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Abstract: Methoxypoly(ethylene glycol) Poly(caprolactone) (mPEG-PCL) copoly-
mers are important synthetic biomedical materials with amphiphilicity, controlled
biodegradability, and great biocompatibility. They have great potential application
in the fields of nanotechnology, tissue engineering, pharmaceutics, and medicinal
chemistry. mPEG-PCL copolymers are biodegradable, biocompatible, and semi-crys-
talline copolymers having a very low glass transition temperature. Due to their slow
degradation, mPEG-PCLs are ideally suitable for long-term delivery extending over
a period of more than one year. This has led to its application in the preparation of
different delivery systems in the form of microspheres, nanospheres, micelles, poly-
mersomes, nanogels, and implants. Various categories of drugs have been encap-
sulated in mPEG-PCL for targeted drug delivery and for controlled drug release. As a
research acmes incurrent years, mPEG-PCL copolymers and their end group-derived
nanoparticles can progress the drug loading of hydrophobic drugs, enhancement
bioavailability, escape being engulfed by phagocytes, reduce the burst release, and
augment the circulation time of drugs in blood. Furthermore, these nanoparticles
can assemble in inflammation or target locations to improve drug efficiency and
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diminish toxicity because of their smaller particle size and modified surface. Recent
advances in mPEG-PCL block copolymer nanoparticles, counting the synthesis

of mPEG-PCL and the preparation of mPEG-PCL nanoparticles, were discussed in
this study, especially the drug release and adjustable characteristics of mPEG-PCL
nanoparticles and their application in pharmaceutical preparations.

Subjects: Environmental Studies & Management; Food Science & Technology; Health and
Social Care; Medicine, Dentistry, Nursing & Allied Health

Keywords: mPEG-PCL; block copolymer; nanoparticles; drug delivery system

1. Introduction

Drug delivery is a rapidly developing and evolving discipline underpinned by the principles and devel-
opments in related fields from classic chemistry to modern biotechnology. The development of drug
delivery technology aims at enhancing the screening and evaluation of new compounds and “rescu-
ing” failed compounds, optimizing them by improving their effectiveness or tolerability, and simplify-
ing their administration (Rosen & Abribat, 2005). In past decades, the application of synthetic
copolymers in drug delivery system (DDS) as drug carriers led to technological advances which by-
passed the pharmacokinetic limitations of conventional, rapid release dosage forms. The improved
DDS based on synthetic polymers generally appears in three types: micro/nanoparticles, implants
(containing hydrogels), and fibers (Choi, Chae, & Nah, 2006). Drug is dissolved, entrapped, adsorbed,
attached, or encapsulated in the polymeric material to make controlled release and localized drug
delivery possible. Among the synthetic polymers adopted in DDS, biodegradable aliphatic polyesters
such as poly(caprolactone) (PCL), poly(lactic acid) (PLA), poly(glycolic acid) (PGA), and their copoly-
mers received considerable attention (Chiellini & Solaro, 1996; Danafar et al., 2016; Masahiko, 2002;
Robert & Vancanti, 1993). PCL is a semi-crystalline, hydrophobic polymer with a relatively polar ester
group and five on-polar methylene groups in its repeating unit and has gained much attention as an
ideal material for drug delivery and other applications through the decades (Mondrinos et al., 2006;
Seregin & Coffer, 2006). And it is mostly synthesized by ring-opening polymerization method from
caprolactone (CL) monomers. The high olefin content imparts polyolefin-like properties to PCL (Kim
& Bae, 2004). However, owing to the high degree of crystallinity and hydrophobicity, PCL degrades
rather slowly and is less biocompatible with soft tissues, which restrict its further clinical application.
Therefore, the modification of PCL is proposed. Poly(ethylene glycol) (PEG), for its hydrophilicity, non-
toxicity, and absence of antigenicity and immunogenicity, can be selected to be attached to PCL,
forming mPEG-PCL copolymers. Thus, their hydrophilicity, biodegradability, and mechanical proper-
ties can be improved and may find much wider applications (Chen, Bei, & Wang, 2000; Huang et al.,
2004; Moon, Lee, Han, & Byun, 2002). Due to the presence of hydrolytically labile ester groups in the
macromolecular main chain, PCL is biodegradable under physiological conditions. And it was re-
ported that mPEG-PCL copolymers with long PCL chains presented the same crystalline structure as
PCL homopolymer, whereas PEG-bearing short PCL blocks retained the crystalline structure of PEG.
However, both of them exhibited higher degradability compared with the PCL homopolymer (Wang
& Qiu, 1993). In addition to the improved biodegradability, the copolymers showed higher hydrophi-
licity and better performance in the cell culture studies than the PCL homopolymer. Amphiphilic
mPEG-PCL polymer can find wide applications as micro/nanoparticles or thermo-sensitive hydro-
gels. In this review, we deal with the recent developments in the application of mPEG-PCL block
polymer in DDS. In Section 2, we focus on the synthesis mPEG-PCL copolymers. In the others Sections,
we survey the preparation techniques and applications of nanoparticles from mPEG-PCL copolymers
as drug carriers in DDS. Finally, conclusion and perspectives were given.

