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Abstract: Here, we describe the preparation and characterization of organic/inorganic hybrid
polymer multifunctional nanocarriers. Novel nanocomposites of gold nanoparticles using pH-
responsive coordination pentablock terpolymers of poly(e-caprolactone)-b-poly(ethylene oxide)-b-
poly(2-vinylpyridine)-b-poly(ethylene oxide)-b-poly(e-caprolactone), bearing or not bearing partially
quaternized vinylpyridine moieties, were studied. The template morphology of the coordination
pentablock terpolymer at physiological pH ranges from crew-cut to multicompartmentalized mi-
celles which can be tuned by chemical modification of the central block. Additionally, the presence
of 2VP groups allows the coordination of gold ions, which can be reduced in situ to construct
gold@polymer nanohybrids. Furthermore, the possibility of tuning the gold distribution in the
micelles, through partial quaternization of the central P2VP block, was also investigated. Various
morphological gold colloidal nanoparticles such as gold@core-corona nanoparticles and gold@core-
gold@corona nanoparticles were synthesized on the corresponding template of the pentablock
terpolymer, first by coordination with gold ions, followed by reduction with NaBHy4. The pentablock
and gold@pentablock nanoparticles could sparingly accommodate a water-soluble drug, Tamoxifen
(TAX), in their hydrophobic micellar cores. The nanostructure of the nanocarrier remarkably affects
the TAX delivery kinetics. Importantly, the hybrid gold@polymer nanoparticles showed prolonged
release profiles for the guest molecule, relative to the corresponding bare amphiphilic pentablock
polymeric micelles. These Gold@pentablock terpolymer hybrid nanoparticles could act as a multi-
functional theranostic nanoplatform, integrating sustainable pH-controlled drug delivery, diagnostic
function and photothermal therapy.

Keywords: pentablock; poly(e-caprolactone); poly(2-vinylpyridine); poly(ethylene oxide);
amphiphilic polymeric micelles; gold nanoparticles; organic/inorganic hybrid; Tamoxifen;
drug delivery

1. Introduction

Advances in nanobiotechnology have resulted in the development of novel materials
for enhanced drug delivery and imaging applications, particularly in cancer research [1-4].
Despite extensive innovation over the past decade, there is still a need for integrated,
easily adaptable drug delivery and imaging modalities, especially those for the delivery
and monitoring of highly toxic compounds in vivo. Polymer nanoparticles are versatile
materials for this purpose, due to their enhanced drug loading capacity, biological stabil-
ity and extended in vivo circulation [5,6]. Remarkable progress has been made during
the last few decades in the development and investigation of nanoparticles formed by
supramolecular organization of amphiphilic block copolymers in aqueous systems [7-11].
The use of water as the solvent medium offers many advantages for potential applications
in biological environments. In most cases, spherical micelles are formed in water, while
different morphologies have also been reported, ranging from cylindrical and plate-like
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micelles to vesicles and complex micellar aggregates, when varying the copolymer struc-
ture, molecular weight and composition [12,13]. Progress in polymer synthesis has made
it possible to prepare external-stimuli responsive block copolymers, known as “smart”
block copolymers. These materials respond to changes in their environment such as pH,
temperature and salt concentration and undergo micellization in aqueous media [14-16].
The fully reversible micellization process controlled by proper adjustment of the external
stimuli are considerable advantages of these systems.

An interesting feature of block copolymer micelles is their potential use as nanoscopic
reaction vessels to grow inorganic metal nanocrystals, resulting in hybrid nanocomposite
materials [17-19]. The properties of these colloidal metal nanoparticles, which are de-
termined by their particle size, shape and internal structure, are greatly different from
those of their bulk counterparts and make them particularly attractive for applications in
catalysis, optical devices and drug delivery. In such systems, the nonpolar block of the
copolymer forms the corona, which provides stabilization, while the polar block forms the
core, which can issolve metal compounds by coordination. Such micelles can be considered
as nanoreactors or templates [20] where nucleation and growth of metal nanoparticles upon
reduction are restricted to the mesoscale level and the size and morphology of the resulting
metal colloidal nanoparticles depend on the size and morphology of the template micelles.

Of all the metal colloidal particles, gold nanoparticles (AuNPs) are particularly at-
tractive due to their unique electronic and catalytic properties, and biocompatible na-
ture [21-24]. Moreover, AuNPs are excellent photoabsorbers and have been extensively
used in photothermal therapies in the form of nanosized spheres, rods and shells due to
their very high photothermal conversion efficiencies. However, AuNPs combined with
anticancer drugs integrated in hybrid polymeric formulations can be utilized as promising
photochemotherapeutic agents [25,26]. Thus, a large number of polymer molecules have
been selected to decorate the surface of gold nanoparticles for a variety of applications
in the field of biotechnology [27-31]. The polymer chains grafted/coated on the surfaces
of gold nanoparticles can not only intensively enhance the stability of gold cores, but can
also functionalize the gold core due to the special properties of outside polymer layers.
Particularly, “smart” nanocomposites consisting of gold nanoparticles and intelligent poly-
mers display significant and remarkable aspects [32,33], and such a combination exploits
a facile path for multifunctional materials and facilitates a variety of novel technological
applications. For example, Au/polymer nanocomposites that respond to specific stimuli
found in vivo (i.e., pH) should provide smart nanocarriers for tuning drug release. The
stimuli sensitivity of the polymer template endues the smart gold nanocomposites with
response reversibility and significant performances for intelligent materials. Subsequently,
poly(ethylene glycol) (PEG) [34,35] can be readily conjugated onto the surface of AuNPs
to improve biocompatibility, blood-circulation times and accumulation in solid tumors
through enhanced permeability and retention (EPR) effects.

