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ABSTRACT: Poly(lactide-co-glycolide)-block-poly(ethylene
glycol) (PLGA-PEG) nanoparticles are commonly used as
drug carriers in controlled drug release and targeting. To
achieve predictable and clinically relevant volumes of drug
distribution, nanoparticle size, surface charge, and especially
composition and structure must be controlled. Understanding
the internal structures within the particles is fundamentally
important to explain differences in drug loading and variations
in drug release rate. We prepared nanoparticles from ester-
terminated PLGA-PEG polymers via nanoprecipitation, and
studied the effects of altering the solvent—water miscibility
(THF, acetone, and acetonitrile). Morphology, size, poly-
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dispersity, and {-potential of PLGA-PEG nanoparticles were characterized. Small angle neutron scattering measurements and
fitted models revealed the internal nanoparticle structure: PLGA blocks of 7—9 nm are encapsulated inside a fairly dense PEG/
water network in a fractal geometry. Particles with a larger PLGA block volume and higher PEG volume fraction in the particle
interior result in greater retention of the hydrophilic anticancer drug carboplatin.

1. INTRODUCTION

Poly(lactic-co-glycolic acid) PLGA nanoparticles have attracted
considerable attention due to their attractive properties such as
biodegradability, biocompatibility, well described formulations,
controllable particle diameters, and the possibility of sustained
release. Therefore, they have been chosen as drug delivery
vehicles in various biomedical applications, such as cancer
treatment.' >

Poly(ethylene glycol) PEG is usually chosen as a hydrophilic
block to provide a hydrated steric barrier, which not only can
stabilize the particle but also can prolong the blood circulation
time.”> For example, PLGA-PEG nanoparticles loaded with
cisplatin showed prolonged cisplatin residence in systemic
circulation.’ In addition, these particles were shown to enter
prostate cancer cells and exerted in vitro anticancer activity that
was comparable to the activity of free cisplatin.” Another
advantage of pegylated PLGA polymer nanoparticles is that
modification of the tip of the PEG strands with specific
targeting receptors can allow particles to access the brain from
the bloodstream via receptor mediated transcytosis and deliver
the content into the brain parenchyma without damage to the
blood—brain barrier (BBB).*™'°

So far, little has been reported about the physiochemical
characteristics of the pegylated PLGA or poly(lactic acid)
(PLA) nanoparticles that influence their release behavior. It is
possible to control the aggregation behavior of block
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copolymers by varying the molecular weight ratios of the
hydrophobic and hydrophilic blocks."'™"* PLA-PEG block
copolymers with low molecular weight and a relatively high
proportion of PEG blocks, such as PLA,,,PEG g, have been
shown not to form micelles in aqueous solution.'"* However,
polymeric micelle-like nanoparticles can be produced from
PLA-PEG diblock copolymers with a PLA portion of varying
molecular weight (2—110 kDa) and PEG portion of 2—5 kDa,
using simple particle preparation methods, such as emulsifica-
tion or precipitation from water miscible organic sol-
vents.'"'>' Previous work on PLGA/PLA-PEG nanoparticles
has described them as having a core—shell micelle-like
structure, which contains a PLA/PLGA core surrounded by a
hydrophilic PEG corona or outer shell, with particle size solely
dependent on the number of monomeric units in the PLA
block. '"H NMR studies indicated negligible penetration of the
PEG into the solid-like PLA core for nanoparticles prepared
with PLA, ,40,PEGgp,; however, as much of 25% of the PEG
chains are trapped within the PLA core in the case of
PLA, 100, PEGsp,. - At room temperature, a solid-like central
core and more mobile interfacial region coexist within the PLA
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core of the nanoparticles, whereas the PEG corona layer on the
nanoparticle surface is in the liquid state.'”

A variety of techniques have been used to study the
polymeric nanoparticles, such as light scattering and nuclear
magnetic resonance; however, many of these techniques only
provide information about the whole assembled structure.
Small angle neutron scattering (SANS) was first used to study
the internal structure of small PLA-PEG nanoparticles,
prepared using nanoprecipitation by Riley et al'® Three
different solvent contrasts were analyzed simultaneously using
core—shell models, which simply concentrated on the form
factor. The interparticle structure factor was disregarded due to
the very low concentration of particles. This model assumes a
homogeneous core with a uniform scattering length density,
while the scattering density of PEG shell was described by a
nonuniform scattering length density, composed mostly of
polymer near the core but becoming equal to the solvent at the
edge of the shell. The results suggested that the mean core
dimension increased with the molecular weight of the PLA
block. The thickness, structure, and density of the PEG layer
were also found to depend on the molecular weight of the PLA
block.