2. Synthesis of mPEG-PCL block copolymers

These copolymers could be synthesized by ring-opening polymerization among PEG or its end-group
products (such as methoxy polyethylene glycol [mPEG]) and caprolactone. mPEG-PCL diblock co-
polymers have been synthesized using the ring-opening polymerization of 3-caprolactone (3-CL)
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Figure 1. Schematic synthesis

route of mPEG-PCL copolymer.

Figure 2. Schematic illustration

of preparation of mPEG-PCL

nanoparticles; (a) o/w emulsion

solvent evaporation.

using mPEG as the macro-initiator with stannous octoate[Sn(Oct),] as the most conformist catalyst
(Figure 1). (Danafar, Rostamizadeh, Davaran, Valizadeh, & Hamidi, 2014; Yuan, Wang, Li, Xiong, &
Deng, 2000). Tin salts are generally charity catalysts, particularly stannous compounds with a higher
catalytic effectiveness. The sightseeing of new catalysts for mPEG-PCL synthesis never ends. A small
number of new catalysts such as calcium (Cerrai et al., 1994; Rashkov, Manolova, Li, Espartero, &
Vert, 1996; Youxin & Kissel, 1993), aluminum, bismuth, and yttrium tris(2,6-di-tert-butyl-4-methyl-
phenolate)[Y(DBMP)3] complexes have been established. Rare earth complexes have been conveyed
as effectual catalysts for the ring-opening polymerization of lactones, lactides, and cyclocarbonates
(Deng et al.,, 2005; Nyce et al., 2003). Arrangement of rare earth trisphenolats for 3-CL homopolym-
erization with high movement and good controllability would formulate PCL with low toxicity
(Connor, Nyce, Myers, Mock, & Hedrick, 2002; Myers et al., 2002). It was established that in the copo-
lymerization system of |-lactide and PEG tetramer, the length of the polymer chain might be precise
by altering the quantity of monomer and initiator, and copolymers with diverse molecular structures
might be synthesized, such as A-B stellate copolymer, A-B-A triblock copolymer, multiblock copoly-
mer, and reticular copolymer.
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Figure 3. Schematic
illustration of preparation of
mPEG-PCL nanoparticles; (a)
Nanoprecipitation.

