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ABSTRACT: A nanocapsule shell of poly(ethylene glycol)-block-
poly(p,L-lactic acid) (PEG-b-PLA) mixed with anionic Eudragit
$100 (90/10% w/w) was previously used to entrap and define the
self-assembly of indigo carmine (IC) within the hydrophilic cavity
core. In the present work, binary blends were prepared by solution
mixing at different PEG-b-PLA/Eudragit S100 ratios (namely, 100/
0, 90/10, 75/25, and 50/50% w/w) to elucidate the role of the
capsule shell in tuning the encapsulation of the anionic dye (..,
IC). The results showed that the higher content of Eudragit S100
in the blend decreases the miscibility of the two polymers due to
weak intermolecular interactions between PEG-b-PLA and Eudragit
$100. Moreover, with an increase in the amount of Eudragit S100, a
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higher thermal stability was observed related to the mobility restriction of PEG-b-PLA chains imposed by Eudragit S100.
Formulations containing 10 and 25% Eudragit S100 exhibited an optimal interplay of properties between the negative surface charge
and the miscibility of the polymer blend. Therefore, the anionic character of the encapsulating agent provides sufficient accumulation
of IC molecules in the nanocapsule core, leading to dye aggregates following the self-assembly. At the same time, the blending of the
two polymers tunes the IC release properties in the initial stage, achieving slow and controlled release. These findings give important
insights into the rational design of polymeric nanosystems containing organic dyes for biomedical applications.

1. INTRODUCTION

Organic dyes are increasingly being explored as valuable
components for bioimaging, disease diagnosis, photodynamic
therapy, and photothermal therapy."”> A large collection of
organic dyes are also known for their pharmacological
properties in the treatment of diseases including cancer,
brain disorders, and different types of infections.>* Hence,
combining organic dye-based materials with a nanotechnology
approach has been considered an emerging tool in nano-
medicine.” In this regard, different strategies have been studied
for the encapsulation of dye molecules with polymers and
other encapsulating agents to increase diagnosis efficiency and
treatment modalities.”” These encapsulated dye nanostruc-
tures showed the ability to carry dye substances, separating
them from the outer environment followed by controlled
release.

Among a variety of encapsulated dye nanostructures,
polymeric nanocapsules have been widely applied due to
their core—shell structure that offers material architecture-
based diverse structures in delivering organic dyes.*”"
Commonly, the nanocapsule shell acts as a diffusion barrier,
while the capsule cavity core, defining the interior nanospace,
has been applied to encapsulate dye molecules. For example,
cyanine dye was loaded in poly(p,L-lactide) and polycapro-
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lactone nanocapsules by the nanoprecipitation method'' and
dispersed red 1 dye was encapsulated in poly(methyl
methacrylate) nanocapsules using the phase separation
method."” Other structures of polymeric nanocapsules loaded
by dye molecules can be obtained by electrostatic attractions
between the polymeric material and the dye molecules by
utilizing a layer-by-layer deposition method. In these nano-
capsule structures, either exterior or interior surfaces of the
shell are used as the template and scaffold for the adsorbed
dyes."? In another variation, the dye can be embedded into the
shell matrix by mixing with a polymer during the nanocapsule
formation'* or through its conjugation to end functional
groups of the polymer prior to the preparation.'”'® The
interplay between dye molecules and the polymeric material as
well as the fabrication method influences the resulting dye—
polymeric nanocapsule configuration.'”"*
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Figure 1. Structural representations of the encapsulating agents and the encapsulated dye used in this study and a schematic illustration of polymer
blend composition effects. Inside the capsule is shown a graphical representation of a self-assembled nanoscroll of indigo carmine obtained by

encapsulating the dye monomers.

