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Abstract: This work presents the utilization of amphiphilic poly(oligo(ethylene glycol) methyl
methacrylate)-co-poly(2-(diisopropylamino)ethyl methacrylate), P(OEGMA-co-DIPAEMA), hyper-
branched (HB) copolymers, forming polymeric aggregates in aqueous media, as building nanocom-
ponents and nanocarriers for the entrapment of magnetic cobalt ferrite nanoparticles (CoFep;Oy,
MNPs), and the hydrophobic drug curcumin (CUR) in their hydrophobic domains. Dynamic light
scattering (DLS) and cryogenic transmission electron microscopy (cryo-TEM) techniques were used
to evaluate the multifunctional hybrid nanostructures formed in aqueous media by co-assembly
of the components and their solution properties. Magnetic nanoparticles (MNPs) or MNPs/CUR
were co-assembled effectively with pre-existing polymer aggregates, leading to well-defined hybrid
nanostructures. Magnetophoresis experiments revealed that the hybrid nanostructures retain the
magnetic properties of MNPs after their co-assembly with the hyperbranched copolymers. The
hybrid nanostructures demonstrate a significant colloidal stability under physiological conditions.
Furthermore, MNPs/CUR-loaded aggregates displayed considerable fluorescence as demonstrated
by fluorescence spectroscopy. These hybrid nanostructures could be promising candidates for drug
delivery and bio-imaging applications.

Keywords: hyperbranched copolymers; magnetic nanoparticles; curcumin; hybrid nanostructures;
bio-imaging

1. Introduction

Polymeric materials that act as a drug used for imaging and therapeutic agents simul-
taneously have gained the interest of the scientific community in recent years. Therefore,
they are being extensively developed and constructed due to their multi-functionality for
the cure of various life-threatening diseases. A wide range of research has been reported
to procure the effectiveness of such materials in theranostic applications [1-9]. Polymer
nanomedicine is based on the development of copolymers that are biodegradable and
biocompatible, and provides bioavailability and colloidal stability to the formed multifunc-
tional hybrid nanomaterials and entrapped species.

Hyperbranched polymeric nanostructures have attracted the interest of polymer sci-
ence as they present significantly different structural properties [10-13]. Hyperbranched
polymers have many advantages in being used as nanocomponents for a wide range of
biomedical applications, such as drug delivery and bio-imaging, due to their unique proper-
ties. More importantly they exhibit small sizes at the nanoscale, similar to dendrimers. Also,
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they can be easily synthesized by one-step polymerization, which means they are econom-
ical products for large-scale industrial applications [14,15]. Amphiphilic hyperbranched
copolymers are able to be self-assembled into various complex nanostructures when in-
serted in aqueous media, where the hydrophobic component forms hydrophobic domains
and the hydrophilic component forms more solvated outer domains. Their self-organized
structures/morphologies depend on the ratio of hydrophilic to hydrophobic segments.
This property makes them potential nanomaterials for the entrapment and delivery of
hydrophobic molecules/species, such as drugs [16,17] and imaging probes [18,19]. The
entrapment of inorganic nanoparticles in the self-organized structures of hyperbranched
copolymers leads to the formation of hybrid nanomaterials with increased colloidal stability,
facile multi-functionalities and limited toxicity, with a combination of characteristics of
both the nanoparticles and the copolymers [20,21]. Several research groups have developed
MNPs/polymer hybrid nanostructures to investigate their properties in fields such as
magnetic resonance imaging (MRI). In most cases the formed hybrid nanostructures show
efficient stabilization of MNPs in aqueous solutions [19,22,23]. Other biomedical applica-
tions of MNPs/polymer hybrid nanoparticles include magnetic hyperthermia [24-26] and
drug delivery [27-29] for effective, active, and triggered release [30,31] of the entrapped
drugs. Another interesting application of hybrid nanostructures, is that they could be used
to remove polycyclic hydrocarbon pollutants from aqueous media [32].