Thus, we report herein on the preparation of novel gold nanocomposites through
coordination with pH-responsive amphiphilic pentablock terpolymers of ABCBA archi-
tecture. The polymers consisted of a pH-sensitive poly(2-vinylpyridine) (P2VP) central
block, covalently bonded at both ends by hydrophilic poly(ethylene oxide) (PEO) blocks,
end-capped with hydrophobic poly(e-caprolactone) (Pe¢CL) blocks. Moreover, the pH
sensitive P2VP block can be readily partially quaternized, hence bearing permanently
positively charged and hence hydrophilic moieties. In our previous works, morphological
transitions from core-shell-corona micelles to crew-cut or multicompartmentalized micelles
and to vesicles were observed for a PCL-PEO-P2VP-PEO-PCL pentablock copolymers in
phosphate-buffered water by tuning pH, chemical modification of P2VP block and prepara-
tion strategy [36,37]. Therefore, this pentablock terpolymer offers various possibilities as
template towards hybrid nanocarriers.

The affinity of pH sensitive P2VP for gold nanoparticles is well documented [38,39].
Composite Janus particles containing gold nanoparticles in P2VP-PEO block copolymers
have been reported from dissociation and reorganization of polymer vesicles into Janus mi-
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celles [40]. Various morphological gold colloidal nanoparticles using a thermo-responsive
and pH-responsive coordination triblock copolymer of PEO-P2VP-PNIPAM has been in-
vestigated. Discrete gold nanoparticles, gold@polymer core-shell nanoparticles, and gold
nanoparticle clusters were synthesized by tuning pH and temperature conditions [41].
Gold-loaded PEO-b-PCL block copolymer micelles with a core-shell structure were pre-
pared, and their stability in an aqueous system was dependent on the gold feed ratio [42].
The PCL-b-PEO-b-P2VP-b-PEO-b-PCL type architecture investigated herein should enhance
the diversity and tunability of the self-assembled hybrid nanostructures. Additionally,
partial quaternization of P2VP block should endow the nanoparticles with increased affinity
for the AuCl, ™ since quaternary ammonium cations are able to combine with the surface
of the gold nanoparticles and act as a stabilizer using strong electrostatic attraction [43].
Herein, we follow the micelle transformations of these pentablock terpolymers after met-
alation with hydrochloroauric acid, followed by reduction. We describe the preparation
and characterization of hybrid nanoparticles for use as multimodal carriers for drugs and
imaging agents, on the pentablock terpolymer micellar template.

Furthermore, we attempted to explore the potential of such pentablock terpolymer hy-
brid assemblies as drug nanocarriers. Tamoxifen (TAX), an antiestrogen drug used to treat
breast cancer, [44] was selected as model hydrophobic drug and loaded in the pentablock
polymeric nanoparticles. The release kinetics was evaluated for the bare nanoparticles and
for the gold@pentablock hybrid nanocomposites. The structure of the hybrids significantly
controls the TAX delivery kinetics.

2. Materials and Methods
2.1. Materials

Tamoxifen (TAX, free base), hydrogen tetrachloroaurate (HAuCly) and sodium boro-
hydride (NaBH,) were purchased from Sigma-Aldrich (St. Louis, MO, USA). All solvents
used had analytical or HPLC grade and were purchased from Sigma-Aldrich (St. Louis,
MO, USA). The polymers used in this study were the pentablock terpolymer PCL44-PEO199-
P2VP593-PEO199-PCL4¢ (P5b) and its partially quaternized analogue, PCL46-PEO799-P(2VP-
€0-2VPq)508-PEO199-PCLy6 (Q5b). Detailed synthesis and characterization of these polymers
have been described in a previous publication [37]. Their molecular characteristics are
displayed in Table 1.

Table 1. Molecular characteristics of the terpolymers.

Qr2vp

POLYMER My, PDI PEO P2vP PCL

wt% wt% wit% mol% wt%
PCLug-PEO199-P2VPs0g-

PEO;99-PCLyg 90,950 1.14 19.4 69 - - 11.6

(P5b)
PCL46-PE0199-P(2VP-CO-
2VP;)508-PEO199-PCLyg 108,840 1.14 16 455 29.9 19 8.6

(Q5b)

Ultrapure water was provided by means of an ELGA Medica-R7/15 (ELGA Labwater,
Woodridge, IL, USA).