Understanding the internal structure of the polymeric
nanoparticles and how it varies with particle preparation is
fundamentally important to explain drug loading and drug
release properties.* In this study, we have prepared nano-
particles from PLGA-PEG block copolymers, made by a
nanoprecipitation method using three different water-soluble
organic solvents. The physicochemical properties of the
nanoparticles with regards to the morphology, size, polydisper-
sity, and {-potential have been characterized. SANS has been
used to provide direct structural information about the detailed
internal structure of PLGA-PEG nanoparticles via solvent
contrast variation. Differences in the carboplatin loading and in
vitro release behavior will be discussed and compared with the
measured internal structures.

2. EXPERIMENTAL SECTION

2.1. Materials. Poly(lactide-co-glycolic acid) (50:50) with terminal
carboxylate groups (RGS02H, MW reported by Sigma-Aldrich is 7—17
kDa, measured by GPC during this work MW & 14 kDa), acetone
(AC), acetonitrile (MeCN), tetrahydrofuran (THF), dichloromethane
(DCM), methanol, ethyl ether, 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC), N,N-diisopropylethylamine (DIEA), and N-
hydroxysuccinimide (NHS) were purchased from Sigma-Aldrich;
NH,-PEG-CH; (MW = 5.5 kDa) was obtained from Polymer Source
Inc. (Dorval, Canada), and 10 mg/mL carboplatin solution was
purchased from Accord Healthcare Limited. Artificial cerebrospinal
fluid (ACSF) was purchased from R&D systems Europe Ltd.; all
reagents were analytical grade or above and used as received, unless
otherwise stated.

2.2. Methods. 2.2.1. Synthesis of PLGA-PEG Block Copolymer.
Ester-ended block copolymer PLGA-PEG was synthesized by
conjugating NH,-PEG-CH; to PLGA-COOH according to a
previously described method.*'® The copolymer was dissolved in
CDCl, and its chemical composition was characterized by "H NMR
(Bruker 300 MHz), as shown in Supporting Information Figure 1; the
characteristic peaks of the -CHj, -CH,, and -CH protons of PLGA
were at 1.6, 4.8, and 5.2 ppm, respectively (as marked on the graph).
The peak at 3.7 ppm belongs to the -CH, protons of the PEG chain.
The average molecular weight was determined by gel permeation
chromatography (GPC, Polymer Laboratories PL-GPC S0 integrated
system). Samples were dissolved in analytical-reagent-grade tetrahy-
drofuran (THF); the number average and weight average molecular
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weights of the polymers were determined by universal calibration
obtained from a polystyrene reference.

2.2.2. Preparation of PLGA and PLGA-PEG Nanopatrticles. The
nanoprecipitation method was employed to prepare PLGA (RGS02H)
or PLGA-PEG nanoparticles. Briefly, 60 mg of block copolymer was
dissolved in 6 mL of an organic solvent that is miscible with water.
Nanoparticles were formed by adding the polymer solution drop by
drop to 18 mL of pure water under moderate magnetic stirring. The
resulting nanoparticle suspension was stirred uncovered overnight at
room temperature, allowing for the complete removal of the organic
solvent and hardening of the particles. Anticancer drug carboplatin was
encapsulated inside the particle by mixing the 1.4 mL carboplatin
solution (10 mg/mL) with the polymer solution before dropwise
addition to water. The nanoparticles were prepared via the
nanoprecipitation method using three solvents: AC, MeCN, and THF.

For SANS experiments, the nanoparticles were prepared using the
nanoprecipitation method as mentioned above directly into the D,O/
H,O mixtures containing two different proportions of D,0: 100%
D,0 (100D,0) and 70% D,O (70D,0/30H,0). The organic-solvent-
free nanoparticles suspended in the deuterated solvents were used
directly for the SANS experiments.

2.2.3. Transmission Electron Microscopy (TEM). Morphological
evaluation of the PLGA-PEG nanoparticles was performed using TEM
(JEOL JEM 1200 EXII). A drop of NP suspension was placed on a
Formvar poly(vinylformal)/carbon supported 400 mesh grid, excess
liquid was removed with a filter paper, and the grid was dried in air at
room temperature followed by negative staining with phosphotungstic
acid solution (3% W/V). TEM images were calibrated using SIRA
gratings 2160 (462 nm) lines per millimeter and catalase crystals for
high magnification (8.75/6.85 nm spacing in the unit cell).

The size distributions of the PLGA-PEG nanoparticles were
obtained from the TEM images using Image] software where at least
200 nanoparticles per sample were measured for each data set.