The present work focuses on the preparation of hybrid nanostructures by co-assembly
of amphiphilic poly(oligo(ethylene glycol) methyl methacrylate)-co-poly(2-(diisopropylam-
ino)ethyl methacrylate) P(OEGMA-co-DIPAEMA) hyperbranched copolymers (HB) with
hydrophobic MNPs and MNPs/curcumin mixtures. The hydrophobic species interact
with the hydrophobic DIPAEMA segments of the polymeric assemblies. The formation
and properties of the mixed nanostructures are investigated by utilization of dynamic
light scattering (DLS) and cryogenic electron microscopy (cryo-TEM). Magnetophoresis
studies were accomplished for the hybrid nanostructures of polymeric aggregates, before
and after the encapsulation of curcumin, to explore their behavior upon the application
of an external magnetic field, utilizing ultraviolet spectroscopy (UV-Vis). Afterwards,
the colloidal stability of the hybrid MNPs/CUR-loaded nanostructures in the presence
of serum and their fluorescence properties were studied. It was also demonstrated that
the HB/MNP nanostructures can reduce pyrene concentration in aqueous solutions, thus
paving ways for their utilization in water purification methodologies.

2. Materials and Methods
2.1. Materials

Tetrahydrofuran (THF, 99.9%, Sigma-Aldrich, Athens, Greece), curcumin was pur-
chased from Merck (Athens, Greece), fetal bovine serum (FBS, Sigma-Aldrich, Athens,
Greece). Synthesis of cobalt ferrite nanoparticles (CoFe,O4 NPs): hexane (Alfa Aesar, 99%,
Haverhill, MA, USA), oleic acid (Penta, 97%, Prague, Czech Republic), ethanol absolute
(Lach-ner, 99.8%, Neratovice, Czech Republic), 1-pentanol (Lach-ner, 99.8%, Neratovice,
Czech Republic), 1-octanol (Sigma-Aldrich, 99%, Athens, Greece), sodium hydroxide (Penta,
97%, Prague, Czech Republic), iron (III) nitrate nonahydrate (Sigma-Aldrich, 98% Athens,
Greece, cobalt (II) nitrate hexahydrate (Penta, 99%, Prague, Czech Republic).

2.2. Hyperbranched P(OEGMA-co-DIPAEMA) Copolymer Synthesis

The P(OEGMA-co-DIPAEMA) hyperbranched copolymers were synthesized by one-
step Reversible Addition-Fragmentation Chain Transfer (RAFT) polymerization proce-
dure utilizing ethylene glycol dimethacrylate (EGDMA) as the branching agent, 4-cyano-
4(phenyl-carbonothioylthio) pentanoic acid (CPAD) as the chain transfer agent and 2,2'-
azobis (isobutyronitrile), (AIBN) as the radical initiator. More details for the synthesis
of hyperbranched copolymers are described in our previous work [33]. The molecular
characteristics of all hyperbranched copolymers are presented in Table 1.
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Table 1. Molecular characteristics of P(OEGMA-co-DIPAEMA) hyperbranched copolymers.
Mw 2 (g/mol) Mw b (g/mol) b Y%owt %wt
Sample (x10%) (x10%) Mw/Mn®  pDIPAEMAC  POEGMA ©
HB1 33.3 12 121 10 90
HB2 48.6 0.8 1.19 29 71
HB3 35.1 1.1 1.24 54 46

2 Determined by static light scattering (SLS). ® Determined by size exclusion chromatography (SEC). ¢ Determined
by nuclear magnetic resonance (\H-NMR).

2.3. Synthesis of CoFe;O4 NPs

Hydrophobic CoFe,O4 nanoparticle dispersions were synthesized from corresponding
iron and cobalt oleates under hydrothermal conditions [34]. Briefly, the metal oleates were
prepared from iron and cobalt nitrates and sodium oleate solutions. These were mixed and
refluxed with hexane, while the water phase was discarded afterwards. Hexane solvent
was replaced by 1-pentanol and the desired amount of this mixture was placed into a Teflon
lined steel autoclave (Berghof), together with 1-octanol and distilled water. Hydrothermal
treatment took place in a preheated furnace at 180 °C for 10 h. The particles were further
purified by centrifugation and redispersed in hexane. Stable hydrophobic dispersion was
obtained thanks to the presence of the oleic acid layer attached to the cobalt ferrite particles.
Oleic acid forms a uniform/non-separable structure with the magnetic core of the particles,
stabilizes them and essentially contributes to the existence of positive/negative charge
interactions with the hyperbranched polymer, which contains cationic segments.