3. Preparation and processing of mPEG-PCL polymeric nanoparticles

Biodegradable nanoparticles for pharmaceutical use are prepared from mPEG-PCL copolymers.
Numerous systems are available for the synthesis of nanoparticles. After synthetic mPEG-PCL co-
polymers are applied, they are naturally dissolved in a suitable solvent monitored by precipitation in
a liquid environment to nanoparticle creation. The drug envisioned to be encapsulated in the parti-
cles is usually merged in the development through the solvation and precipitation of mPEG-PCL co-
polymers. Emulsification/solvent diffusion, emulsification/solvent evaporation, nanoprecipitation,
and salting-out systems exist as widely functional systems and have been conferred in numerous
reviews (Hans & Lowman, 2002). In emulsification/solvent evaporation (Figure 2), the liquefied
mMPEG-PCL copolymers are blended with the aqueous phase with the assistance of a high-energy
cause, such as ultrasound or homogenization, monitored by solvent evaporation (vacuum and heat).
In the salting-out system, the precipitation of mMPEG-PCL copolymers is gained via phase farewell
(organic solvent-aqueous phase) by the calculation of a salting-out agent, e.g. electrolytes in the
event of acetone as a solvent for the mPEG-PCL copolymers. Likewise, in emulsification/solvent dif-
fusion, nanoparticles are formed when the satiety limit of a partially water-miscible solvent (e.g.
benzyl alcohol) is surpassed by adding water. In together systems, phase separation is fused by
energetic stirring. The disjointed solvent is impassive, e.g. by cross-flow purification. In nanoprecipi-
tation (Figure 3), announced by Fessi and co-workers, the particle establishment is grounded on
precipitation and successive solidification of the polymer is achieved at the boundary of a solvent
and a non-solvent. So, the method is regularly called solvent supplanting or interfacial deposition.
Systems such as supercritical fluid machineries (Jarmer, Lengsfeld, & Randolph, 2003) are unlike
methods like nano-sized particle training. Two strategies happen. First, polymers with grafted mol-
ecules, such as poly(ethylene glycol) (PEG), can be used at the surface (covalent attachment) (Gref
et al.,, 1994). Categorization of demonstrated mPEG-PCL nanoparticles based on the method of prep-
aration was showed in Table 1.

3.1. Nanoparticle characterization

Methods for the classification of nanoparticle size and morphology are scanning electron microscopy
(SEM) (Middleton & Tipton, 2000) and transmission electron microscopy (TEM) (Park, 1994). Currently,
nanoparticles are typically calculated with 5,000-30,000-fold intensifications. In a SEM setup, the
nanoparticulate sample, treated to be conductive (e.g. platinum), is scanned in a high vacuum cham-
ber with an attentive electron beam (Ropert et al.,, 1993). Lesser electrons, emitted from the sample,
are perceived and the image is formed. The environmental scanning microscope (ESEM) allows
occupied uniform with moist samples, without conductive varnishes and high vacuum. In TEM, elec-
trons sprinkled by the sample are detected; the sample is between the electron gun and the detec-
tors (Hariharan et al., 2006). Another performance in pharmaceutical nanoparticle categorizations is

Solvent evaporation -

Inner phase
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Table 1. Categorization of demonstrated mPEG-PCL nanoparticles based on the method of preparation

Drug used

Objective of study

Brief method and outcome

References

Levonorgestrel

Modulation of release pattern by
polymer modification

PCL-PEO-PCL microspheres (3-35 pm) of levo-norg-
estrel prepared using Tween-60 and PVA as stabilizer.
An increase in PEO increased hydrophilicity, hence
resulted in increased particle size distribution and
decreased EE. The biphasic release pattern in the
burst release phase (20% in 24 h) was found to be
independent of polymer composition

Li, Cai, Bei, and Wang (2003)

Hot melt technique
Estradiol

Study of suitability of copolymers for
this technique

Estradiol containing methoxy-PEG (mPEG)-PCL oligo-
mer microspheres were prepared by quenching the
dispersion followed by freeze drying that produced a
shell of PEG over PCL. The particle size, EE (46-78%),
and DL efficiency (0.59-0.68) were reported to
increase when PCL ratio was increased which in turn
affected the drug release