2.2.3. Dynamic Light Scattering. Freeze-dried nanoparticles were
completely resuspended in aqueous solution by sonication in an
ultrasonic bath (Fisherbrand FB 11020) for 15 min. A Zetasizer nano
ZS from Malvern Instruments using light from a He-Ne laser source (1
= 633 nm) was used for dynamic light scattering measurements to
generate information on particle size and polydispersity. All experi-
ments were performed at 25 °C at a scattering angle of 173° to the
incident beam, with an assumed refractive index of 1.59" and viscosity
of 0.89 mPa's. The average hydrodynamic particle size and
polydispersity were obtained using the particle diffusion coefficient
(Cumulants analysis) and Stokes—Einstein equation. Since the
particles have a narrow polydispersity, the single exponential function
was found to give reasonable fits for the DLS data. The intensity-
weighted mean value presented is the mean of three measurements. {-
Potential was also determined with the Zetasizer nano ZS. By
measuring the electrophoretic mobility, the {-potential can be
calculated using the Henry equation within the Smoluchowsky
approximation.2 21

2.2.4. Small Angle Neutron Scattering. SANS data were collected
on both on DI1 at the ILL in Grenoble, France,>**> and on the
SANS2D time-of-flight small angle neutron scattering instrument at
ISIS spallation neutron source (Rutherford Appleton Laboratory,
Didcot, UK).**** The samples were placed in 1 mm thick quartz cells
at room temperature. On SANS2D, sample—detector distances of 4
and 12 m were used with neutron wavelengths between 1.5 and 14 A
to provide a simultaneous Q-range of 0.002—0.074 A™", while on D11
sample—detector distances of 1.2, 8, and 39 m were used with a
neutron wavelength of 6 A and with 13 A at 39 m as an additional
setting, to provide a Q-range of 0.0008—0.5 A™". Q is the modulus of
the scattering vector:

(5 p(5) 0

where 4 is the neutron wavelength and 6 is scattering angle. All the
scattering curves have been corrected for instrumental factors,
normalized against a standard to absolute intensities in cm™, and a

Q:
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suitable solvent background has been subtracted. Analysis of the
experimental data was done using the NIST SANS analysis package®®
within Igor Pro (Wavemetrics).

The total neutron scattering intensity, I(Q), from a dilute
suspension of particles can be described as

1(Q) = ¢V,(Ap)*P(Q)S(Q) + bkg @)
where Ap is the difference (or contrast) between the neutron
scattering length densities of the particle and the dispersion medium,
V, is the particle volume, ¢ is the particle volume fraction, P(Q) is the
intraparticle interference for a single particle, called the form factor,
S(Q) is the structure factor, describing the interference of scattering
from different particles and containing information on the interaction
between the particles, and bkg is the background.

In the SANS experiment, PLGA-PEG nanoparticles were directly
prepared in D,O/H,O mixtures containing two different proportions
of D,0, 100% D,0 and 70% D,O, in order to avoid the uncertainties
in the solvent composition, which could arise from carrying out a
solvent exchange after particle preparation. Data from the solutions
with two different D,O contents was fitted simultaneously. In this
approach, the parameters for a particular data set should be identical to
those for the particles in the solution at the other D,O content except
for the change in SLD values. Hence, this is expected to yield more
representative structural parameters than would be the case if the data
sets were fitted individually. The scattering length densities of the
materials used in this study are listed in Supporting Information, SI1,
Table 1. The best fitting of the scattering data from the internal
structure of the PLGA-PEG assemblies must not only be physically
realistic but also minimize the residuals in the fit.

Fitting to models for simple core—shell particles in water was
attempted, but these models did not fit the data; furthermore, the
scattering could not be fitted to give realistic SLD values by assuming a
solid polymer composite particle surrounded by solvent. Models of a
solid PLGA core surrounded by ethylene oxide polymer chains® also
did not fit the data to give realistic values of the parameters. A model
of a fractal structure, composed of polydisperse spherical building
blocks, was therefore used to analyze the SANS data from the PLGA-
PEG nanoparticles.”® This model assumes a fractal structure formed
from a primary building block of polydisperse PLGA spheres with a
radius of R,,, which follows a Schulz distribution. These PLGA blocks
were dispersed in a “solvent” of a PEO/water composite forming a
network with a fractal geometry.

