactive
groups, hyperbranched polymers and dendrimers.
The physicochemical properties of hyperbranched
polymers can be varied within a fairly wide range
without significantly changing the initial macromol-
ecule but only by varying the set of functional groups
in terminal chains and the degree of their modifica-
tion. In recent years, dendrimers as well as hyper-
branched polymers have attracted serious attention
owing to their unique properties related to their
branched architecture and a large number of func-
tional groups. A highly branched and dense but irreg-
ular structure of hyperbranched polymers leads to
increased solubility in comparison with linear ana-
logs, low solution viscosity, and high concentration
of functional terminal groups [83–85].

The study of star-shaped polymers with a hyper-
branched high molecular weight core is of particular
interest. Hyperbranched polymers are a special type
of dendritic polymer and have a very high branching
density with the possibility of branching in each
monomer unit. They are usually prepared in a one-
step synthesis, which makes it difficult to control
branching and molecular weight with high accuracy,
resulting in products with a wide MWD. This distin-
guishes hyperbranched polymers from perfectly
branched and monodisperse dendrimers. There are a
large number of publications devoted to the study of
hyperbranched polyglycerol and its derivatives in
medical applications [81–89]. FDA-approved oligo-
glycerols and polyglycerols (PG) occupy a special
position in the field of nanomedicine owing to their
topological homogeneity, biocompatibility, and mul-
tifunctionality. In addition, PG can be degraded by
enzymes to form nontoxic, easily excreted metabo-
lites. For these reasons, PG found many uses as a
drug delivery vehicle. PG is prepared by ring-open-
ing polymerization. There are many approaches to
the synthesis of PGs of different structures which
assume a wide variety in the degree of branching,
size, surface topology, and chemical properties in
general. The synthesis of hyperbranched polyglycerol
from glycidol is schematically shown below.
POLYMER SCIENCE, SERIES B  Vol. 63  No. 3  2021
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Along with the synthesis of hyperbranched polyglycer-
ols (HBPG), in the last decade, pathways for the syn-
thesis of ideal dendritic PGs, dendrons, microgels,
and hydrogels were also reported. A high molecular
weight PG is highly hydrophilic and has a large num-
ber of terminal hydroxyl groups which can be easily
modified to obtain a wide range of compounds [86].

The modification of PG hydroxyl groups with
hydrophobic blocks makes it possible to obtain amphi-
philic systems with a hydrophilic core and a hydropho-
bic outer shell which exhibit host–guest properties.
Over the past decades, a wide range of PGs of different
topologies and molecular weights have been synthe-
sized. Arvanitoyannis et al. [87] synthesized a three-
arm star-shaped PLLA via ROP using glycerol as a core.
The synthesized polyester had a low degree of crystal-
linity, reduced melt viscosity, and high molecular
weight. Multiarm star-shaped block copolymers were
prepared using hyperbranched PG oligomers as initia-
tors. At the first stage, a hyperbranched polyglycerol
(core) was synthesized, and then the polymerization of
L-lactide was carried out via the terminal groups of
HBPG at various ratios; as a result, linear branched
copolymers with different lengths of the polylactide
block were formed [88]. The ROP of lactide was carried
out at 115°C for 24 h (catalyst Sn(Oct)2). Similar linear
dendritic copolymers can be obtained by the chemical
bonding of polylactide blocks with HBPG by the carbo-
diimide method [89]. The advantage of this method was
that all PLA branches had the same molecular weight.
It was found that the release rate of quercetin (a poorly
water-soluble drug) decreased with increase in Mn of