2.2. Preparation of Polymer Nanoparticles

P5b or Q5b terpolymer nanoparticles were prepared by addition of ultrapure water to
the pentablock terpolymer solutions in a water-miscible organic solvent. Next, 10 mL of
water were added dropwise to 50 mL of 2 mg/mL solution of pentablock terpolymer in
N,N-dimethylformamide (DMF) (control micelles) or DMF containing 10 mg of TAX (TAX
formulations), under vigorous stirring for 2 h. Then, the solutions were placed in dialysis
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membrane (MWCO 12,000-14,000 Da, Thermo Fisher, Hampton, NH, USA) and dialyzed
against PBS pH 7.4 for several days.

2.3. Gold-Pentablock Micellar Nanoparticles

Gold-P5b or gold-Q5b terpolymer micellar nanoparticles were prepared first by adding
a given volume of HAuCly aqueous solution to the as obtained P5b or Q5b terpolymer
nanoparticles, respectively, by dialysis (blank control micelles, or TAX-loaded micelles),
as described in Section 2.2. The concentration of the HAuCly aqueous solution was
0.10 mg/mL, and its pH was equal to that of the corresponding aqueous solution of
the P5b or Q5b terpolymers. The molar ratio of 2VP units to Au®>" was 4:1. Reduction
of Au3* was then carried out by addition of an excess of aqueous NaBH, solution, and
the unreacted NaBH,4 was eliminated by dialysis against PBS pH 7.4. The characteristic
dark red color of AuNPs appeared and was stabilized after 1 h. For the pH-dependent
measurements, the pH was adjusted by adding appropriate amounts of HC1 0.1 M to the
final solutions.

2.4. TAX Encapsulation

The loading (%) of TAX in the P5b and Q5b nanoparticles was determined from the
calibration curves of TAX 5-50 pg/mL in PBS pH 7.4 and DMEF, by UV-vis absorbance
at Amax = 280 nm (U-2001 UV-VIS spectrophotometer, Hitachi, Schaumburg, IL, USA).
The quantification of TAX loading in Au/polymer hybrid micelles is complicated by the
overlap in absorption spectra of the two components in the UV-vis. For this reason, we have
alternatively calculated it from the NaCN-induced decomposition experiment. First, 1 mL
of an aqueous NaCN solution (0.1 M) was added to 1 mL of a solution of the Au/polymer
nanoparticles in PBS, followed by agitation of the mixture until a colorless solution was
obtained (48 h). The concentration of the guest compound was then calculated based on the
Beer-Lambert law (¢ = 1.1 x 10* at 280 nm). Then, the micelles were diluted to DMF (90%
v/v) to ensure full decomposition of the micelles and the TAX concentration was measured.
The TAX loading (%) was calculated from Equation (1):

A ‘ . ‘
Loading (0/0) _ (1 __ “before micelle disruption > % 100 )

Aufter micelle disruption

where Abefore micelle disruption / Aafter micelle disruption = Weight of unloaded TAX/ Weight of total
TAX used.

2.5. Drug Release

The release of TAX was monitored by UV-vis spectroscopy under “sink” conditions
(achieved by placing diluted polymer solutions in dialysis bags, MWCO: 12,000) against
PBS pH 7.4. At specific time-points, samples were removed, and drug release was measured.
The volume of the solution was kept constant by renewing the receiving medium with PBS
pH 7.4 after each sampling. The cumulative drug release of TAX was calculated from the
following Equation (2):

W
Cumulative drug release (%) = (Wt) x 100 ()
0
where W; is the weight of drug released at time ¢, and W is the total TAX loaded in the
polymeric micelles.

2.6. Techniques

Dynamic Light Scattering (DLS): Autocorrelation functions C(g,t) were measured with
a BI-9000AT / Turbocorr digital correlator from a light source of He-Ne laser (632.8 nm)
(Brookhaven Instruments, Holtsville, NY, USA). Cumulant and CONTIN analysis were
performed through BI-DLSW software (Brookhaven Instruments, Holtsville, NY, USA).
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UV-vis Spectroscopy: A U-2001 Hitachi spectrophotometer (Hitachi, Schaumburg, IL, USA)
was used to obtain absorption spectra between 300 and 700 nm. Spectra were recorded
in a 1 cm path length quartz cuvette at 25 °C with a resolution of £2 nm. Zeta Potential
measurements were carried out at 25 °C, using a Malvern Nano Zetasizer 5000 (Malvern, UK)
equipped with an He-Ne laser at 633 nm. TEM: High Resolution Transmission Electron
Microscopy (TEM) experiments were carried out on a JEM 2100 microscope (JEOL, Tokyo,
Japan) operating at 200 kV. The copolymer solutions were placed on carbon grids, kept in
contact for 2 min and blotted. Grids were then allowed to air-dry.

3. Results and Discussion
3.1. Characterization of Au@Pentablock Terpolymer Nanocomposites

Our approach to synthesize the gold colloidal nanoparticles employed the pH-respon-
sive coordination pentablock terpolymer of PCL4s-PEO199-P2VP595-PEO199-PCL4¢ (P5b)
and its partially quaternized analogue PCL46-PEO199-P(2VP-c0-2VP,)598-PEO199-PClLye
(Q5b) which exist as different morphologies by tuning pH values [45,46]. The pentablock
terpolymer nanoparticles were prepared by dissolving the polymers in an organic nons-
elective solvent (DMF), followed by the dropwise addition of PBS buffer (pH 7.4). This
procedure rendered the hydrophobic blocks (PCL and P2VP) insoluble, triggering the self-
assembly into the “kinetically frozen” hydrophobic core [47]. Finally, DMF was dialyzed,
and the micelles were recovered in PBS buffer (pH 7.4).