The form factor of a monodisperse hard sphere is described as

2
3[sin(QR) — QR cos(QR)]
P(QR) = { 3
(QR) ©)
Where R is the radius of the scattering spherical PLGA building block.
The polydispersity in the radius follows a Schulz distribution as>**°

—(z+1
f(R) — (Z + 1)z+1xz eXP[ (Z )x]
R, I'(z+ 1) (4)
where R, is the average PLGA block radius and x is the scaled
variable x = R/R,,,, z is related to polydispersity viaz = 1/ p*—1,and p
is the ratio of the standard deviation & to the average radius as p = 6/
Ry ¢? is the variance in the distribution. Finally, substituting in eq 3,

the form factor for polydisperse hard spheres is described as

P, (QR) = ¢Ap2(4?”) /0 " R¥(R)P(QR) dR )

The spherical PLGA building blocks aggregate to form fractal-like
clusters (PLGA-PEG nanoparticles) in the solvent. The clusters have a
correlation length £ corresponding to their overall size and self-
similarity dimension D;. The interference from PLGA building blocks
in a fractal-like cluster can be calculated as*®
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sin[(D; — l)tan_l(Qf)]
(@)™

D,L(D; — 1)
[+ /(@)
(6)

SQ =1+

The number density of PLGA building blocks is

N=¢/V, (7)

where V, = (4/ 3)71:(Ravg)3.
The mean number of PLGA blocks per cluster (aggregation
number) is

G =T(D; + 1)(&/R,, )™ (8)

avg

while the radius of gyration of a cluster is
Rg* = Dy(D; + 1)€2/2 )

2.2.5. In Vitro Release of Carboplatin from PLGA-PEG Nano-
particles. Nanoparticles (5 mg) were suspended in 0.5 mL of ACSF
solution and placed in a centrifuge filter tube (MCOFF 10 K) at 37
°C. At predetermined intervals (refer to Figure 3), samples were
centrifuged at 11000 rpm for 15 min, and all ACSF solution was
collected and replaced with a fresh aliquot. Finally, the remaining
particles were collected, dissolved in 0.6 mL of DCM and vortexed for
3 min. One milliliter of ACSF was then added to the solution, and the
mixed solution was then vortexed for 3 min to extract carboplatin into
the ACSF solution. This solution was then centrifuged at 11000 rpm
for 15 min, and the upper aqueous solution containing the extracted
carboplatin was removed by pipet and collected before fresh ACSF
solution was replaced onto the DCM solution. The whole extraction
process was repeated five times to make sure that any remaining
carboplatin in the particles was fully extracted. The carboplatin
concentration in the collected solutions was measured by inductively
coupled plasma mass spectrometry (Thermo Fisher Scientific XSeries
2 ICP-MS) at the Southampton Oceanography Center, UK. Iridium
(Ir) was used as internal standard. It was expected that, because of its
similar mass and ionization potential, the behavior of Ir would
accurately reflect that of Pt in that it will have a similar response to
matrix effects and possible plasma fluctuations. Quantification was
determined against a calibration curve using weighted linear regression
analysis.

3. RESULTS AND DISCUSSION

3.1. Synthesis of PLGA-PEG Copolymer. The PLGA-
PEG copolymer was synthesized by direct conjugation of
PLGA-COOH with NH,-PEG-CH; via the EDC/NHS
technique.*'® The chemical composition of the synthesized
product was confirmed by '"H NMR (Supporting Information,
S12, Figure 1), and the PLGA-PEG number-average molecular
weight and polydispersity were measured to be 22 kDa and
1.63, respectively. The molecular weight of the PLGA starting
material was 7—17 kDa (as reported by Sigma-Aldrich) and
that of the PEG 5.5 kDa (as reported by Polymer Source Inc,
Dorval, Canada). The molar ratio of LA monomers/GA
monomers/PEG monomers is 1:1:0.08, which was calculated
by taking the ratio between the integrated spectrum intensity at
5.2, 4.8, and 3.6 ppm.

3.2. Particle Size, Polydispersity, ¢-Potential, and
Morphology Characterization. Particle size is one of the
most important parameters that determine the fate of both in
vitro and in vivo nanoparticle drug delivery. The nanoparticle
diameters determined by DLS were 134, 154, and 186 nm for
particles prepared from the same batch of polymer using
MeCN, AC, and THF as the water miscible solvents,
respectively (Table 1). These measurements were stable
when repeated after 1 week.

Previous studies have suggested that the dielectric constant
of the solvent, ¢, the Hildebrand solubility parameter, 8, and the
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interaction parameter, y (the affinity of the organic solvent for
the nonsolvent) can affect the nanoparticle size.**' The
interaction parameter y is expressed as

‘/NS 2
= (5 -5
T(S NS)

YT

(10)

where Vyg is the molar volume of the nonsolvent. The
calculated interaction parameters are presented in Table 1. A

Table 1. Calculated Interaction Parameter, ¥, of Solvent
(MeCN, AC, THF)/Nonsolvent (Water) Binary Mixtures
and Average Hydrodynamic Diameter (Dy,,), Polydispersity
(PDI), and &-Potential of PLGA-PEG Nanoparticles
Prepared with Different Organic Solvents as Determined by
Dynamic Light Scattering.