Recently, we showed that the polymeric nanoshell has
another critical role in providing a confining environment with
highly ordered spherical geometry.'” As demonstrated, the
ability of an organic dye such as indigo carmine (IC) to self-
assemble into organized structures was strongly related to the
confining space defined by the capsule shell. Apparently, a local
high concentration of IC molecules was yielded in the cavity
capsules, enhancing their tendency to assemble and form a
stable lamellar sheet. Finally, the sheet rolled to a scroll-like
structure dictated by the polymeric shell restriction. This
process was obtained by taking an encapsulation approach to
entrap water-soluble substances within the aqueous core of
hydrophobic nanocapsules, namely, the water-in-oil-in-water
(W,/O/W,) double emulsion method.”® The model dye IC
has already been established as a suitable agent in a wide
variety of applications”' including as a diagnostic tool in
clinical medicine.””~** The encapsulating material was based
on a solution blend of two biocompatible polymers that could
form a negatively charged interior wall. Specifically, the binary
blend was composed of poly(ethylene glycol)-block-poly(p,L-
lactic acid) (PEG-b-PLA with PEG and PDLLA molecular
weights of S and 100 kDa, respectively) with 10% w/w
Eudragit S100 (1:2 copolymer of methacrylic acid and methyl
methacrylate).

Polylactic acid and its blends with other polymers have
attracted massive attention in the quest for better materials
needed in food packing, pharmaceutical, and biomedical
applications.””~** Poly(ethylene glycol) (PEG) is commonly
used as a hydrophilic block to create a hydrated steric barrier,
which helps to enhance blood circulation time.””*° Hence,
block copolymers based on PEG-b-PLA are being studied for
drug delivery systems such as nanocapsules,”’ nanospheres,*
polymersomes,” and micelles.”* The polyanionic copolymer
Eudragit S100 is also widely used as a functional component
for controlled-release systems,”® associated with a higher
relative content of anionic residues across the polymer
backbone.***” Generally, polymeric blends exhibit techno-
logical advantages, which make them suitable materials for
various biomedical applications.***’

Nevertheless, the intermolecular interactions in the mixture
of PEG-b-PLA (PEG block MW: 5 kDa, PDLLA block MW:
100 kDa) and Eudragit S100 have not been studied previously
to the best of our knowledge. In this context, the encapsulation

of anionic dye molecules (i.e, IC) may be tuned by the
interplay between the anionic character of the interior
polymeric wall and the miscibility of the polymers with one
another. Hence, an increase of Eudragit S100, which has a
higher anionic character, should result in higher repulsion of
the entrapped IC molecules, thus leading to a self-assembly at a
lower critical concentration inside the capsule core. However,
due to the possibility of limited miscibility of Eudragit S100 in
the studied PEG-b-PLA, we also anticipate an influence on the
nanoparticle morphology, the formation of a self-assembled
structure, and the dye release behavior (Figure 1).

In the present work, binary blends were prepared by solution
mixing at different PEG-b-PLA/Eudragit $100 ratios (namely,
100/0, 90/10, 75/25, and 50/50% w/w). The solution blends
served as encapsulating agents for the IC organic dye
nanoencapsulation. The obtained formulations were charac-
terized in terms of particle size, surface charge, and dye
entrapment. The eftect of the Eudragit S100 amount in the dye
formulations was examined by Fourier transform infrared
spectroscopy (FTIR), thermogravimetric analysis (TGA), and
differential scanning calorimetry (DSC), allowing the evalua-
tion of intermolecular interactions and thermal properties.
Finally, pH-dependent in vitro dye release profiles were
considered.

2. EXPERIMENTAL SECTION

2.1. Materials. Indigo carmine, poly(vinyl alcohol) (PVA,
MW 30-70 kDa), HPLC-grade dichloromethane (DCM),
HPLC-grade water, and phosphate-buffered saline (PBS) were
all purchased from Sigma-Aldrich Chemicals (Israel).
Methoxy-poly(ethylene glycol)-block-poly(p,L-lactic acid)
(PEG-b-PLA with S kDa PEG and 100 kDa PDLLA) was
purchased from Jinan Daigang Biomaterial Co., Ltd. (China).
The Eudragit S100 copolymer was obtained from Evonik
Rohm GmbH (Germany).