At pH 3.0, the P2VP segments were highly protonated, adopting a stretched conforma-
tion; therefore the driving force for the self-assembly mainly arose from the hydrophobic
PCL and nonprotonated P2VP blocks. This morphology has been ascribed to a core—
shell-corona type of micelles, with the PCL/P2VP block forming the hydrophobic core,
surrounded by protonated P2VP and P(2VP-co-2VPgq) shell and by hydrophilic PEO coronal
chains. At physiological conditions, the pH-responsive coordination P2VP block is insol-
uble, and the pentablock terpolymer P5b self-assembles into crew-cut micelles with the
hydrophobic PCL/P2VP blocks as a segregated core [48] and the hydrophilic PEO looping
chains as the corona. At pH 7.4, the quaternized terpolymer Q5b forms spherical micelles
with an inner hydrophobic PCL/P2VP core, caging 2VPq hydrophilic charged moieties,
surrounded by a 2VP/PEO mixed corona.

The Au®" ions are first coordinated with nitrogen atoms from 2VP block of the
pentablock terpolymer, at physiological pH, which exhibit micellar morphology as demon-
strated above, and then reduced by NaBH, to form gold@polymer nanoparticles. The
micellization of the pentablock terpolymer and synthesis of the corresponding gold col-
loidal nanoparticles are shown in Scheme 1.

Tetrachloroauric acid is selectively taken up by the pyridine units within the core
of the pentablock terpolymer micelles. Incorporation of HAuCly results in local protona-
tion of the 2VP units (protonation only of those units which participate in complexation),
followed by electrostatic interaction of the quaternary ammonium species with AuCly~
anions. When HAuCl,-filled micelles are reduced with sodium borohydride, two events
take place: (i) gold nanoparticle formation and (ii) deprotonation of pyridine units. These
have been monitored by DLS (Figure 1). Protonation might result in swelling of the micelle
cores. However, since for the system herein, the coordination has taken place at physio-
logical pH, incorporation of HAuCly (at molar ratios of 4VP: Au of 4:1) in the as-prepared
pentablock terpolymer (P5b) micelles does not result in a significant increase in the micelle
size (Figure 1A). The hydrodynamic radius of the micelles loaded with HAuCly is 86 nm.
After reduction, Ry is measured 95 nm for the micelles containing gold nanoparticles. The
increase in size could be the result of incorporation of the metal in the micellar core. On
the contrary, the hybrid micelles from the partially quaternized pentablock terpolymer
analogue (Q5b) seem to adopt a slightly more compacted conformation, as observed in
Figure 1B, probably due to the suppression of intramolecular repulsive interactions of
charged 2VPg moieties upon gold reduction.
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Scheme 1. Synthesis of gold nanoparticle onto polymer micellar templates in PBS buffer at pH 7.4.
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Figure 1. Size distribution of bare polymeric micelles (black), HAuCly doped micelles (blue) and
Au@pentablock terpolymer nanoparticles (magenta) prepared with P5b (A) and Q5b (B) in pbs,
pH7.4.

At pH 7.4, the P2VP block is hydrophobic; thus, the P5b pentablock copolymer self-
assembles into crew-cut micelles with the hydrophobic PCL/P2VP blocks as the core and
the hydrophilic PEO blocks as the corona. The ions of Au3* can first be loaded into the P2VP
core of the micelles and then are reduced into gold nanoparticles to form Au@P5b crew-cut
nanoparticles. The TEM image of the Au@P5b nanoparticles is shown in Figure 2A-C. The
average diameter of the Au@P5b nanoparticles is about 110 nm. The TEM micrographs
of these samples display well-defined particles, with about a 26% increase in size relative
to the bare polymeric nanoparticles. Small gold nanoparticles are observed to be densely
deposited in the micelles. The hybrid micelles of P5b again seem to be interconnected
with some agglomeration of gold nanoparticles at the edges. Typically, NaBH, provides
a fast nucleation, and the growth of metal particles is controlled by the polymeric ligand.
It is presumed that the larger particles are formed on the borders of micelle cores due to
exchange between micelles. Previously, it has been shown that for a P2VP-b-PEO diblock
copolymer, the chloroauric acid is completely bound to the micelles, thus the smaller
AuNPs form inside the micelle cores, because of nucleation, while larger AuNPs are the
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result of the exchange between micelles due to collision [49]. The reduction behavior of
gold ions is dependent on the pH of the solution during reduction treatment. Because
the pH of the aqueous polymer solution was 7.4, the ion-doped nanoparticles were in a
shrunken state (the PCL/P2VP were hydrophobic but water dispersible because of the PEG
corona). Therefore, the NaBH, molecules penetrated the micelles only to a small extent,
causing the reduction of the gold ions mainly at the core/corona interface.