sample ¥ (fr}g‘)ib PDI® ¢ I()rcr‘lt\e/r)l}’lal
PLGA-AC 176 + 1 0.079 + 0.010 —36.9 + 0.6
PLGA-PEG- 4.09 134 + 2 0.143 + 0.007 —229 + 0.6
MeCN
PLGA-PEG-AC 5.73 154 £ 3 0.149 + 0.006 —22.6 + 0.4
PLGA-PEG-THF 6.30 186 + 4 0.137 + 0.020 —21.5 + 0.6

“Calculated using eq 10 for T = 25 °C (298 K). “Mean + SD.

smaller interaction parameter (increased organic solvent/water
affinity) results in a smaller average nanoparticle size, due to
more efficient solvent diffusion and polymer dispersion into
water.>! We chose three water-miscible solvents, acetone (AC),
acetonitrile (MeCN), and tetrahydrofuran (THF), to prepare
PLGA nanoparticles. The standard Hildebrand solubility
parameters are 1520, 769, 646, and 588 kjl/ 2 m™? for
water’” (8ys), MeCN, AC,>* and THF> (§;), respectively.
The interaction parameters for the solvents increase in the
sequence of MeCN < AC < THEF; therefore the particle size
should be expected to increase in the sequence of MeCN < AC
< THEF. Light scattering experiment results confirmed the
dependence of nanoparticle size on the Hildebrand solubility
parameters, as shown in Table 1. The hydrodynamic diameter
of PLGA-PEG nanoparticles prepared in a more water-miscible
solvent is smaller. The polydispersity of PLGA-PEG nano-
particles is around 0.14, which is higher than that of pure PLGA
(RGS02H) nanoparticles. Compared with the PLGA nano-
particle, which has a {-potential value of —36.9 mV, all the
PLGA-PEG nanoparticles exhibited less negative {-potential
values around —23 mV, consistent with the presence of
electroneutral PEG on the particle surface. The variation of

organic solvent does not make much difference to the
nanoparticle polydispersity and the {-potential values.

TEM images of the PLGA-PEG nanoparticles prepared with
different organic solvents are presented in Figure 1. They
revealed that the nanoparticles are spherical and that the
solvent does not greatly affect the particle morphology. Some of
the particles appear deformed, probably due to the sonication
of the sample before the deposition of the sample suspension
solution on the TEM grid or melting under the electron beam.
The average particle radius and the size distribution parameter
can be obtained from TEM images using Image] software by
the fitting of the particle distributions using log-normal
distributions. The statistically averaged value of the particle
diameter generated from TEM pictures is about 70 + 10 nm,
which is smaller than the results obtained from DLS. TEM
measures the dry particle size, while the size obtained from
DLS is the hydrodynamic diameter, which includes the
hydration shell around the particles.**"** The size distribution
parameter obtained from TEM images is about 0.19 + 0.05,
which is close to that measured by DLS, showing that the
drying process did not induce much change in the size
distribution, for example, by aggregating the nanoparticles.

3.3. Internal Structure of PLGA-PEG Nanoparticles.
SANS has been widely used for measuring polymeric micelles
or micelle-like nanoparticles prepared with low molecular
weight block copolymers. The particle concentration is kept
very low in such measurements; therefore the structure factor
tends to unity and can be disregarded.'® In our case, models of
polydisperse spheres, solid ellipsoidal PLGA cores with a shell
of PEG chains,”” or core—shell spherical structures were
attempted to fit the data but could not successfully fit the data
at the low Q range; therefore the structure factor, S(Q), arising
from scattering between particles should also be considered in
the fitting. However models using standard structure factors for
hard spheres or charged spheres also did not provide suitable
fits to the data. Instead the scattering suggests that the
nanoparticles were formed of fractal aggregates of smaller
blocks; therefore, over the Q-range measured, SANS gives
detailed information about the internal structure of the PLGA-
PEG nanoparticles. Given that this result is distinctly different
from an earlier SANS study on similar particles,'® the
experiment was repeated on a second occasion to ensure that
the results were reliable.