Lee, Oh, Joo, and Jeong (2008)

o/w emulsion solvent
evaporation Tetradrine

Improved efficacy and Development
of histoculture drug response assay
(HDRA)as a method to evaluate drug
sensitivity

Physiochemical traits, cellular uptake, and cytotoxic-
ity (in LoVo cells) and anti-tumor activity (HDRA) of
tetradrine-loaded NPs prepared using mPEG-PCL and
PEG-PCL-PEG were studied. NPs showed increased
anti-tumor activity than free tetradrine. HDRA was
reported to be a potential model for evaluation of
anti-tumor potency

Choi, Ruktanonchai, Soottitan-
tawat, and Min (2009)

Curcumin

Nanoprecipitation

Curcumin was encapsulated within monomethoxy
poly(ethylene glycol)-poly(e-caprolactone) (MPEG-
PCL) micelles through a single-step nanoprecipitation
method, leading to creation of curcumin-loaded
mMPEG-PCL (Cur-mPEG-PCL) micelles

Danafar, Rostamizadeh, Da-
varan, Valizadeh, et al. (2014)

Diffusion (solvent evapora-
tion Tamoxifen

Targeted and controlled drug
delivery

Tamoxifen-loaded PCL-NPs of size 250-300 nm with
zeta potential of 25 mV, 64% EE for selective estrogen
receptor modulation were prepared. Forty percent of
drug was released in vitro within the first hour and
the drug release continued up to 24 h

Chawla and Amiji (2002)

Human dermal broblast
(HDF)

Effect of pore size and polymer
composition tissue growth

The crystallinity of PCL-PEO fibers was increased after
immersion in water in contrast to unaltered in case
of PCL alone. Perfusion-seeded HDF in these scaffolds
of different pore diameters greater than 6 pm were
shown a faster growth after 21 days (49)

Lowery, Datta, and Rutledge
(2009)

Paclitaxel [PCL-b-mPEG-
Folate]

Design of micelles for improved
activity and reduced toxicity

Folate-mPEG-b-PCL copolymeric micelles were of
150 nm and 50-130 nm with and without paclitaxel,
respectively. The zero-order release pattern of folate-
mPEG-b-PCL reported to show higher cytotoxicity in
MCF-7 and HeLa cells than micelles without folate

group

Park, Kim, Lee, and Lee (2005)

Doxorubicin (DOX) [PCL-
PEG]

Vesicular carrier for controlled
release

Loading of DOX into PCL-PEG micellar vesicles of
100 nm was comparable to liposomes. The dis-
solution rate increased with increase in hydrophilic
portion of the copolymer, whereas PCL stabilized the
membrane. The vesicles were resistant to destabiliz-
ing agents and released DOX in first-order pattern

Ahmed and Discher (2004)

atomic force microscopy (AFM).The formation of micellar nanostructures was confirmed by AFM.
Apparently, mPEG-PCL micelles showed a homogeneous spherical morphology, as expected (Figure
4) (Kheiri, Sharafi, Danafar, & Ghasemi, 2016). Photon correlation spectroscopy (PCS), a system based
on dynamic (laser) light scattering, is broadly used in size categorization purposes of nanoparticles
(Maulding et al., 1986). PCS processes the strength dissimilarity of scattered light, and narrates it to
the particle size with the benefit of an autocorrelation function (Pecora, 2000). Surface charge of
nanoparticles, for its portion, regulates the presentation of the nanoparticle system in the body, e.g.
interactions with cell membranes. Zeta (¢) potential measurements provide information about the
particle surface charge (Danafar, Rostamizadeh, Davaran, & Hamidi, 2014b). The size of nanoparti-
cles was measured by dynamic light scattering technique. As shown in Figure 5, the z-average
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Figure 4. AFM image of
micelles.

Source: Kheiri et al. (2016).
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Figure 6. FTIR spectra of (a)
curcumin, (b) mPEG-PCL and,
(c) CUR-mPEG-PCL micelles.