copolymers HBPG–PLA. Copolymers with glycolide
were synthesized similarly by the ROP method. The
HBPG–PGA copolymers were semicrystalline with
Tg = 10–18°C and Tm in the range of 170–190°C. The
aggregation of HBPG–PLA in water leads to the for-
mation of nanoparticles with the core–corona struc-
ture. The synthesis of HBPG–PLGA copolymers by
the carbodiimide method was described. These copoly-
mers could form nanoparticles functionalized with
antibodies to transferrin [90]. In several studies, the
ability to regulate the size and morphology of HBPG–
PLA-based nanostructures, to encapsulate therapeutic
agents in them, and to release them in a controlled
manner was revealed. It was shown that the hydropho-
bic shell of nanoparticles based on HBPG–PLA is
capable of controlling the release rate of encapsulated
water-soluble drugs [91–96]. To consider the possibility
of using HBPG-like structures in neurology, T. Liu et
al. developed a new drug delivery system to the brain
based on HBPG–PLGA nanoparticles, the surface of
which was functionalized with an antibody to transfer-
rin. Nanoparticles were obtained by the double emul-
sion method [128].

BRANCHED POLYMERS 
BASED ON BOLTORN POLYESTERS

Owing to broad possibilities of modification and
potential use in medicine, there are currently commer-
cially available hyperbranched polymers: polyamido-
amine (PAMAM) and polypropyleneimine (PPI), also
known as Astromol, as well as Boltorn brand polyesters.
One of the promising hyperbranched polymers is
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hyperbranched polyester obtained by the condensation
of 2,2-bis(methylol) propionic acid with polyatomic
alcohols (the trade name is Boltorn polyester). Entirely
built from biocompatible, biodegradable blocks, this
polyester can be used as a “platform” for the synthesis
of a variety of compounds that can be used in a wide
range of human activities, including targeted drug deliv-
ery. In this case, it is extremely important to study the
structure of both the initial polyester and its modified
derivatives. Boltorn is an aliphatic hyperbranched poly-
ester synthesized by the polycondensation of
3-hydroxy-2-(hydroxymethyl)-2-methylpropionic acid
(or 2,2-bis(methylol)propionic acid, bis(MPA)), which
is a monomer of type AB2 and contains one carboxyl
(A = –COOH) and two hydroxyl (B = –OH) func-
tional groups. The synthesis of hyperbranched poly-
mers based on bis(MPA) can be carried out using a
hydroxyl-containing “core” Bf (f is the number of func-
tional hydroxyl groups) and without it. Boltorn polyes-

ters of grades H20, H30, and H40 are progressively
branching dendrite-like macromolecules containing
three branches (in the case of trimethylolpropane as a
branching center) with a large number of hydroxyl and
ester groups. They are biocompatible biodegradable
polymers and have bioavailability and low toxicity
(LD50 = 2000 mg/kg). Polyester polyols of this series are
slightly soluble in water, and with an increase in the
generation number, their solubility in water decreases.
Their hydrophobicity is less pronounced than the
hydrophobicity of polyolefins. It is known that, with an
increase in the generation number of hyperbranched
polymers, their degree of branching increases, as well as
the size and capacity for guest molecules.

In the structure of polyester Boltorn, in addition to
the branching center (core), there are linear, dendritic,
and terminal units, from the ratio of which the degree
of branching can be calculated:
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Table 2. Boltorn-PLA hyperbranched polymers (catalyst Sn(Oct)2)

Core structure Arm structure Number of PLA arms
Molecular weight 

of copolymer Mn × 10–3 References

Boltorn H20 PLLA 16 17.8–157.7  [115]
Boltorn H20 PLLA-b-PCL 16 51.8–104.3  [114]
Boltorn H20 PLLA

PLLA-b-PTMC
16 45.4

45.4–56.0
 [116]

Boltorn H40 PDLA 64 260.0  [114]
Boltorn H40 PLLA

PLLA-b-TPGS
64 26.0

55.0
 [114]

Boltorn H40 PLLA-b-PEG 64 108.5  [117]
Boltorn H40 PLLA-b-mPEG

PLLA-b-PEG-FA
20 108.5  [118]