Au@P5b

n '
P .
i

£

Figure 2. TEM images of gold nanoparticles coated with P5b (A-C) and Q5b (D-F) in PBS at pH 7.4.

The quaternized pentablock terpolymer exists as spherical micelles at pH 7.4 with 2VPq
moieties mostly present at the outer corona, while some are caged within the hydrophobic
P2VP/PCL core. Metal binding is due to electrostatic attraction and hydrogen bonding
of protonated 2VP units with AuCly;~. When the ions of AuCly~ are added into the
polymer solution, they first coordinate with nitrogen atoms of the P(2VP-co-2VPq) block
of the terpolymer and then are reduced into gold nanoparticles. Moreover, the strong
polyelectrolyte nature of 2VP4 moieties would result in intimate association of the AuCl, ™
counterions prior to the in situ reduction to zero-valent gold [43]. This should ensure
efficient adsorption of the polymer chains onto the gold surface. Figure 2D-F show the
TEM image of the resultant gold nanoparticles. The average diameter of the Au@Q5b
nanoparticles is about 90 nm, as measured from the TEM micrographs, exhibiting a thin
dark ring outside the gray core. These must be the AuNPs, located within the 2VPg shell
and still surrounded by the PEO corona. They are densely located within the 2VP shell
and are less packed with growing distance.

The gold nanoparticles are present at the outer layer of the micelles, and some are
visible in the inner micellar compartment. This could be due to selective reduction of the
gold ions mainly at the micelle surface, where the 2VPq would be located. After reduction,
gold nanoparticles are formed at the PEO/P2VP interface and retain their swelled structure.
We had assumed in a previous study that the quaternized pentablock terpolymer micelles
formed at physiological pH are spherical micelles composed of PCL/P2VP core caging
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2VPq cationic moieties [37]. Herein, the distribution of gold nanoparticles into the inner
core and the outer corona confirms this hypothesis.

This surprising difference in the deposition of gold nanoparticles in the P2VP core
for the P5b and inner/outer compartments for Q5b is likely due to different packing in
the as-prepared micelles filled with HAuCl,. One can assume that, in the former case, the
P2VP chains are very densely packed within the micelle core, obstructing diffusion of the
ions, thus leading to the formation of gold@core-corona type nanoparticles. In the case
of the quaternized pentablock terpolymer, the micellar hydrophobic compartments are
looser due to the presence of repulsive interactions of the charged 2VP; moieties enhancing
diffusion and, thus, distribution of gold nanoparticles in the inner compartments of the
micelles. The template micelles formed by the partially quaternized pentablock terpolymer
Q5b lead to the formation of gold@core-gold@corona hybrid nanoparticles.

The diameter of the gold nanoparticles within the polymer micelles was independently
determined from the TEM images using Image] software for analysis. The number of
individual nanoparticles in each TEM images is more than 50 units and is sufficient to
calculate the particle diameter reliably. The analysis result was reproducible and was
consistent over the different areas. Figure 3 shows histograms of size distribution calculated
from the TEM images. As clearly observed, the gold nanoparticles are spherical with an
average particle diameter corresponding to 5.2 nm for P5b (Figure 3A) and 3.6 for Q5b
(Figure 3B), respectively. The histograms show that Q5b hybrid micelle possesses a broader
size distribution of gold nanoparticles, which implies less stringent confined conditions for
nanoparticle formation.

100E

80
60

40

Frequency (%)

20

100—E

80+
60

40+

Frequency (%)

20+

0
4 6 8 10 0 4 6 8 10

Diameter (nm) Diameter (nm)

Figure 3. Particle size (diameter) histograms of the gold nanoparticles prepared with P5b (A) and
Q5b (B) derived from TEM images presented in Figure 2.

The size of the nanoparticles prepared by the reduction of the gold species in pentablock
terpolymer micelles normally depends on several parameters, such as the type of reducing
agent and the loading of the metal precursor [50]. The former parameter determines the
rate of nucleation and particle growth: slow reduction produces large particles, while fast
reduction gives small particles. In this work we used only NaBH, (a mild reducing agent)
at constant pH of the reacting solution, thus maintaining the rate of nucleation for both
polymeric systems.

The metal loading factor determines the local concentration of metal species: the
higher the concentration, the larger the particles [50]. Accordingly, multiple vinylpyridine
groups participate in the reduction of a single HAuCly molecule, as the full reduction of
Au®* to Au® requires three electron transfers [51]. Assuming each pyridine donates only
one electron (reacts only once), and that three pyridine units are required to fully reduce one
molecule of HAuCly, then there are theoretically enough amine groups available to reduce
all of the Au3* for the loading ratio of 4:1 used herein. To contribute to the stabilization of
the AuNPs, the 2VPq cation chelates with the metal surface through its midpoint nitrogen
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atom, further protecting the AuNPs from aggregation [43]. This binding results in the
observed decrease in gold particle size when dispersed within the partially quaternized
pentablock terpolymer Q5b micellar template.

Another important factor is the core segment density; specifically, a higher core-
density will provide increase diffusion limitations [49,52]. Difficult diffusion of metal
species in HAuCly-filled P5b micelles, in addition to PEO bridging between adjacent
micelles, result in the facilitated exchange between micelles, leading to uneven distribution
of gold nanoparticles.

