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Abstract: Size control of therapeutic casriers in drug delivery systems has become important due o its relevance to
biodistribution in the human body and therapeutic efficacy. To understand the dependence of particle size on the for-
mation condition during nanoprecipitation method, we prepared nanoparticles from biodegradable, amphiphilic
block copolymers and investigated the particle size and structure of the resultant nanoparticles according to various
process parameters. We synthesized monomethoxy poly(cthylene glycol)-poly(s-caprolactone) block copolymer,
MPEG-PCL, with different MPEG/PCL ratios via ring opening polymerization initiated from the hydroxyl end
group of MPEG. Using various formulations with systematic change of the block ratio of MPEG and PCL, solvent
choice, and concentration of organic phase, MPEG-PCL nanoparticles were prepared through nanoprecipitation
technique. The results indicated that (i) the nanoparticles have a dual structure with an MPEG shell and a PCL core,
originating from self-assembly of MPEG-PCL copolymer in aqueous condition, and (ii) the size of nanoparticles is
dependent upon two sequential processes: diffusion between the organic and aqueous phases and solidification of

the potymer.
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Introduction

Nontoxic, biodegradable polyesters, for example, polylac-
tide (PLA), poly(lactide-co-glycolide) (PLGA) and poly(e
caprolactone) (PCL), have been focused as one of the most
versatile materials in bio-related fields, for example, ortho-
pedic implant,"* scaffold for tissue regeneration,”' and
delivery system of therapeutic substances such as drugs,*"*
protein,' ™ and oligonucleotide like RNA and DNA.*' A
great deal of different strategies for modification of these
polymeric materials has been also intensively reported with
the aim of fine-tuning of physicochemical properties on
demand for practical applications by means of (i) chemi-
cally conjugation through copolymerization with poly(eth-
ylene glycol) (PEG)™** or biologically benign moieties,”'

and (i) surface modification via surface coating,’***

*Corresponding Author. E-mail: dslee@skku.edu
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blend, ™ and plasma treatment.”” Those modifications make it
possible to readily tailor the hydrophilicity,** specific
interaction,”>*” and other desired functions.”****
Specifically, block copolymer of polyester with featured
components facilitates colloidal drug delivery carrier to be
highly efficient in sustained release on specific target site.
Colloidal carriers of polyester copolymer incorporated with
PEG exhibit superior biodistribution by prolonged circula-
tion in blood system because the mobile PEG brush serves
as a protective shield around the particulate, significantly
suppressing undesired adsorption of blood proteins onto
therapeutic particulate.’®*" Another way to realize long cir-
culating particles is to adjust the particle size (~200 nm)
enough to avoid phagocytosis by protein adsorption.”™
This is the reason why nanoparticles as drug delivery vehi-
cle have been of great concern as a promising alternative to
achieve so-called “missile delivery” in controlled manner.
There have been proposed a variety of fabrication tech-
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niques for nanoparticles, e.g., emulsion,” double-emulsion,*®
phase separation/dialysis,” and nanoprecipitation method.***’
Depending on selection of production method, one would
be able to control the structure and physicochemical prop-
erty of particulate, cargo loading, and subsequent cargo
release. In particular, nanoprecipitation method we will deal
here offers a simple and easy process; nano-sized particles
can be produced by just dropping polymer-containing organic
phase into nonsolvent bath. This technique is mainly based
on the solidification of polymer caused by inter-diffusion
between organic phase and surrounding nonsolvent medium,
and thus good miscibility of solvent and nonsolvent should
be fulfilled.

The aim of the present study is to examine the relation-
ship of nanoparticle size and the process parameters of
nanoprecipitation method. To this end, we synthesized
monomethoxy poly(ethlylene glycol)-poly(e-caprolactone)
block copolymer as a model material and investigated the
size of nanoparticles according to concentration of organic
phase, choice of solvent and block ratio of each block in
monomethoxy poly(ethylene glycol)-poly(e-caprolactone)
block copolymer. General understanding of the effect of
fabrication conditions on particle size would provide a ser-
viceable tool to decide the formulation to achieve desired
particle size.

Experimental

Materials. Monomethoxy poly(ethylene glycol) (MPEG
M, of 5,000 g/mol), e-caprolactone (CL), and poly(e-capro-
lactone) (PCL, M, of 1,000) were purchased from Aldrich,
USA. Stannous 2-cthy! hexanoate (Sn(Oct),), dichloromethane,
CDCl, and D,0 were also received from Aldrich, USA.
Diethyl ether, methanol, tetrahydrofuran (THF), acetone,
acetonitrile were supplied from Samchun Pure Chemical,
Korea. All chemicals and reagents were used as received
without further purification unless stated otherwise.