2.2. Encapsulation Procedure. Encapsulated IC for-
mulations at different PEG-b-PLA/Eudragit S100 ratios (100/
0,90/10, 75/25, and 50/50% w/w) were synthesized using the
following encagsulation procedure, which is described in detail
in Maor et al."” Binary blends were prepared from a solution of
PEG-b-PLA in DCM (1% w/v) with Eudragit $100 in DCM
(1% w/v) added dropwise under stirring. Briefly, an aqueous
solution of IC (1 mL, 2.5% w/v) was emulsified in DCM
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Figure 2. Characterization of dye-encapsulated PEG-b-PLA/Eudragit S100 blend particles: cryogenic-TEM images (a) 100/0, (b) 90/10, (c) 75/
25, and (d) 50/50; the arrow points to a single nanocapsule within a self-assembled IC structure. The inset shows a close-up image of the same
nanocapsules. The scale bar corresponds to 200 nm. (e) Size distribution histograms by DLS, and (f) {-potential measurement.

containing the PEG-b-PLA or PEG-b-PLA/Eudragit S100
mixture (10 mL, 1% w/v) using a probe-type sonication (1
min, 10 s on/off mode) in an ice-water bath. The formed W,/
O emulsion was immediately dispersed with a high
concentration of PVA aqueous solution (10 mL, 1% w/w)
and this was emulsified under the same conditions to form the
double emulsion (W,/O/W,). Then, the emulsion was poured
into a low concentration of PVA aqueous solution (180 mlL,
0.1% w/w), and the organic solvent was allowed to evaporate,
yielding solidification of the nanoparticles. The nanoparticle
formulation was collected by centrifugation (8000 rpm, 20
min) and washed with water to remove the nonencapsulated
dye and surfactant. Finally, the pellet was redispersed in water
and kept at 4 °C until further use.

2.3. Characterization Techniques. Particle size distribu-
tion (hydrodynamic diameter and polydispersity index) and
surface charge ({-potential) were determined by using a
dynamic light scattering (DLS) Zetasizer Nano ZS (Malvern
Panalytical, UK.). The results represent the mean and
standard deviation of representative batches (n = 3). Cryogenic
transmission electron microscopy (cryo-TEM) was carried out
using a Tecnai T12 G2 TEM (FEI Technologies Inc., Oregon)
equipped with a LaBg electron gun operated at 120 kV. Images
were taken digitally by a Gatan US 1000 high-resolution CCD
camera using DigitalMicrograph software (Tecnai T-12).
Attenuated total reflectance Fourier transform infrared
(ATR-FTIR) spectroscopy analysis was conducted using a
Nicolete-iSS0 (Thermo Scientific). The spectra were scanned
between 400 and 4000 cm™' with a resolution of 4 cm™.
Ultraviolet—visible (UV—vis) absorbance spectra were meas-
ured using an Ultrospec 2100 pro UV/vis spectrophotometer
(Biochrom Ltd., UXK.). The thermal stability of samples was
obtained using a QS00 thermogravimetric analyzer (TA
Instruments). Thermogravimetric analysis (TGA) was carried
out between 35 and 600 °C at a heating rate of 10 °C/min
under a nitrogen atmosphere. Differential scanning calorimetry
(DSC) measurements were performed using the DSC 3+
modulus (Mettler-Toledo GmbH, Analytical), in the range
between 0 and 180 °C, at the rate of 10 °C/min under a
nitrogen atmosphere.

2.4. Analysis of the Dye Content. The IC loading was
determined by stirring 0.5 mL of the aqueous suspension of the

dye formulation sample mixed in 3 mL of DCM overnight.
After the dissolution of polymers, the concentration of the
nonentrapped IC in the aqueous phase was measured
spectrgg)hotometrically at 610 nm using a standard calibration
curve.