2.4. Preparation of P(OEGMA-co-DIPAEMA) Magnetic Nanoparticles Hybrid Nanostructures

The process followed for the preparation of hybrid nanostructures is presented in
detail as follows. Firstly, a weighed amount of amphiphilic hyperbranched copolymer
P(OEGMA-co-DIPAEMA) (10 mg) was dissolved in THF (1 mL). Afterwards, an amount of
a CoFe,O4 NPs dispersion in hexane was added to the solution. The desired concentration
of CoFe; Q4 in the mixture was set to 10-40%wt relative to the DIPAEMA content. Then
the mixed solution was placed in a spherical flask and by using a rotary evaporator the
organic solvents were evaporated (THF and Hexane), leaving a thin copolymer/MNPs
mixed film on the flask walls. Thereafter, deionized water was added and gentle stirring
resulted in the formation of hybrid nanostructures in aqueous media. The final copolymer
concentration was 1 x 1073 g mL~!. In all cases no precipitate was observed for one month
after preparation.

It is worth mentioning that it is generally known that in the case of electrostatic
interaction of two oppositely charged components, the resulting aggregates have the same
average composition as the stoichiometric composition utilized at the beginning. Some
deviation from the average compositions should exist for each individual hybrid aggregate,
but this is very difficult to determine.

2.5. Preparation of PCOEGMA-co-DIPAEMA) Magnetic Nanoparticle Hybrid Nanostructures
Loaded with Curcumin

The solubilization protocol which was used to prepare the dual-multifunctional hybrid
nanostructures is presented in detail in the following. Initially, a weighed amount of
amphiphilic hyperbranched copolymer P(OEGMA-co-DIPAEMA) (10 mg) was dissolved
in THF (1 mL). After, the proper amount of curcumin was dissolved in THE. A dispersion
of MNPs in hexane was added to the solution. The concentration of MNPs in the mixture
was 10 wt% and the concentration of curcumin was 20 wt% in respect to the DIPAEMA
content. Afterwards, the mixed solution was placed in a spherical flask and solvents were
evaporated using a rotary evaporator, resulting in a thin copolymer/MNPs/CUR mixed
film on the flask walls. Thereafter, deionized water was added and gentle stirring resulted
in the formation of hybrid nanostructures in aqueous media. The encapsulation of MNPs
and CUR was performed only for HB2 and HB3 copolymers. Also, in case of MNPs/CUR-
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loaded HB3 nanostructures the concentration of MNPs in the mixture was 40 wt% and
the concentration of curcumin was 20 wt% according to the hydrophobic content of the
copolymer. The final concentration of copolymer was 1 x 1072 g¢/mL~. In all cases no
precipitate was observed for one month.

2.6. Methods

Dynamic light scattering experiments were performed on an ALV /CGS-3 compact
goniometer system (ALV Gmbh, Siemensstrafie 4, 63225 Langen (Hessen, Germany)),
equipped with a JDS Uniphase 22 mW He-Ne laser operating at 632.8 nm, connected to a
digital ALV-5000/EPP multi-tau correlator with 288 channels and an ALV /LSE-5003 light
scattering module for step-by-step control of the goniometer and control of the end position
switch. The scattered light intensity measurements and acquisition of the correlation
functions were performed five times and analyzed by the cumulants method and the
CONTIN software. The latter provides the distributions of the apparent hydrodynamic
radius (Ry,), using the Laplace inverse transform of the correlation function by employing
the Stokes—Einstein relationship. Measurements were carried out at 25 °C. The size data
and figures presented below correspond to measurements at 90°. All solutions were filtered
with a 0.45 um hydrophilic PVDEF filter prior to measurements.

Magnetophoresis experiments were performed utilizing a Perkin Elmer (Lambda 19)
UV-Vis-NIR spectrophotometer (Waltham, MA, USA) by placing a cylindrical Nd-Fe-B
magnet (dimensions: diameter = 20 mm, thickness = 10 mm, magnetization unit: N45,
attraction/repulsion strength: max 16 kg) next to the cuvette holder. The wavelength for
the measurements was chosen at 460 nm and the absorbance of the solutions containing
the MNPs-loaded polymeric aggregates was recorded for 90 min under application of the
magnet. It should be mentioned that the absorption at 460 nm is attributed to the presence
of MNPS and not of the copolymer.

Also, for UV-Vis measurements on MNPs/pyrene-loaded copolymers the same in-
strument was utilized. As known from the literature, the prominent absorption bands of
pyrene are at 320 nm [35]. The measurements were recorded after application of the magnet
to the HB/MNPs solutions for 30 min.