Synthesis of Monomethoxy Poly(ethylene glycol)-Poly
(&-caprolactone). The synthesis of monomethoxy poly(eth-
ylene glycol)-poly(&-caprolactone) block copolymer (MPEG-
PCL) was done through a ring-opening copolymerization,
using MPEG and Sn(Oct), as an initiator and a catalyst
respectively. MPEG and Sn(Oct), (0.5 wt%) were placed in
a two-neck round-bottom flask and dried for 3 h at 110 °C
under reduced pressure. After cooling to 50 °C, CL mono-
mer was added into the flask under nitrogen atmosphere and
then the reactant mixture was dried again in vacuum for 1 h
to remove the moisture thoroughly. The temperature was
raised slowly to 150 °C to trigger the ring-opening copoly-
merization, and kept for 24 h. After reaction, the product
mixture was cooled down to room temperature, dissolved in
dichloromethane, and precipitated in excess methanol. The
precipitated MPEG-PCL block copolymer was filtrated to
remove remaining reactants, which was followed by wash-
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ing with diethyl ether. The obtained MPEG-PCL was vac-
uum-dried at 40 °C for 3 days.

Preparation of Nanoparticles via Nanoprecipitation
Method. First, MPEG-PCL block copolymer was dissolved
in the 10 mL of organic solvent at predetermined concentra-
tions. Three different organic solvents (i.e., acetone, aceto-
nitrile and THF) were adopted to vary the solvent quality.
The polymer solution was added dropwise into the deion-
ized water (100 mL) under magnetic stirring and kept for
20 min. Then the organic solvent was evaporated under
reduced pressure using rotary evaporator, resulting in the
nanoparticles in aqueous solution.

'H Nuclear Magnetic Resonance ('"H NMR) Spectros-
copy. 'H NMR spectrum of synthesized block copolymer in
CDCl; was measured on a Varian-Unity Inova S00NB to
determine the molecular weight and copolymer composi-
tion. As the number-average molecular weight of MPEG is
known as 5,000 g/mol, molecular weight of poly(e-capro-
lactone) block and composition of each block can be calcu-
lated by comparison of the typical proton peak integration
of MPEG and CL in 'H NMR spectra. Also, the structure of
nanoparticles was verified through comparison of "H NMR
spectra of MPEG-PCL nanoparticles in CDCI; and D,0.

Characterization of Nanoparticle. The size of resultant
nanoparticles was determined by dynamic light scattering
(DLS) using Malvern PCS100 goniometer and Brookhaven
BI-9000AT digital autocorrelator. Nanoparticles were dis-
persed in deionized water at a conceniration of 1 mg/mL
and passed through a 1.20 gm syringe filter prior to mea-
surement. The measurements were carried out at a scatter-
ing angle of 90 °C. The CONTIN algorithms were used in
the Laplace inversion of the autocorrelation function to
obtain micelle size. The mean diameter was evaluated from
the Stokes-Einstein equation. Measurement for each sample
was performed in triplicate. Surface charge of nanoparticles
was characterized in terms of zeta potential using zeta
potential analyzer, (Zetasizer 3000, Malvern instruments).
Before measurement, the particle suspension was diluted
with deionized water to 1 mg/mL. The values were recorded
as the average of five measurements. The morphology of
nanopartilcles was observed by field emission scanning electron
microscopy (FE-SEM, JSM-6700F, JEOL). The particle-
suspended aqueous solution was dropped on the mount, and
the water was allowed to evaporate slowly at room tempera-
ture. Prior to observation, the sample was coated with plati-
num.

Results and Discussion

Synthesis of MPEG-PCL Diblock Copolymer. To con-
trol the hydrophilicity of block copolymer, block length of
hydrophobic PCL was systematically modulated with con-
stant hydrophilic MPEG block length by changing the feed
ratio of CL and MPEG. The chemical structure of MPEG-
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Figure 1. Typical 'H NMR spectra of (a) PECL block copolymer
or PECL nanoparticles in CDCl; and (b) PECL nanoparticles in
D,0.

Table I. Ratio of MPEG and PCL for Synthesized MPEG-
PCL Block Copolymer

Copolymer Weight Ratio (M1 M, pcs)

Notation Theoretical Experimental

(by feed ratio) {(by '"HNMR)
PECL-100 5,000 : 5,000 5,000 : 5,100
PECL-200 5,000 : 10,000 5,000 : 9,800
PECL-360 5,000 : 15,000 5,000 : 18,000

PCL copolymer and the ratio of MPEG and PCL were veri-
fied with '"H NMR in CDCl;. Figure 1(a) displays a typical
'H NMR spectrum of MPEG-PCL block copolymer. The
number of repeating units of PCL block, y, was determined
from the following equation, based on the ratio of character-
istic peaks from each block.