2.5. In Vitro Dye Release Study. The profiles of dye
release from nanoparticle formulations of three blends (100/0,
90/10, and 75/25% w/w) were studied in phosphate-buffered
saline (PBS, pH 7.4) or acidic PBS with HCI (pH 1.8 and 4.3).
Specifically, nanoparticle samples containing IC (1.5 mL of
release medium, 0.2 mg of IC/mL) were placed in an orbital
shaker rotating at 140 rpm and kept at 37 °C. Samples taken at
time intervals were centrifuged at 8000 rpm for 5 min. Then, 1
mL of supernatant was removed, and fresh replacement
medium (1 mL) was added to resuspend the particles to
maintain the sink condition. The concentration of IC in the
collected media was analyzed spectrophotometrically at 610
nm. The cumulative dye release at each time interval was
calculated. All studies were performed in triplicate, and data
were expressed as the mean value + standard deviation.
Different mathematical models were applied to describe the
release kinetics of IC from the polymeric formulations by
fitting the release data to four kinetic equations: zero-order,
first-order, Higuchi, and Korsmeyer—Peppas models.*'

3. RESULTS AND DISCUSSION

3.1. Encapsulation of Indigo Carmine in PEG-b-PLA/
Eudragit S100 Blends. By variation of the amount of
Eudragit S100 in the PEG-b-PLA-based blends serving as
encapsulating agents, its effects on the success of the IC
encapsulation were initially explored. Four encapsulated dye
formulations were obtained at different PEG-b-PLA to
Eudragit S100 weight ratios (100/0, 90/10, 75/25, and S0/
50% w/w). The cryogenic TEM imaging, regardless of the
Eudragit S100 amount in the blends, revealed nanocapsules
loaded with prominent structural self-assembled elements of
IC, such as rolled-up sheets forming tubular scrolls (Figure
2a—d). We recently described in detail the self-assembling
process of IC molecules in the confined cavities of nano-
capsules."” One important observation is that if entrapped in
nanocapsule cores above a certain critical concentration, IC
molecules form self-organized structures. In this work, it was
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noticed that the addition of a small amount of anionic Eudragit
$100 to PEG-b-PLA improved the encapsulation efficiency and
loading capacity. For example, an encapsulated dye formula-
tion composed of 10% Eudragit S100 exhibited 5.3 + 1.3%
encapsulation efficiency (EE) and 2.1 + 0.9% loading capacity
(LC) of IC. However, increasing the amount of Eudragit S100
in the blend (i.e., 25%) reduced these values. Moreover, due to
the very low amount of encapsulated IC, as reflected by the
significantly low encapsulation efficiency and loading capacity
values (Table 1), only a few self-assembled structures appeared

Table 1. Nanoparticle Formulations of the Encapsulated
Dye with Different Ratios of PEG-b-PLA/Eudragit $100 (%
w/w)

particle size”

formulation (nm) PDI EE” (%) LCC (%)
100/0 318 + 26 0.152 + 0.010 24 + 0.5 1.2 +£ 0.5
90/10 333 + 24 0.138 + 0.049 53 +13 2.1 +09
75/25 349 + 11 0.140 + 0.016 21+10 1.0 + 0.6
50/50 366 + 29 0.198 + 0.051 0.5+ 0.3 03 +02

“Data were determined by DLS as the z-average hydrodynamic
diameter. YEE (%) = (weight of encapsulated IC)/(weight of total IC
loaded) X 100. “LC (%) = (weight of encapsulated IC)/(weight of
the IC formulation) X 100.

in the 50/50 blend (by TEM). The obtained results imply that
the anionic copolymer Eudragit S100 in the blend has an
influence on the IC entrapment process in a composition-
dependent manner.

The z-average hydrodynamic diameter of each dye
formulation was evaluated by dynamic light scattering
(DLS). The particle size ranged from 318 to 366 nm as a
function of the amount of Eudragit S100 in the blend (Table
1). The smallest particles were obtained without the addition
of Eudragit S100. With a decrease in the PEG-b-PLA-to-