Note: Spectrum blue is for
curcumin, the red belongs to
mPEG-PCL and pink belong to
micelles.

Source: Danafar,
Rostamizadeh, Davaran,
Valizadeh, et al. (2014).

curcumin-loaded mPEG-PCL micelles were found to be about 128 nm with their corresponding PDI
being 0.166.

3.2. Drug-polymer interactions

Using FTIR analysis, it is possible to obtain some information about the occurrence of possible
interaction(s) between substances involved in a nanocarrier system. Generally, the interaction be-
tween drug and polymer is investigated through the band shifts exerted by the functional groups as
well as through broadening in IR spectra compared to their individual spectra. To confirm the pres-
ence of any interactions between the drug and polymer, the FTIR spectra of solid micelles were
compared with pure drug and individual polymers. Freeze-dried samples were pressed to form the
standard disks and the FTIR spectra of the KBr disks were recorded using the aforementioned instru-
ment from 600 to 4,000 cm™. Figure 6 illustrates the FTIR spectra of mPEG-PCL copolymer, cur-
cumin, and curcumin-loaded mPEG-PCL micelles. Comparing these data with the drug-loaded
micelles’ spectrum exhibits the presence of curcumin characteristic peaks in the spectrum of mi-
celles which could demonstrate the successful loading of curcumin in the nanoparticles. The most
striking feature of the FTIR spectra of micelles was the blue shift of the C=0 vibration, from 1,728.68
to 1,730.56 cm™ for drug-loaded mPEG-PCL micelles compared to the copolymer spectrum. The shift
in the micelles spectrum indicates that there exist some form(s) of association between curcumin
and C=0 functional group of the copolymer (Danafar, Rostamizadeh, Davaran, Valizadeh, et al.,
2014). Any possible drug-polymer interaction(s) as well as the physical changes occurred on the
drug or polymer can be studied using the thermal analysis. DSC analysis was carried out on pure
drug and drug-loaded micelles. Samples were heated at a rate of 10°C min™! and the data were re-
corded from 0 to 200°C (Danafar, Rostamizadeh, Davaran, Valizadeh, et al., 2014).

3.3. Drug loading and release

Drug entrapment or encapsulation efficacy is a proportion value that describes the amount of the
substantial drug in the nanoparticles out of the total amount cast-off in the development. The drug
contented (or drug loading) proportion is the drug amount associated to the nanoparticle mass. Due
to the colloidal situation of nanoparticles, purpose of drug encapsulation, drug loading, and in vitro
release could be challenging. Nevertheless, the encapsulation is dogged, e.g., by unraveling nano-
particles from the spreading medium by ultracentrifugation or ultrafiltration. Drug contented is then
quantified from the supernatant or after solvation of the nanoparticle capsule (Dandafar,
Rostamizadeh, Davaran, & Hamidi, 2014b). In the container of drug quantization following
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Figure 7. The release profiles of
curcumin from CUR-mPEG-PCL
micelles in different release
media (a) pH 7.4, (b) plasma,
and (c) pH 5.5.

Source: Danafar,
Rostamizadeh, Davaran,
Valizadeh, et al. (2014).
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freeze-drying, the polymer and drug are first dissolved (Painbeni, Venier-Julienne, & Benoit, 1998).
For example, mPEG-PCL nanoparticles containing curcumin were dissolved in chloroform and the
drug was quantified from the solution by UV spectroscopy since the polymer was established not to
show absorbance intervention at the wavelengths applied (Kawashima, Yamamoto, Takeuchi, Hino,
& Niwa, 1998). In a different case, D,L-PLA nanoparticles containing acyclovir were dissolved in di-
chloromethane followed by removal of the drug by an aqueous buffer (Barichello, Morishita,
Takayama, & Nagai, 1999). The drug quantization was assigned by high performance liquid chroma-
tography (HPLC). Drug release from nanoparticles could be achieved due to the dispersion of the
particle, by desorption from the outside, or after poverty. Ultracentrifugation is frequently subju-
gated (Jarmer et al,, 2003; Suryanarayanan, 1995). E.g. PLA-PEG-PLA nanoparticles containing ator-
vastatin and lisinopril were stimulated in a buffer solution (Ahlin, Kristl, Kristl, & Vrecer, 2002). As
shown in Figure 7, the percentage of curcumin released from the micelles slightly increased as the
pH value decreased from 7.4 to 5.5. The sustained release of curcumin can be attributed to the en-
trapment of curcumin at the core of micelles. Therefore, mMPEG-PCL copolymeric micelles can be re-
garded as highly attractive nanocarriers for both time-controlled drug delivery for hydrophobic
drugs and for the achievement of different therapeutic objectives.