It is well documented that UV-vis spectroscopy can be used to determine the aggre-
gation state of gold colloids [53,54]. For example, highly dispersed gold particles with
diameters of ~20 nm exhibit an absorbance peak of approximately 520 nm. As the gold
particle size decreases to about 5-10 nm, the extinction peak shifts to around 515 nm.
Figure 4 presents UV-vis spectra of the micellar solutions P5b and Q5b after gold nanopar-
ticle formation at physiological pH. The positions of the absorption peaks with maximum
absorption at 518 nm for P5b and 516 nm for Q5b, respectively, and their widths are very
close for the two samples, independent of the particle size. This is in good agreement with
the prediction of a classical Mie theory for spherical particles with diameters of about 10
nm and smaller, where the plasmon band position becomes independent of the particle
size [55].

1.2

Au@P5b
Au@Q5b

Absorbance (a.u.)
© o o =
B> [0} oo o

o
N
.

0.0

300 400 500 600 700
A (NM)

Figure 4. UV-vis spectra of gold@pentablock terpolymer hybrid nanoparticle aqueous solution of
0.2 mg/mL in PBS at pH 7 4.

The results of UV-vis absorption spectral measurements are consistent with that of
the TEM observations. Furthermore, it is found that the gold colloids are very stable,
and no precipitation can be detected when the sample has been kept for six months at
room temperature.

3.2. Release of TAX from Hybrid Nanoparticles at Physiological pH

The amphiphilic terpolymers studied herein present good biocompatibility, as pre-
viously proven by Van Butsele et al. for a linear triblock copolymer based on the same
type of building blocks [45]. Thus, the potential of the pentablock nanoparticles for drug-
delivery applications has been further explored by encapsulation of a poorly water-soluble
drug within the pentablock terpolymer bare or hybrid nanoparticles. Tamoxifen (TAX), an
antiestrogen drug used to treat breast cancer, was selected as the model hydrophobic drug
and this drug-loaded carrier system was evaluated ex vivo [44]. The drug-loading capaci-
ties of these micelles and their drug-release profiles were studied under physiologically
relevant conditions.
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The nanoparticle-payload conjugates were prepared by a solvent displacement method.
First, the pentablock terpolymers and guest were dissolved in DMF followed by dialysis
against buffer. In the gradual replacement of the organic solvent by aqueous medium dur-
ing dialysis, self-assembly of hydrophobic blocks provides the driving force for the micelle
formation and the drug loading in the micelle cores. Therefore, the interactions of drugs
with both the hydrophobic block and solvent determine the drug-loading amount [46].
The reduction of TAX-loaded Au@polymer micelles was performed as described above
for the empty polymer nanoparticles. At physiological pH, the pentablock terpolymer
nanoparticles, with or without gold nanoparticles, showed a surface charge that was nega-
tive for P5b and positive for Q5b, respectively (Figure 5). However, drug encapsulation
switched the surface charge to predominantly positive for both systems due to the pres-
ence of surface-localized drugs [56]. Moreover, no change in the hydrodynamic diameters
of drug-loaded polymeric micelles was observed by DLS (not shown) implying that the
micelles have preserved their integrity during drug loading.
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Figure 5. Zeta potential values of pentablock terpolymer bare and hybrid nanoparticles before and

TAX/Au@Q5b

Zeta potential
Au@Q5b

TAX/Au@P5

after encapsulation of TAX.

Thus, the increased zeta potentials of the drug-loaded micelles suggest that drug
molecules may be solubilized not only within the micelle cores but also close to the mi-
celle periphery. Cationic surface charge is desirable, as it promotes interaction of the
nanoparticles with cells, and, hence, increases the rate and extent their internalization [57].

The encapsulation of TAX in the pentablock terpolymer hybrid micelles was obtained
both in the presence and in the absence of gold nanoparticles. The amount of TAX loaded in
different types of polymer particles at physiological conditions was determined by UV-vis
spectroscopy at Amax = 280 nm, and the loading was calculated based on the amount of
guest molecule measured before and after micelle disruption. Micellar disruption was
performed by two methods: solubilization in DMF or at acidic pH. It should be noted
that at pH 3, corresponding to protonation of P2VP core, the absorbance of TAX was
lower relative to that measured in organic solvent (DMF) for both pentablock terpolymers,
illustrating entrapment of the hydrophobic drug within the P2VP/PCL core. Apparently,
TAX is preferentially distributed within the P2VP core (>90% of total amount encapsulated),
a fact that leads to the increased positive zeta potential observed. The quantification of
TAX loading in the pentablock hybrid micelles is complicated by the overlap in absorption
spectra of the two components in the UV region, where solutions of TAX exhibit an
absorbance maximum at 280 nm. For the gold nanoparticle hybrids, the encapsulation
of the entrapped guest molecule was determined from NaCN-induced decomposition
experiments [58] (Figure 6). After etching, the plasmon absorption band of AuNP at 520 nm
was completely decayed, while absorbance of guest compound remained.
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Figure 6. UV-vis spectra of gold@pentablock terpolymer nanoparticles loading TAX, at 0.2 mg/mL
in PBS at pH 7.4, before and after NaCN etching.