Cryo-TEM images were obtained using a Tecnai F20 X TWIN microscope (FEI Com-
pany, Hillsboro, OR, USA) equipped with a field emission gun, operating at an acceleration
voltage of 200 kV. Images were recorded on the Gatan Rio 16 CMOS 4 k camera (Gatan
Inc., Pleasanton, CA, USA) and processed with Gatan Microscopy Suite (GMS) software
(Gatan Inc., Pleasanton, CA, USA). Specimen preparation was done by vitrification of the
aqueous solutions on grids with holey carbon film (Quantifoil R2/2; Quantifoil Micro
Tools GmbH, Grofilobichau, Germany). Prior to use, the grids were activated for 15 s in
oxygen plasma using a Femto plasma cleaner (Diener Electronic, Ebhausen, Germany).
Cryo-samples were prepared by applying a droplet (3 pL) of the suspension to the grid,
blotting with filter paper and immediate freezing in liquid ethane using a fully automated
blotting device Vitrobot Mark IV (Thermo Fisher Scientific, Waltham, MA, USA). After
preparation, the vitrified specimens were kept under liquid nitrogen until they were inserted
into a cryo-TEM-holder Gatan 626 (Gatan Inc., Pleasanton, CA, USA) and analyzed in the
TEM at —178 °C.

The X-ray diffraction (XRD) profiles were measured on a Bruker D8 Advance Twin
diffractometer (Billerica, MA, USA) with a Cu tube (A = 1.5418°A) and LYNXEYE_XE_T 1D
detector. X-rays were generated under 40 kV and 40 mA tube operating condition. Scans
were over the range of 20-70° 26 with step size 0.1° and scan speed 5 s/step.

Fluorescence studies were accomplished in terms to specify the fluorescence properties
of MNPs/CUR-loaded polymeric aggregates. The data were recorded with a NanoLog
fluorometer (Horiba Jobin Yvon, Piscataway, NJ, USA), using a laser diode as the excitation
source (Nano LED, 440 nm, 100 ps pulse width at 405 nm, and a UV TBX-PMT series
detector (range 250-850 nm) from Horiba Jobin Yvon. Quartz cells of 1 cm path length were
used, placing in them each time 1 mL of the solution to be measured.
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Also, for fluorescence measurements on MNPs/pyrene-loaded copolymers the same
instrument was utilized. Pyrene was used as a model hydrophobic agent and the I; /I3
ratio was measured after equilibration of the system. The concentration of pyrene was
3 x 107% M and that of the copolymer was 2 x 10~% g/mL.

3. Results and Discussion
3.1. Characterization of CoFe;O4 NPs

DLS and XRD experiments to evaluate the size and the crystalline structure of the
CoFeyO4 NPs are illustrated in the Supplementary Material in Figures S1 and S2 [36]. Also,
Table S1 present the hydrodynamic radius (Ry,) and size polydispersity index (PDI) of the
COFE‘204 NPs.

3.2. HB/MNP Hybrid Nanostructures

The self-organization of P(OEGMA-co-DIPAEMA) hyperbranched copolymers has
been investigated extensively in our previous work [33]. In aqueous media, the hyper-
branched copolymers form polymeric aggregates where the DIPAEMA component is
forming the hydrophobic domains and OEGMA segments are constituting the hydrophilic
corona. Induction of magnetic properties to the polymeric aggregates was accomplished by
MNPs-stabilized with oleic acid which were interacting with the hydrophobic domains of
the aggregates. The oleic acid-coated MNPs are miscible with the hydrophobic DIPAEMA
domains; thus, the HB copolymer co-assembly with the MNPs was rather straightforward.
Furthermore, both curcumin and MNPs were able to be entrapped simultaneously in the hy-
drophobic DIPAEMA domains in order to produce nanostructures with potential utilization
in both imaging and therapy. OEGMA hydrophilic domains enhance solubility and stealth
properties of the hybrid nanostructures. Table 2 presents the dynamic light scattering (DLS)
results for all hybrid nanostructures prepared. In all cases, hybrid nanoparticles with sizes
in the nanoscale, and relatively narrow size polydispersity were observed.

Table 2. DLS results for the P(OEGMA-co DIPAEMA) hyperbranched copolymers and MNPs-loaded
nanostructures.