2y _L
4x ]b

where x, the repeating number of oxymethylene, is known
to be 113 from the molecular weight of MPEG (M, of
5,000), and [, and /, are the integrated area of corresponding
peak for a and b, respectively. From the calculated y value,
we were able to estimate the molecular characteristics of
synthesized MPEG-PCL block copolymer (see Table I). For
the sake of convenience, MPEG-PCL block copolymer will
be hereafter represented as a notation of PECL or PECL-
xxx, where xxx denotes the percentage ratio of molecular
weight of PCL block to that of MPEG counterpart, which
was determined from NMR analysis described above. As
can be seen in Table I, three PECL block copolymers with
different MPEG/PCL ratio were prepared, and GPC trace
for the synthesized polymers displayed a unimodal and nat-
row peak (not shown here). These results confirmed that the
PECL block copolymer with narrow molecular weight dis-
tribution was successfully prepared.
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Figure 2. FE-SEM micrograph of nanoparticles made from 10
mg/mL PECL-100 solution in THF. Scale bar indicates 100 nm.

Table II. Mean Diameter of Nanoparticles Prepared by
Nanoprecipitation Method with Various Processing Condition

Mean Diameter (nm)

Solvent Concentration
of Organic Phase ppy,-100 PECL-200 PECL-360
10mg/mL  53.9+39 663+4.6 78.0+2.6
Acetone 20mg/mL. 583+8.1 68.0+2.6 858=4.0
30 mg/mL.  60.8+32 74.0+3.6 97.8+5.8
10mg/mL  60.7+1.5 69.5+59 83.1+38
Acetonitrile  20mg/mL  64.8x65 67.0£2.7 103.7+4.7
30mg/mL  713x74 76.0+£49 114.8+59
10mg/mlL  602+4.6 77446 123.7+9.1
THFE 20mg/mL. 66.5+£2.7 102.0+88 150.7£9.0
30mg/mL  72.6+6.4130.0+£104 1523=7.5

Particle Size and Surface Charge. During nanoprecipi-
tation technique, the particles are formed by the solidifica-
tion of polymer as a result of diffusional exchange of solvent
and nonsolvent. We employed acetone, acetonitrile, and
THF as an organic solvent, and water as a nonsolvent
medium. Since the organic solvents used here are all misci-
ble to water, the solvent in organic phase migrates spontane-
ously toward water phase once the polymer solution in
organic solvent is introduced into water. Sudden change of
the solvent composition around the polymer molecules
finally induces solidification of polymer (i.e., precipitation
by crystallization or vitrification) and subsequently nano-
particle formation. During this process, the diffusion rate is
expected to be governed largely by the polymer-solvent,
polymer-nonsolvent and solvent-nonsolvent interaction as
well as viscosity of polymer solution. We investigated the
effect of these factors on the nanoparticle size qualitatively
by changing (i) composition of MPEG and PCL in PECL

Macromol. Res., Vol. 17, No. 2, 2009
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Figure 3. Particle size of (a) PECL nanoparticles made from 30 mg/mL solution and (b) PECL-360 nanoparticles.

block copolymer, (ii) selection of solvent, and (iii) concen-
tration of polymer solution.

Table II summarized the sizes of PECL nanoparticles pro-
duced through various formulation conditions in nanopre-
cipitation technique. Figure 2 shows SEM picture of PECL-
200 nanoparticles prepared from 10 mg/mL THF solution.
The size of all nanoparticles covered the range of 50 and
150 nm regardless of process formulation. This advanta-
geous nano-scale dimension enables the therapeutic colloi-
dal objects to avoid the cellular uptake by mononuclear
phagocyte system (MPS), which has imposed a major limi-
fation on the targeted local drug delivery. As for the struc-
ture of PECL nanoparticles, comparison of Figure 1(a) and
(b) allowed to estimate chain distribution in obtained nano-
particles. ' NMR spectrum of PECL particles recorded in
CDCI; was exactly the same as that obtained from PECL
solution in CDCl,, because both MPEG and PCL block would
be fuily solubilized into CDCl,. In contrast, proton NMR of
PECL particles in D,O displayed only a typical peak that
corresponds to the protons of MPEG (Figure 1(b)), indicat-
ing that the MPEG moieties of PECL block are exposed to
the outer surface of PECL nanoparticles. The difference in
NMR spectrum of PECL particle in CDCl; and DO eluci-
dated that nanoparticles made from amphiphilic PECL via
nanoprecipitation technique has a core-shell structure of
hydrophobic PCL core and hydrophilic MPEG shell. This
could be confirmed from the value of zeta potential, which
will be discussed later.