The loading of TAX was quite high (>80%) when the formulations were prepared
from the P5b pentablock copolymer, and significantly lower (>60%) for those prepared by
Q5b pentablock terpolymer bearing quaternized moieties (Figure 7). This encapsulation
is much higher than that previously reported for TAX loading within core shell micelles
using a solvent displacement method. It is known that physical entrapment of hydrophobic
drugs in block copolymer micelles is driven by drug solubilization within the hydrophobic
micelle cores [59,60]; thus, it is reasonable that the drug will require a longer hydrophobic
P2VP block to become entrapped. As a result, micelles with increased P2VP hydrophobic
content showed more effective incorporation ability of TAX molecules because of increased
hydrophobic interactions between the drug and the hydrophobic blocks.
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Figure 7. TAX loading (%) in pentablock terpolymer bare and hybrid micelles, in PBS at pH 7.4.
Each point is the mean from three independent measurements and bars represent standard deviation
of means.

Additionally, the loading percentage was slightly lowered for the gold nanoparticle
hybrid micelles, probably because of P2VP core swelling by HAuCly, resulting in escape of
some TAX molecules. However, the extent of it is quite reduced with about ~10% lower
encapsulation. The method of nanoparticle preparation and drug encapsulation is highly
favorable for hydrophobic compounds, such as TAX, resulting in excellent entrapment
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levels (i.e., loading capacity: more than 6% of loading TAX per micelle weight) for both
the pentablock terpolymers and their gold nanoparticle hybrids, which is a desirable
parameter for increasing the efficiency of drug delivery. Note that in each case, the water
solubility of TAX loaded micelles was up to 2.1 mg/mL, which is almost three orders of
magnitude greater than the aqueous solubility of the corresponding free drug (the water
solubility of tamoxifen is 50 pg/mL) [61]. TAX is an effective anticancer agent against
breast cancer, but its clinical applications have been hindered by its extremely low solubility.
By encapsulating TAX within the pentablock terpolymer micelles, water solubility of TAX
is increased significantly.

The in vitro release behavior of TAX-loaded pentablock terpolymers and TAX-loaded
Au@pentablock terpolymers hybrid micelles in PBS buffer solutions (pH 7.4) was studied.
Because of the low solubility of TAX in aqueous media, the TAX-loaded micelles are
dialyzed against a large volume of PBS to ensure that the drug progressively released from
micelles is below its solubility limit, without precipitation, as reported previously [61]. This
experimental setup is meant to mimic in vivo sink conditions, resulting in diffusional drug
release from micelles.

Figure 8 illustrates drug release from P5b and Q5b micelles and Au@P5b and Au@Q5b
hybrid micelles, respectively. It is found that release of TAX from the micelles proceeds
in two stages, with a relative rapid release observed in initial 10 h, followed by a slower
sustained release. Both bare pentablock terpolymer micellar systems exhibit initial fast
release of 8% for P5b and 19% for Q5b, respectively. The initial rapid release of TAX is
probably attributed to the drugs adsorbed on the core/corona interface of micelles. After
a fast release at first stage, the release rate of TAX slows down and becomes steady in a
controlled manner. The drug release increases as a function of time in both systems but,
micelles formed by P5b release a lower drug amount than micelles of Q5b.
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Figure 8. Cumulative amount of TAX (inset) released per time (hours) from pentablock terpolymer
bare and hybrid micelles in PBS at pH 7.4. Each point is the mean from three independent mea-
surements and bars represent standard deviation of means. The dotted lines are meant to provide
guidance to the reader.