Eudragit S100 ratio, both the average diameter and
polydispersity index (PDI) of the particles increased (Figure
2e). This trend was previously described in the series of
nanoparticles made by low-molecular weight PLLA, Eudragit
$100, and their blend.** In addition to particle size, changes in
{-potential were observed when compared with the Eudragit
S100 free formulation (Figure 2f). Due to the encapsulating
polymers’ structure, all formulations showed negative (-
potential values, as expected.””*° The PEG-b-PLA nano-
particle formulation (100/0) showed a slightly higher negative
charge (—20.5 + 2.1 mV) than that of the PEG-b-PLA/
Eudragit S100 formulations (—17.1 + 2.5, —17.8 + 2.3, and
—17.7 + 2.4 mV for 90/10, 75/25, and 50/50 of PEG-b-PLA
to Eudragit S100, respectively). The slight changes suggest that
the PEG-b-PLA chains are partially surrounded by acidic
functional groups of Eudragit S100, which lead to a less
negative surface charge.

3.2. Fourier Transform Infrared Spectroscopy Anal-
ysis. To evaluate intermolecular interactions between PEG-b-
PLA and Eudragit S100 in the nanoparticle formulations
obtained from dye encapsulation, FTIR spectroscopy was used
to detect changes in the vibrational frequencies of specific
functional groups. The absorbance spectra of encapsulated IC
formulations were compared to those of neat polymers and IC.
The results are shown in Figures 3 and Supporting Information
Figure S1, and the major bands are summarized in Table 2.
The analysis showed distinct features of PEG-b-PLA in all
formulation spectra, and peak locations were consistent with
previous studies.*® The characteristic bands of Eudragit $100
were clearly observed in the spectrum of the 50/50
formulation (Figure 3a) and appeared as a shoulder peak
with a decrease in the Eudragit S100 fraction (Figure 3c,d).
The IC bands were not observed in the dye formulation
spectra, and this may be associated with the low loading
capacity (Table 1). The effect of Eudragit S100 addition was
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Table 2. Comparison of the Major Bands in the ATR-FTIR Spectra”

wavenumber (cm™!)

assignment PEG-b-PLA 100/0 90/10 75/25 50/50 Eudragit S100
v, C-0-C 1081 1081 1082 1084 1086
v,,C-0-C 1182 1182 1183 1184 1184 1190
9,,CH; 1451 1451 1451 1451 1451 sh 1482
vC=0 methyl methacrylate 1726 1723 br
vC=0 lactide ester 1745 1746 1747 1748 1748
v,CHj;, v,,CH;4 29485, 2995 29485, 2995 2946, 2995 2947, 2995 2949, 2995 2951, 2995
vO—H free hydroxyl hydrogen-bonded 3269—3547 br 3267—3547 br 3260, 3547 3233, 3547
“sh = shoulder; br = broad; s = symmetric; and as = asymmetric.
indirectly analyzed on the prominent bands of PEG-b-PLA. |  ====° S — budragit 100

The ester groups of the polylactide backbone show three
strong stretching vibrations related to C=0O and C-0O-C
assigned to 1745, 1182, and 1081 cm ™' (Table 2). The isolated
carbonyl regions (Figure 3b,3d) show a slight shift of these
bands toward higher wavenumbers as a function of the PEG-b-
PLA to Eudragit S100 ratio in the polymer composition. The
predominant change was observed for the stretching vibration
of the ether—ester oxygen bond at 1081 cm™, which shifted to
1086 cm™' with the increase of Eudragit S100 (Table 2). In
addition, the spectrum of the 50/50 formulation exhibited two
maxima at 1748 and 1726 cm™' attributed to the C=0
stretching vibration of PEG-b-PLA and Eudragit S100,
respectively, both blue-shifted (Av = 3 cm™) with respect to
the neat polymers. Clearly, the blending of Eudragit S100 and
PEG-b-PLA caused a blue shift of the ester bands. Moreover,
the spectrum of Eudragit S100 showed maxima attributed to
the intermolecular hydrogen-bonded hydroxyl stretching mode
(self-associated carboxylic groups) and intramolecular hydro-
gen-bonded hydroxyl stretching mode (“free” hydroxyl) at
3233 and 3547 cm™ (AvO—H = 314 cm™'), respectively
(Figure 3e). It can be observed that the free hydroxyl peaks in
the blends occurred in the same position as in the neat
polymer, whereas the self-association peaks were blue-shifted
(e.g, AvO—H = 287 cm™" for the 50/50 formulation). These
results suggest weak intermolecular interactions between the
two polymers in the context of hydrogen bonding between the
proton donor groups of carboxylic acid moieties in Eudragit
S100 and the proton acceptor groups such as lactide ester
groups. The intermolecular hydrogen bonding formation is
considered a good predictor for miscibility of blends.*”
Therefore, it can be expected that with such a weak hydrogen
bonding network, PEG-b-PLA and Eudragit S100 are less likely
to form a miscible blend with each other in all weight ratios.