3.4. Nanoparticles in drug delivery applications

The mPEG-PCL copolymer has the remuneration of both PEG and PCL. As a drug delivery system,
mPEG-PCL copolymer nanoparticles have some compensation, e.g: (1) dipping the first-pass achieve
and increasing bioavailability; (Jain et al., 2010) (2) growing drug loading and encapsulation compe-
tence; (Wei et al.,, 2008) (3) dipping particle size and burst release while flourishing targeting; (Lim
Soo et al., 2008) (4) avoid discovery and elimination by the reticuloendothelial system, thus prolong-
ing the circulation time of drugs in the blood and civilizing steadiness; (Maeda et al., 2001; Molina,
Urbina, Gref, Brener, & Junior, 2001) and (5) good security. In a lot of studies, mPEG-PCL block co-
polymer nanoparticles were applied as carriers for vaccine, protein, and gene drugs, particularly in a
sustained/controlled release drug delivery system and targeted-drug delivery method that might
increase drug effectiveness and decrease drug struggle (Molina et al., 2001). mPEG-PCL copolymer
nanoparticles are largely dispersal- and deprivation-controlled release systems. Hydrophobic drugs
mostly are collected in the hydrophobic matrix. In dispersal-controlled systems, drugs are dissolved
or isolated in PCL polymers, and the release rate is restricted by drug diffusion in a PCL matrix. The
drugs neighboring the membrane surface can be released efficiently, while drugs seaside are need-
ed to mellow to the membrane surface first and then are released effectively. In the
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deprivation-controlled system, drugs are dispersed in PCL, and the drug release time is assigned by
degradation rate outstanding to effect from PCL chain length, drug loading of nanoparticles, release
means, and additional factors. mPEG-PCL nanoparticles with a slight sharing of particle size have a
minor particle size than PCL nanoparticles. Therefore, they can simply accumulate at inflammatory
sites and then gradually release the drugs. Specially, targeting molecules can be synthesized in the
PEG end to increase energetic targeting. Thus, the mixture of inactive and vigorous targeting can
perform efficiently on abrasion locations.

4. Conclusions

Tremendous progress has been attained in evaluating and optimizing the application of mPEG-PCL
copolymers in DDS. The reported studies on the mPEG-PCL copolymers involved syntheses of the
copolymers, preparation, and application as micro/nanoparticles carrying various substances. Owing
to the appearance of PEG segment in mPEG-PCL copolymer, the degradation and biocompatibility of
the PCL polyester have been improved. The synthetic procedures vary in reactants and catalysts to
obtain different types of di-copolymers of mPEG-PCL. From the obtained copolymers, the fabrication
of micro/nanoparticles can be adopted and modified from numerable techniques according to the
attributes of materials and loaded substances. The present review on mPEG-PCL nanoparticles are
motionless performed in the laboratory, and the extended technique to go on how to construct
technology steadier and fully developed and eventually encourage large-scale construction for clini-
cal purpose. mPEG-PCL nanoparticles can be predictable to supply more apparatus and potential for
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the clinical management of diseases with extensive use prediction in pharmaceutical
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