In fact, after 120 h, 49% of the initially loaded drug was detected in the solution for
pentablock terpolymer nanoparticles, vs. about 89% for partially quaternized pentablock
terpolymer micelles. The faster release of TAX (about 81%) is possible due to the protonation
of the amino group of TAX (pK, of TAX is 8.85) and the expulsion by repulsive interac-
tion with the quaternized 2VP moieties that enables faster diffusion of the encapsulated
guest molecule.
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For Au@polymer micelles, the drug release is suppressed due to the adsorption of Au
onto the P2VP core, which hinders the diffusion of TAX to the external solution. The release
rate of TAX for Au/micellar nanocariers was slower than that of bare micelles for the two
different polymers, i.e., 76% and 43% reduction for Q5b and P5b, respectively. Moreover,
regarding the hybrid nanocarriers, TAX-loaded micelles of Au@P5b released a significantly
lower (only 30%) drug amount than that of Au@Q5b. The combination of gold and polymer
with TAX results in a more sustained formulation compared to the bare micelles, since such
a complex can release the drug at slower rate. Furthermore, the distribution of AuNPs
within the micelles also seems to affect drug release. Specifically, the distribution of AuNPs
within the core and the core—corona interface for the Au@Q5b formulation, results in faster
escape of the encapsulate, while the presence of AuNPs predominantly in the core, as in
the case of Au@P5b, leads to prolonged drug release. Release of physically encapsulated
TAX from the micelle core was likely to proceed by diffusion, and the release rate was
controlled by drug diffusion from the micelle core (i.e., the concentration of TAX in the
aqueous release medium was maintained below the solubility limit in PBS) [61]. Similar
results have been obtained by thermosensitive “shell-in-shell” nanospheres composed
of poly(L,L-lactide-co-ethylene glycol) (PLLA-PEG) and poly(N-isopropylacrylamide-co-
D,D-lactide) (PNIPAAmM-PDLA) with a gold layer (Au@PLLA-PEG@PNIPAAm-PDLA)
encapsulating BSA [62]. However, in that case, the protein molecule is inherently large,
and retarded diffusion was expected. This sustained release is significantly improved with
respect to other bare or composite micellar systems. For example, TAX diffusion from PCL
nanoparticles was completed in less than 24h with a significant burst profile [63]. In the
same study, when the nanoparticles were prepared in the presence of Pluronic F-68, TAX
release was prolonged almost three-fold. The release of TAX from micelles formed by folic
acid-poly(2-(methacryloyloxy) ethylphosphorylcholine)-b-poly(2-(diisopropylamino) ethyl
methacrylate) (PMPC-PDPA) with hydrophobic pH sensitive PDPA block was attained
in about 30 h. [64]. DOX release from folate-modified, polyethylene glycol-functionalized
gold nanoparticles achieved completion within 50 h. [65]. Furthermore, release of TAX
from poly(ethylene glycol) fumarate iron oxide composite nanoparticles attained 70% after
20 h. [66]. These comparisons also demonstrate that the pentablock terpolymer architec-
ture, whether or not it bears 2VPq moieties, provides improved stability of the micellar
nanocarrier and enables a reduction in the drug release. Furthermore, gold@pentablock
terpolymer hybrid nanoparticles offer additional sustainability and control over the drug-
release kinetics and can be applicable as a molecular imaging drug delivery system.

Although we have not explored this issue in the present work, it is obvious that
pH is an important stimulus that should affect the TAX release kinetics, since the P2VP
central block is a weak cationic polyelectrolyte with a pK, = 5. As we have shown in our
previous papers with the same polymer [36,37] the reversible ionization of the hydrophobic
P2VP induced by lowering pH accelerates the release of payloads due to the enhanced
permeability of the P2VP-based hydrophobic parts of the micellar nanocarriers [37]. There
is no reason to predict the opposite behavior for the TAX release through the cores of
the micelles of this work, whether they are prepared from the quaternized version (only
19 mol% permanent ionization of P2VP) or not. Thus, in a tumor environment where pH is
lower than 7.4, we expect faster release of TAX.

Another possibility of the AuNPs is that once they are exposed to light irradiation
(laser monochromatic green light at 521 nm in our case), they can harvest light energy
and convert it into heat, thereby raising the temperature of the surrounding environment
(hyperthermia) to trigger tumor cell apoptosis known as photothermal therapy [67].

4. Conclusions

Herein, we reported the development of novel hybrid polymer nanoparticles en-
capsulating hydrophobic molecules as complex carriers for drugs and imaging agents.
Nanocomposites of gold nanoparticles (AuNPs) using pH-responsive coordination biocom-
patible pentablock terpolymers of poly(e-caprolactone)-b-poly(ethylene oxide)-b-poly(2-
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vinylpyridine)-b-poly(ethylene oxide)-b-poly(e-caprolactone) were studied. The template
morphology of the coordination pentablock terpolymer, at physiological pH, can be tuned
by partial quaternization of the 2VP moieties, which will affect the structure of the micellar
nanocarrier, namely distribution of AuNPs and/or degree of ionization of the core. The
latter can be increased by lowering pH (reversible ionization). Various morphological gold
colloidal nanoparticles, depending on the degree of quaternization of P2VP central blocks,
such as gold@core-corona nanoparticles and gold@core-gold@corona nanoparticles, were
prepared. The sparingly water-soluble drug, TAX, was used to evaluate the drug deliv-
ery capability of the nanocarriers. TAX is encapsulated within the hydrophobic micellar
cores with remarkable loading capacity (higher than 6% of micelle weight). Importantly,
the solubility of TAX within the micelles was almost three orders of magnitude greater
than the aqueous solubility of the corresponding free drug. The in vitro release of guest
molecule from the pentablock terpolymer micelles at physiological pH was controlled and
extended for periods longer than 5 days. The micellar structure controlled the release
kinetics. Faster drug release was achieved from micelles bearing cationic moieties (par-
tially quaternized 2VP). More importantly, the incorporation of AuNPs in the micelles
showed prolonged release profiles for the guest molecule relative to the corresponding
bare amphiphilic pentablock micelles, which is also affected by the AuNP distribution and
the degree of ionization (quaternization) of the P2VP cores. The latter can be further con-
trolled by pH (reversible ionization). Provided that the doping of the TAX-loaded micellar
nanoparticles with AuNPs allows us to trigger photothermal-induced tumor cell necrosis
(photochemotherapy), these Gold@pentablock terpolymer hybrid nanoparticles could act
as a multifunctional theranostic nanoplatform, integrating sustainable pH-controlled drug
delivery, diagnostic function and photothermal therapy.
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