3.3. Thermal Analysis. To examine the compositional
effect of PEG-b-PLA/Eudragit S100 blends on their miscibility,
the glass transition temperatures (T,) of the samples were
measured using differential scanning calorimetry (DSC).
Figure 4 shows the glass transition region of PEG-b-PLA and
Eudragit S100 as a function of their composition in the
encapsulated IC formulation. The T, value of the PEG-b-PLA
phase in the nanoparticle formulation (i.e., 100/0) was shifted
slightly to higher temperatures compared to amorphous neat
PEG-b-PLA. A similar DSC result was observed for drug
(paclitaxel)-loaded PLDLA microspheres.”* Upon blending
with Eudragit S100, the T, values of the PEG-b-PLA phase
became higher. A single T, was found in the formulation
containing 10% Eudragit S100, indicating that the polymers in
the blend are miscible. Formulations containing 25 and 50%
Eudragit S100 showed two T, values that were located between

75/25

50/50

———

& Tg=47.9°C

Heat Flow (W/g)

0 20 40 60 80 100 120 140 160 180
Temperature (°C)

Figure 4. Plot of heat flow against temperature in the glass transition
temperature range for nanoparticle formulations of the encapsulated
dye with different ratios of PEG-b-PLA/Eudragit S100 (% w/w).

the values assigned to the neat polymers. Hence, a higher
content of Eudragit S100 in the blend decreases the miscibility
of the two polymers, forming a more heterogeneous spatial
arrangement of the phases.

Furthermore, a thermal study of IC encapsulated in the
nanoparticle formulation was carried out by thermogravimetric
(TG) and differential thermal analysis (DTA) measurements,
and the results are presented in Figure S and Table 3. The
encapsulated IC formulations comprising polymeric mixtures
exhibited two successive decomposition stages with the rise of
the temperature. The mass loss (Aw) values changed in
accordance with the polymer ratio in the encapsulating matrix,
indicating that the decomposition of PEG-b-PLA occurs
initially and is followed by that of Eudragit S100. Neat PEG-
b-PLA was thermally degraded from 258 to 411 °C with the
maximum degradation temperature (T,,,,) observed at 358 °C.
The entrapment of the IC dye using the encapsulation process
induced a significant difference in PEG-b-PLA thermal stability
since the initial decomposition temperature (T,) was shifted to
a lower temperature (189 °C). A similar reduction of PLA
thermal stability has been described in the presence of lignin,
which was attributed to the action of its phenolic hydroxyl and
carboxylic groups.”” Regardless of encapsulating materials
used, the TGA of all encapsulated IC formulations exhibited a
similar amount of residue (~5.0%), which could be partially
related to the total IC content in the sample as the T; value of
IC is at 427 °C>>! (Supporting Information Figure S1). T;
values were increased (239—232 °C) with the addition of
Eudragit S100 as a component in the encapsulating agent, as
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Figure 5. (a) TG and (b) DTG curves of nanoparticle formulations of
the encapsulated dye with different ratios of PEG-b-PLA/Eudragit
S100 (% w/w).