We investigated the influence of a couple of process
parameters of nanoprecipitation technique on the final PECL
nanoparticles. Firstly, the effect of the molecular character-
istic of PECL block copolymer was examined in terms of
the ratio of PCL and MPEG block. The hydrophilicity of
PECL block copolymer is determined by the ratio of hydro-
philic MPEG moiety and hydrophobic PCL segment; longer
PCL chain with a given MPEG block would impose stron-
ger hydrophobicity of entire molecule, and induce a grow-
ing tendency for the block copolymer to self-aggregate
upon water contact. Considering this aspect of PECL mole-
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cule, the particle size variation according to the block ratio
of PCL to MPEG was easily understood. As shown in Fig-
ure 3(a) and Tabie II, at a given solvent and a given polymer
concentration, the particle size increased when nanoparti-
cles were prepared from more hydrophobic PECL with
longer PCL block. As soon as PECL solution in organic sol-
vent was introduced into water during nanoprecipitation
process, it diffused and split into smaller domains in water
medium, and finally precipitated into nanoparticles. Although
diffusion and precipitation occurred almost simultaneously,
the final dimension of resultant nanoparticles was deter-
mined by amount of polymer molecules in the vicinity
available for aggregation when the solidification completed.
Upon the increment of PCL block with a fixed length of
MPEG counterpart, PCL blocks in more hydrophobic PECL
molecules preferred to assemble together by hydrophobic
interaction between PCL block rather than disperse in aque-
ous solution, which made more PECL molecules take part
in the solidification process leading to formation of bigger
particles.

As for how the concentration of polymer solution would
affect the particle size, we found out that more concentrated
solution produced bigger particulates as expected (Figure
3(b)). As the polymer composition of organic phase was
increased from 10 to 30 mg/mL, the obtained nanoparticles
became bigger by 10 to 50 nm depending on polymer-sol-
vent pair. Solution composition brought about the change of
viscosity of organic phase, and thus affected the diffusion
rate between organic phase and aqueous coagulation phase;
higher concentration in organic phase induced more viscous
media and slow diffusion, making it difficult for organic
phase to disperse into aqueous phase. Consequently, the
organic domains were solidified before they were dispersed
into smaller ones, and bigger particles were formed.

To see the effect of solvent choice on particle size, we
employed three different solvents for this study. As can be
seen in Table Il and Figure 3, we were able to control the
PECL particle size with solvent selection. The size of nano-
particles decreased in order of THF, acetonitrile, and ace-
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Table IIL. Hansen’s and Hoy’s Solubility Parameters and Calculated Interaction Parameters

Oupersion (MP™?) Gt (MP) Ghvatoen tomiing (MP'?) A et warer MP?) Hsolsentovater
Hansen Hoy Hansen Hoy Hansen Hoy Hansen Hoy Hansen Hoy
Acetone 15.5 13.0 10.4 9.8 7.0 11.0 35.7 32.1 232 239
Acetonitrile 153 10.3 18.0 111 6.1 19.6 36.3 239 11.6 114
THF 16.8 133 5.7 11.0 8.0 0.6 35.8 35.8 26.5 28.7
Water 15.5 12.2 16.0 22.7 423 40.4 - - - -
Adytvenwater = [ Ospersionsatsens = Ctispersionsarer]” + GrstarsotronCrutir ) + (O droggen borndingosotveni= Ohvdrogen bondingn w17

tone. Solvent change on nanoprecipitation process would
induce complicated alternation between solvent-polymer
interaction, solvent-nonsolvent interaction, and diffusion pro-
cess. Doelker et al. have revealed the relationship between
solvent-water interaction parameter and nanoparticle size.”
The nanoparticle size made by nanoprecipitation technique
was decreased as the solvent of higher affinity with water
was employed as organic phase, because promoted solvent
diffusion and polymer chain partitioning in agqueous phase.
They also reported the interaction parameter of water-sol-
vent was proportional to the particle size. Cheng and his
coworkers showed the size of PLGA-PEG nanoparticles
was inversely proportional to the solvent-water affinity.*
However, we were not able to see any correlation between
solvent-water miscibility and particle size in our system.
The interaction parameter between solvent and water, calcu-
lated from Hoy’s method™ and Hansen’s method,” increases
in order of acetonitrile, acetone, and THF, which indicates
acetonitrile has best affinity to water and THF is the worst
among them. Table III shows the calculated interaction
parameters and equations for calculation. The solvent-water
interaction parameter did not have any relation with nano-

particle size, which increases in order of acetone, acetoni-
trile, and THF. As for present study, simple relationship
between solvent/water miscibility could not explain the ten-
dency of nanoparticle size toward solvent. The other factors
caused by solvent change, such as solvent-polymer interac-
tion, viscosity of the organic phase, and any possible inter-
action with other components should be considered for
more reliable prediction on particle size.