SANS data sets obtained at two different D,O/H,O contrasts
were fitted simultaneously to the model described in the
Experimental Section, as shown in Figure 2 and Supporting
Information, SI3, Figure 2. The scattering length density of the

Figure 1. Transmission electron micrographs of PLGA-PEG nanoparticles prepared with different organic solvents: (A) MeCN; (B) THF; (C) AC.
All the nanoparticles were negatively stained with phosphotungstic acid solution.
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Figure 2. (A) SANS patterns from PLGA-PEG nanoparticles prepared
with solvent MeCN at two solvent contrasts (circles, 100% D,0;
triangles, 70% D,0O and 30% H,O). (B) SANS patterns from PLGA-
PEG nanoparticles prepared with different organic solvents: AC,
MeCN, and THF in 100% D,0. The MeCN and THF patterns are
vertically offset for clarity, by a factor of 3. The continuous lines are a
simultaneous fit to both solvent contrast data sets to the model
described in the text. (C) Schematic representation of the internal
structure of PLGA-PEG nanoparticle, where polydisperse PLGA
blocks are embedded in a PEG/water phase. Rg is the radius of
gyration (note this is approximate; Rg is the root-mean-square
distance of the parts of an object from its center of mass), Dyyq is the
hydrodynamic diameter of the whole PLGA-PEG nanoparticle, and
R, is the average radius of PLGA block within the particle).

PLGA building block was set at the calculated value 2.10 X 107
A7 assuming that no water penetrates into PLGA blocks
(Supporting Information, SI2, Table 1). Five variables were
allowed to fit during the data-fitting process (PLGA block
radius, fractal dimension, PLGA block polydispersity, correla-
tion length, and “solvent SLD” composed of a PEG/water
mixture). The aggregation number, G, and radius of gyration,
Rg, of the whole PLGA-PEG—water cluster were calculated
using eqs 8 and 9, respectively. The volume fraction (¢b) of
PLGA blocks inside a cluster was calculated using V,G/Vyger-
The scattering length density of the “solvent” depends on the
volume fraction of PEG (@ppg) and water (@uuer) (@ppg +
@Pyater = 1). @ppg was obtained by calculation using the two
solvent SLD values at different D,O/H,0 contrasts and that of
PEO. Nanoparticles prepared using PLGA-PEG block copoly-
mers from two different synthesis batches were used for the two
separate neutron scattering experiments (D11 at ILL and
SANS2D at ISIS), respectively. All fitted and calculated
parameters of the SANS data collected from SANS2D, ISIS,
are shown in Table 2, while the fitted and calculated parameters
of the SANS data collected from D11, ILL, are shown in
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Table 2. Values of Parameters Obtained from a
Simultaneous Analysis of the Multicontrast SANS Data
Obtained from PLGA-PEG Nanoparticles Using the Model
Described in the Text”

solvent
MeCN AC THF
Fitted Parameters
PLGA block radius, Ry, (nm, +0.5 nm) 7.5 7.8 9.0
fractal dimension, Dy (+0.01) 2.63 268 298
PLGA block polydispersity, z (+0.02) 0.46 0.39 0.37
correlation length, ¢ (nm, 0.1 nm) 30.0 33.6 400
PrEGin0 (X107 A2 +107% A™2) 234 232 228
Prcenon,0/s0m0 (X1076 A% £107° A7%) 221 198 218
Calculated Parameters

volume fraction, ¢ (+0.05) 0.21 0.22 0.40
aggregation number, G (25) 148 202 S12
radius of gyration of cluster, Rg (nm, +0.6 nm) 65.7 747 977
PLGA block volume, V, (x10°, nm®) 2.62 4.10 158.7
VpEGawater (X10°, nm?) 9.25 134 234
volume fraction PEG, @pgg 0.93 0.83 0.95
Spicaprg (X10°, nm?) 1.04 156 522

“The actual fittings are shown graphically in Figure 2 and Supporting
Information, SI3, Figure 2. pprg.p,0 = SLD of solvent composed of
PEG/100% D,O; prgcizop,0/308,0 = SLD of solvent composed of
PEG/70% D,O and 30% H,0; Rg = radius of gyration of whole
PLGA-PEG—water cluster; Vppgiyaer = volume of PEG/water region
in the cluster; the volume fraction (¢) of PLGA blocks inside a cluster
was calculated from V,G/Vyer; @pg = volume fraction of PEG in the
water phase, Sp;cappg = PLGA-PEG surface area.

Supporting Information, SI4, Figure 3, and SIS, Table 2; for the
D11 experiment, only 100% D,0O was used as a solvent. The
fitted parameters did not reach lower or upper bound limits
during the minimization process. The good agreement of the
two sets of results indicates good experimental reproducibility.

The fitting results indicate that the average radius of the
small PLGA building blocks increases from 7.5 to 9 nm while
the polydispersity of the PLGA blocks decreases from 0.46 to
0.37 as the solvents used to make the particles become less
miscible with water in the sequence of MeCN, AC, and THF.
Less miscible solvents result in less efficient solvent diffusion
and polymer dispersion, allowing more time for the PLGA-PEG
polymer to fuse into bigger aggregates with smaller
polydispersity values.