seen in Table 3. Furthermore, Ty, increased from 330 °C for
the IC formulation made by PEG-b-PLA (100/0) to 347, 351,
and 371 °C for formulations containing 10, 25, and 50%
Eudragit S100, respectively. The increase of thermal stability
with the increase of the Eudragit S100 amount could be
associated with the mobility restriction of PEG-b-PLA chains
imposed by Eudragit S100, eventually hindering the degrada-
tion of nanoparticle formulations containing Eudragit $100.
3.4. Dye Release Profiles. The release properties of PEG-
b-PLA/Eudragit S100 blends were studied under different pH
conditions for 3 weeks. Figure 6 shows the time dependence of
cumulative IC release from the 100/0, 90/10, and 75/10
formulations, which revealed similar release patterns. The
release of IC from the nanoparticles involved an initial rapid-
release phase, followed by a relatively slow-release phase
(Figure 6a—c). However, the amount of dye released in the
initial burst stage was strongly affected by the amount of
Eudragit S100 in the blend (Figure 6d). As shown, IC release
was the slowest from the 90/10 formulation and the fastest
from the 75/25 formulation compared to the PEG-b-PLA
formulation (100/0). For example, at the initial stage (pH 7.4),
the fractions of dye released from 100/0, 90/10, and 75/25
formulations were 3.2, 1.8, and 7.5%, respectively. These
release profiles can be correlated with the T, values gained

from DSC analysis.”” The two polymers, PEG-b-PLA and
Eudragit S100, are miscible at a 90/10 ratio, characterized as a
homogeneous blend with a single higher T, value, indicating a
reduction in chain mobility. Hence, the shell matrix of
nanocapsules composed at this polymer blend ratio helps in
the prevention of IC leakage. The 75/25 blend ratio was found
to be partially miscible, which is corroborated by the FTIR and
TGA results, indicating that weak intermolecular interactions
between Eudragit S100 and PEG-b-PLA are predominating.
Consequently, a loose interface may form between the two
polymers, leading to a less compact structure of the
encapsulating polymer matrix that could induce a higher
burst release of the IC.

Eudragit S$100 is a pH-dependent polymer and insoluble in
dissolution medium with a pH less than 7. While PLA is a
polyester that can be degraded through hydrolysis under acidic
and basic conditions, it demonstrates relatively slow hydrolysis
at a pH of about 4 as the pK, of lactic acid is 3.84.”* Hence, all
dye formulations exhibited only a slight burst of IC release
followed by a very slow release rate at pH 4.3 (Figure 6b). The
dye release mechanisms for dye formulations under high- and
low-pH conditions were evaluated by applying various release
kinetic models (Table 4). At pH 7.4, the correlation coefficient
values for fitting the release profiles to the mathematical model
for the encapsulated IC formulation made by PEG-b-PLA
(100/0) are in good agreement with first-order kinetics (R* =
0.8642). This suggests that the release mechanism is mainly
controlled by surface erosion, as previously reported for the
poly(p,L-lactide) microsphere drug release mechanism.”* With
the addition of Eudragit S100, the erosion-controlled
mechanism was retained at pH 7.4, showing a good correlation
with first-order kinetics as well, ie., R* = 0.8858 and R =
0.8467 for formulations containing 10 and 25% Eudragit S100,
respectively. These results can be associated with the increased
swelling and erosion of PLA due to Eudragit S100 becoming
more permeable, along with the dissociation of methacrylic
groups at pH 7.4.°° A similar observation is reported in the
literature for nanoparticle formulations with a different ratio of
PLGA(RG756)/Eudragit S100 nanoparticles.’® However,
under acidic conditions (pH 1.8), the formulation containing
10% Eudragit S100 exhibited IC release best fitted to the
Higuchi order (R* = 0.9423), suggesting a diffusion-controlled
mechanism of IC release. Fitting the release pattern to the
Korsmeyer—Peppas model showed R* = 0.9676 and R*> =
0.8185 for formulations containing 10 and 25% Eudragit S100,
respectively (Table 4). The n values (the diffusional exponent)
were smaller than 0.5, indicating a Fickian diffusion pattern.
Hence, the mechanism may be governed by diffusion more
than relaxation. These results can be rationalized under acidic