Figure 4 shows typical results on the size distribution of
nanoparticles. The size distribution became broad at the
conditions where the smaller particles were obtained (i.e.,
lower viscosity, better hydrophilicity and THF solvent). This
could be interpreted with a competitive process between
propagation of organic phase into surrounding medium and
solidification of polymer. It is likely that the solidification
was done in the middle of propagation of organic phase
before reaching equilibrium size of organic phase in aqueous
medium. If the propagation of organic phase made progress
to more extent at the moment of solidification, the organic
phase might randomly disperse and have broad size distri-
bution. This is why the large size distribution was observed
with smaller particles. In contrast, when the solidification
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Figure 4. Size distribution of nanoparticles prepared by nanoprecipitation method; () 20 mg/mL PECL-200 solution, (b) PECL-200 solu-

tion in acetone, and (¢) 10 mg/mL polymer solution in THE.
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Table IV. Mean Diameter and Zeta Potential of PECL Nanoparticles Prepared from Various Conditions

Polymer Solution

Material Mean Diameter (nm) Zeta Potential (mV)
Concentration Solvent

PCL 10 mg/mL THF 924.3+94.1 -493+ 1.6
PECL-100 60.2+4.6 -14.6£4.0
PECL-200 10 mg/mL THF 774+4.6 -11.4£43
PECL-360 123.7+9.1 -9.1+5.0
10 mg/mL 77.4+4.6 -11.4+43
PECL-200 20 mg/mL THF 102.0+ 8.8 22+0.7
30 mg/mL 130.8+ 104 24+1.0
Acetone 663 +4.6 -10.6 + 4.1
PECL-200 10 mg/mL Acetonitrile 69.5+5.9 -11.2£2.7
THF 77.4+4.6 -11.4+43

occurred at the earlier stage of propagation process, the par-
ticle size would be relatively uniform but relatively bigger.

Table IV summarized the zeta potential result of PECL
nanoparticles fabricated through various process parame-
ters. The zeta potential vatues for PECL particles were rang-
ing from -20 to 0 mV, whereas that of pure PCL particle
(~900 nm) was around -50 mV. The decrease in the absolute
value of zeta potential is attributed to the presence of MPEG
moiety at the corona of the particle. The molecular confor-
mation of PECL nanoparticles can be inferred from the
weakened electrostatic negativity. The self-assembly of PECL
molecules in aqueous condition during nanoprecipitation
process induced a core-shell structure of hydrophobic PCL
core and hydrophilic MPEG corona. Many researches has
already demonstrated that PEG-shielded object shows
reduced plasma protein adsorption and interaction with
phagocytic cells, enabling efficient delivery through human
blood stream without undesirable elimination by protective
immune system. The subtle decrease in zeta potential with
increasing PCL block can be properly explained from the
fact that longer PCL portion arise stronger driving force for
the aggregation of PCL moieties, helping facilitate the parti-
tioning between MPEG outer corona and PCL inner core.
Also, viscous organic solution allows relatively longer time
for PECL macromolecules to arrange readily into favorable
conformation, which would promote phase separation into
hydrophobic aggregate and hydrophilic shell in aqueous
condition.

Conclusions

Amphiphilic, biodegradable PECL diblock copolymers
with various ratios of PCL to MPEG were synthesized by
ring opening reaction, using MPEG as an initiator. The
PECL nanoparticles were prepared via nanoprecipitation
technique, and the relationship of resultant nanoparticles
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and process parameters (such as solvent choice, concentra-
tion of polymer solution and ratio of MPEG and PCL
block) was investigated in terms of particle size and zeta
potential. The '"H NMR study and zeta potential revealed
that PECL nanoparticles have a beneficial core-shell struc-
ture, which is composed of protein-protective MPEG
corona and biodegradable PCL core. According to DLS
data, as higher concentration of organic phase or longer
PCL block with a fixed MPEG block was employed, the
resultant particle became bigger because of higher viscosity
and in part, stronger hydrophobicity. This study showed
the size of nanoparticles prepared via nanoprecipitation
method could be readily tailored as desired by adjusting
process variables.
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