The entire phase diagram for PLA-PEO copolymers in water
as a function of the PLA fraction in the copolymer was
calculated using atomistic molecular dynamics simulations by
Posocco.”” When the copolymer concentration in water was
less than 20% v/v, only micelles were observed for the entire
range of PLA fraction (from 0 to 1). When the PLA fraction is
much higher than the PEO fraction, crew-cut micelles with
large insoluble blocks in the core and short soluble blocks in
the coronas are the dominant morphology. In this study, the
starting copolymer concentration is 0.27% v/v and PLGA
molar fraction is 0.93, so a micellar form should be the
preferable morphology in the copolymer/water systems,
although much larger particles are observed in our system.
Interestingly, the radius of the PLGA blocks in our particles is
about 7.5—9 nm, which is only slightly smaller than that of the
PLA core (11 nm) found for core—shell particles prepared from
acetone using PLGA-PEG with a 15.6/5 kDa ratio by Riley et
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al."® This corresponds to the slightly smaller PLGA molecular
weight (average MW is 14 kDa, measured by GPC) used
here."® For PLGA-PEG nanoparticles prepared with acetone in
our work, the correlation distance between blocks is about 30
nm; thus the spacing between the PLGA blocks is about 14 nm,
which is twice the size of PEG layer thickness of the PLGA-
PEG block. This result is similar to the PEG shell thickness (6.7
nm) described by Riley.'® This suggests that the larger particles
prepared here could be formed by aggregation of initially
formed small core—shell micelles during the synthesis process
caused by the higher concentrations used in this work (3.33
mg/mL compared with 0.7 mg/mL in the study by Riley et
al.'®). The number density of building blocks was calculated
from the model to give a mean number of blocks per cluster
and radius of gyration of the cluster.”® The mean block number
increased from 148 to 512, and the cluster radius of gyration
increased from 66 to 98 nm as the organic/water solvent
miscibility decreased. The calculated radius of gyration results
are in agreement with the hydrodynamic radii measured from
DLS. The volume of PLGA polymer is calculated from the
PLGA block radius, and it increased from 2.62 X 10° to 15.7 X
10° nm® as the organic/water miscibility decreased. Overall,
these results describe a trend of a smaller PLGA block, higher
block polydispersity, and smaller radius of gyration (nano-
particle size) when the organic solvent/water miscibility used in
the nanoparticle preparation increases.

The calculated PEG volume fractions in the water/PEG
regions of the particle are 0.93, 0.83, and 0.95 for particles
prepared with MeCN, AC, and THF, respectively. These high
volume fractions of PEG suggest why the internal structure
cannot be seen in the TEM images, since the density of this
phase will be very similar to that of the PLGA fraction (50:50
PLGA has a density of 1.34 §/cm3, while a 50 wt % PEG
solution in water is 1.1 g/ cm®,* and the PEG volume fractions
here are even higher). Using the volume fractions and the other
SANS results in Table 2, we can calculate the dry volume of the
particles. As an example, considering the particles precipitated
using acetone, if only PEG remains in the PEG/water regions
when the particles are dry, the volume of this region will be
0.83 X 13.4 X 10° nm® while the PLGA block volume in the
particle is 4.10 X 10° nm®. Thus the total dry nanoparticle
volume will be ~15.2 X 10° nm?, giving a nanoparticle diameter
of about 71 nm, which is very close to the particle diameter
observed by TEM (Figure 1 above).

The mass-fractal dimension, which has physically acceptable
values between 1 and 3, describes how the cluster mass spatially
scales with the cluster size and depends on the process for the
cluster growth. Values less than 3 suggest that the structure is
more open than a completely compact three-dimensional
collapsed polymer,*' while values around 1.8 suggest formation
of diffusion limited aggregates. The values in this case are well
over 2 (MeCN 2.63; AC 2.68; THF 2.98), suggesting that the
aggregates are relatively densely packed, with the structure
arising from reaction-limited aggregation.** This supports the
idea that the larger particles are formed from the rapid
aggregation of smaller micelle-like species during the nano-
precipitation process.

3.4. In Vitro Carboplatin Release from the PLGA-PEG
Nanoparticles. Efficient use of drugs requires their selective
delivery to the site of action at a controlled rate. Carboplatin is
clinically used in anticancer chemotherapy and is associated
with severe side effects because of poor specificity.*** The
selective delivery of carboplatin to tumor cells would
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significantly reduce drug toxicity and avoid damage to normal
tissues. One strategy involved local administration of the
platinum-based drug to easily accessible tumors as a water
soluble drug—polymer complex. Alternately, improved tumor
targeting has also been achieved using colloidal platinum drug
loaded carriers, such as polymeric micelles, exhibiting
prolonged blood residence and a reduction of toxicity after
administration.** In this work, we investigated the feasibility of
loading carboplatin into the PLGA-PEG nanoparticles. The in
vitro drug release profiles were obtained and are compared with
the internal structure of PLGA-PEG nanoparticles investigated
using SANS techniques.