Table 3. Thermal Analysis Parameters®

stage 1 stage 2
sample T, (°C) Tpex (°C) T; (°C) Aw (%) T, (°C) Tpex (°C) T; (°C) Aw (%) Aw,, (%) Tso (°C)
PEG-b-PLA 258 358 411 98 0.9 340
100/0 189 346 384 94 5.6 330
90/10 239 351 383 84 384 413 443 11 S.5 347
75/25 232 349 382 68 383 428 445 25 S.5 351
50/50 232 344 380 50 381 425 449 42 5.0 371
Eudragit S100 34§ 407 449 95 1.8 405

“T;: onset temperature, T,,,,: temperature corresponding to the maximum rate of mass loss, T final temperature, Aw: mass loss in the range of T;—

Ty Aw,: weight residues, and Tsy: temperature corresponding to the 50% of sample mass loss.

F
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Figure 6. IC release profiles of the nanoparticle formulations in PBS at 37 °C with different pH values: (a) pH 7.4, (b) pH 4.3, (c) pH 1.8, and (d)

the initial 8 h (the error bars are omitted for clarity).

Table 4. Fitting Release Kinetic Models to IC Release Data

model (R?)
zero- first- Korsmeyer—Peppas
formulation order order Higuchi (n)*
100/0, pH 7.4 0.5614 0.8642 0.5915 0.6159 (0.0784)
90/10, pH 7.4 0.7604 0.8858 0.7905 0.8356 (0.1487)
75/25, pH 74  0.3697 0.8467 0.4463 0.6969 (0.0517)
100/0, pH 1.8 0.8006 09111  0.7717 0.6639 (0.1493)
90/10, pH 1.8 0.8716 0.8039 0.9423 0.9676 (0.2722)
75/25, pH 1.8 0.6524 0.6959 0.7315 0.8185 (0.1475)

“Release exponent evaluated for n < 15% released.

conditions in which Eudragit S100 is insoluble and
characterized by low permeability because of strong hydrogen
bonding,*® while PLA exhibits accelerated hydrolytic degrada-
tion.”” This may be followed by the appearance of channels
and pores within the polymer shell matrix, facilitating diffusion
of the IC to the medium and inevitably enhancing dye release.
In summary, differences in release behavior observed in the
above media underline the importance of testing the in vitro
release, revealing the impact of a tunable amount of Eudragit
S100 on preventing premature leakage and controlled release
of IC dye.

4. CONCLUSIONS

The nanocapsule shell plays a critical role in providing
constraints that limit, direct, and control the self-assembly
growth of the encapsulated IC organic dye. The blending of
encapsulating agents such as PEG-b-PLA and Eudragit S100, at
certain ratio limits, provides sufficient accumulation of IC
molecules in the nanocapsule core to form the scrolled

structures. Furthermore, under the conditions of the entrap-
ment process by the W,;/O/W, double emulsion, the Eudragit
S$100 is in a mostly dissociated form, meaning that it possesses
negative charges that favorably direct the anionic dye IC
molecules by electrostatic repulsion. At the same time,
increasing the Eudragit S100 fraction disrupted the chain
packing of the shell matrix due to weak intermolecular
interactions between the two polymers, as indicated by
observable changes in the FTIR spectra. The results of TGA
and DSC corroborated these observations and showed changes
in intermolecular packing and the miscibility of the polymer
blends. The optimal interplay of properties was found in the
formulations containing 10 and 25% Eudragit S100. However,
the 90/10 formulation had a single phase (single T, at 47.5
°C); therefore, it is considered a miscible blend, while the 75/
25 formulation, forming two distinct phases (two T, values at
48.6 and 140.6 °C), is a partially miscible blend. A miscible
blend like the 90/10 blend ratio is preferable, as it forms a
more packed shell matrix with low chain mobility, resulting in
less IC leakage and a slower release rate (about 3.7% at pH 7.4
within 21 days). The results offer insights into the properties of
these polymer blends, which are important for accelerating the
rational design of polymeric core—shell structures delivering
organic dyes for therapeutic and diagnostic purposes.
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