Boltorn H40 PDLLA 26 26.0  [114]
The active sites are hydroxyl groups which are
located in terminal and linear units. The presence of a
large number of free hydroxyl groups (both inside and
around the periphery of macromolecules) makes them
especially attractive for chemical modification for use in
biology and medicine. As a result of this modification,
hyperbranched macromolecules were obtained con-
taining carboxyl, amino, amido, and silylamine groups
along the periphery as well as sulfur, phosphorus, and
fluorine-containing groups. The modified polymers
acquire the ability to self-assemble in aqueous solutions
and to form nanostructures capable of retaining drugs.
It was shown that PEG-modified Boltorn polyesters
show promise for the controlled release of doxorubicin
in breast cancer therapy [97, 98].

In a number of works, to increase the circulation
time and drug loading, Boltorn H40 was modified with
poly(L-lactide) [99], poly(ε-caprolactone) [100–102],
poly(L-aspartate) [103], and poly(L-glutamate) [104],
after which they were hydrophilized with PEG blocks to
formulate nanostructures.

Multiarm linear dendritic polymers based on
Boltorn, commonly, are synthesized by the ROP of
lactones in bulk in an inert medium at temperatures of
140–160°C. The terminal hydroxyl groups are modi-
fied either with PEG, which makes it possible to
increase the circulation time in vivo, or with folates or
RGD peptides [105–113]. Table 2 provides a list of lin-
ear dendritic copolymers described in the literature.

In linear dendritic block copolymers Boltorn–
PLA–PEG, polylactide blocks facilitate drug loading,
as is evident, for example, when doxorubicin is cova-
lently attached to them through pH-sensitive bonds
[110, 119]. This advantage is perhaps less apparent in
the case of physical drug loading, since hydrophobic
compounds, such as paclitaxel, can also be physically
loaded in pegylated Boltorn H40 without intermediate
chains [120]. Boltorn H40 was used to develop amino-
functionalized systems as cationic carriers for nucleic
PO
acids [121], similar to what was studied using hyper-
branched poly(amino esters) [122, 123]. Compared to
one of the best transfection agents based on hyper-
branched poly(ethyleneimine), the amino-functional
Boltorn H40 is generally less effective but is signifi-
cantly less cytotoxic. For example, it was used at con-
centrations up to 1 mg/mL without any significant loss
of cell viability [121]. For Boltorn derivatives, very low
values of the critical aggregation concentration in the
range of several μg/mL are usually observed [101, 102,
110, 124], and they may simply reflect the insufficient
sensitivity of analytical methods (usually determined
by pyrene f luorescence) than the actual disaggrega-
tion, which would confirm the concept of hydropho-
bic domains with a very little concentration depen-
dence. In addition, these systems usually range in size
from several tens of nanometers to 100–200 nm,
which, nevertheless, suggests the multimolecular
nature of colloidal particles. Monomolecular micellar
nanosized preparations based on Boltorn-PCL modi-
fied with PEG and malic acid were obtained [125].
Some PEG blocks were modified with folic acid, and
DOX was conjugated through pH-sensitive hydrazone
bonds which were cleaved in an acidic medium [125].
Similarly, octreotide was conjugated to Boltorn–
PLLA–PEG [126, 127] and demonstrated an
increased anticancer activity.

CONCLUSIONS
The last decade has witnessed a marked rise of

interest in biodegradable polyesters for use in medi-
cine and pharmaceuticals. The review shows that cur-
rently methods have been developed for the synthesis
of hydrophobic and amphiphilic biodegradable poly-
mers of various topologies: linear, star-shaped, and
hyperbranched. Such a wide range of structures and
formulations allow the f lexible design of drug delivery
systems, choosing the optimal material for each active
agent. The development of new catalysts as well as
LYMER SCIENCE, SERIES B  Vol. 63  No. 3  2021
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methods for the synthesis of functional biodegradable
polymers with controlled topology and physicochem-
ical characteristics is an urgent area of research.
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