Carboplatin was successfully encapsulated inside the PLGA-
PEG nanoparticles. The drug loading and in vitro release
profiles were evaluated using ICP-MS (Figure 3). The drug
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Figure 3. In vitro carboplatin release from PLGA-PEG nanoparticles
prepared using different organic solvents: AC (circle)) MeCN
(square), and THF (triangle) in ACSF solution. The drug loading
value is shown inside the parentheses.

loading efficiency is low due to the high water solubility of
carboplatin (15 mg/mL);** however it is sufficient for
determining release profiles from the particles. PLGA-PEG
nanoparticles prepared with acetone had a relatively higher
drug loading (0.41%) compared with the nanoparticles
prepared with MeCN and THF (0.1-0.2% drug loading).
Similar loadings have also been obtained with cisplatin, which is
physically trapped using PLGA-PEG nanoparticles.® Carbopla-
tin is more likely to associate with the PEG/water network or
to sit near the surface between PLGA and PEG due to its
hydrophilicity. The difference in drug loading between particles
prepared from different initial solvents may therefore be due to
two reasons: (1) variation in the PLGA-PEG surface area or
PEG volume, as shown in Table 2; (2) organic solvent
miscibility with water. THF is less miscible with water;
therefore particle precipitation is delayed, so the water soluble
drug has a longer time to leak out of the PEG network during
the preparation process. Both of these factors play a role, so
particles prepared from THF have higher surface area but less
drug loading, while particles prepared from acetone have an
intermediate surface area but the miscibility of acetone with
water limits drug loss during particle formation.

The release of carboplatin from the nanoparticles involved an
initial burst release phase, which is followed by a period of
relatively slow release. Ninety percent of loaded drug was
released in the first 10 h for PLGA-PEG samples prepared with
acetone and MeCN, indicating that most of the loaded
carboplatin is absorbed on or close to the surface of the
nanoparticle and easily escapes. Within the range investigated
here, the drug loading did not appear to affect the rate of
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carboplatin release from the nanoparticles, which has also been
reported by Avgoustakis et als

The release profile of PLGA-PEG particles prepared with
THEF indicates that 24% of the encapsulated carboplatin was
entrapped in the nanoparticles, and this particle significantly
retarded carboplatin in vitro release. In the case of nanoparticles
prepared with THF, the SANS data indicates that these
particles have the highest PLGA block aggregation number and
largest PLGA block size compared with particles prepared with
the other two solvents. The larger core-forming block has
stronger influence on the PEG layer around it, the number of
attractive hydrophobic interactions leads to a tight association
between the PLGA chains, and the PLGA chains more forcibly
draw together the solvated PEO blocks, having correspondingly
more condensed PEG layers.'®*® The PEG volume fraction of
particles prepared with THF (¢pgg), which is calculated from
the SLDs of two solvent contrasts to be 0.95, is higher than the
PEG volume fraction of the nanoparticles prepared with the
MeCN and AC. The higher PEG proportion in the solvent and
thick PEG layers as well as the more tightly packed building
blocks could retard the drug dissolution in the water and thus
slow the drug release from the nanoparticle. Particles prepared
with AC have a relative high drug loading; however, they have a
low PEG volume fraction of 0.83; therefore, carboplatin easily
diffused out from the particle during the in vitro drug release
process, resulting in a low retention of carboplatin.

4. CONCLUSIONS

Understanding the internal structures formed within the
particles is fundamentally important to explain the difference
in drug loading and variations in drug release rate from polymer
nanoparticles. In this work, we prepared nanoparticles from
synthesized poly(lactide-co-glycolide)-block-poly(ethylene gly-
col) (PLGA-PEG-CH;) polymer via a nanoprecipitation
method using three organic solvents (THF, acetone, and
acetonitrile) with different solvent/water miscibility. PLGA-
PEG nanoparticles were characterized with regards to their size,
size distribution, and {-potential by DLS and morphology by
TEM. Small angle neutron scattering measurements and fitted
models revealed the internal nanoparticle structure: PLGA
blocks of 7—9 nm are encapsulated inside fairly condensed
PEG/water networks in a fractal geometry. Particles prepared
with a more water miscible solvent and having a large PLGA-
PEG surface area have higher drug loading. Denser particles
with larger hydrophobic blocks draw together the PEG blocks,
leading to condensed PEG blocks with high PEG volume
fraction in the PEG/water phase, resulting in a more
controllable hydrophilic anticancer drug carboplatin release
profile.
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