Hyperbranched Copolymer HB/MNP Hybrid Nanostructures

Sample Ry, @ (nm) PDI 2 MNPs % Ry, 2 (nm) PDI 2
10 152 0.23

HB1 3/97 0.5 20 27/131b 0.41
30 32/105° 0.29

10 165 0.27

HB2 4 0.5 20 132 0.19
30 142 0.3
10 27/120° 0.5

HB3 11 0.39 20 9/67° 04
30 12/67" 0.44

40 133 0.25

2 Determined by dynamic light scattering (DLS) at 90°. ® bimodal size distribution.

Based on the data in Table 2 it is observed that the co-assembly of MNPs with the
hyperbranched copolymers was successful. It is worth noting that in the case of MNPs
co-assembled with HB1 and HB2 copolymers, better defined structures were obtained,
accompanied by relatively narrow size distributions, and exhibiting larger sizes after co-
assembly. This observation should be related to the higher content of soluble OEGMA
component which solvated and stabilized the nanostructures more effectively.
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The encapsulation of MNPs in order to form the hybrid nanostructures was possible
for all hyperbranched copolymers at the desired quantity mentioned above. DLS studies
were performed, in order to explore the size of the MNPs-loaded polymeric aggregates
(Table 1). Figure 1, represents a size distribution graph from CONTIN of the empty and
MNPs-loaded nanoparticles, where the sizes appear to be affected after encapsulation of
MNPs. In the case of HB1 copolymer containing 30 wt% MNPs a bimodal size distribution
is observed, demonstrating the formation of two different populations of aggregates ac-
companied with relatively narrow size distributions for each type of aggregates. In the case
of HB2 containing 30 wt% MNPs, hybrid polymeric co-assemblies with a relatively narrow
size distribution are observed. The formed hybrid nanoassemblies exhibit larger sizes, in
comparison to neat copolymer aggregates, depicting structural changes of the aggregates
after co-assembly with MNPs. In the case of HB3 copolymer incorporating 30 wt% MNPs
hybrid nanostructures with large sizes and a wider size distribution compared to neat
copolymer aggregates are observed. The small size peak may represent neat polymeric
nanoparticles or loaded-hybrid nanoparticles of small sizes. In contrast the HB3 based
nanostructures containing the maximum level of MNPs (40 wt%) present much narrower
and better-defined size distributions.

—HB1 ——HB2

1.0F — of
HB1_30% MNPs 1.0 ——HB2_30% MNPs
a) b)
08} 08}
0.6} 06
04 04
0.2} 02F
. 00

1

f(R,)
f(R,)

10° 10! 10 10° 10 10° 10 10? 10° 104
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10} ——HB3 1.0F
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c) d) ——HB3_40% MNPs
08} 08}
__06} 06}
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Figure 1. Comparative size distributions from DLS for hyperbranched copolymer nanostructures
before and after co-assembly with MNPs. (a) HB1 vs. HB1/30% MNPs, (b) HB2 vs. HB2/30% MNPs,
(c) HB3 vs. HB3/30% MNPs, (d) HB3 vs. HB3/40% MNPs.

Magnetophoresis studies were carried out in order to explore whether the MNPs
included in the hybrid nanostructures retain the magnetic properties of the inorganic part
after the co-assembly with the polymeric aggregates. The measurements were recorded for
the HB3 hyperbranched copolymer containing the maximum contents of MNPs (30 and
40 wt% in respect to DIPAEMA component). Figure 2 illustrates that the HB3/MNPs hy-
brid nanostructures are accumulated in the side of the measuring cell closer to the magnet.
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Moreover, in magnetophoresis studies performed with the aid of a UV-Vis instrument, it is
clearly visible the decrease in the absorbance at 460 nm, because the inorganic part accu-
mulates in the side where the magnet is placed. Figure 3 represents the magnetophoresis
profiles, where for HB3/40 wt% MNPs it is observed that the MNPs-loaded aggregates
have a powerful response when the external magnetic field is applied, presenting a sig-
nificant reduction in the absorbance of the solution within the first 20 min, followed by a
gradual and smaller decrease until the end of the measurement period. In contrast for the
HB3 based nanostructures containing 30 wt% MNPs, no significant change in absorbance
is observed. From the results obtained, it appears that MNPs are effectively entrapped at
relatively high concentration in the polymeric aggregates and show response to the external
magnetic stimulus applied.

Figure 2. HB3/40% MNPs solution before (left) and after (right) the application of magnetic field.
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Figure 3. Characteristic magnetophoresis plot presenting absorbance as a function of time for MNPs-
loaded nanostructures (HB3/MNP hybrid nanostructures at two different contents of MNPs).

3.3. Co-Encapsulation of MNPs and CUR Simultaneously into P(OEGMA-co-DIPAEMA)
Polymeric Aggregates

The next step was to study if the polymeric aggregates could entrap both MNPs and
a hydrophobic drug, such as curcumin, in the DIPAEMA domains forming dual loaded-
multifunctional nanostructures. The process used for the preparation of P(OEGMA-co-
DIPAEMA) aggregates loaded with MNPs and the anticancer drug curcumin was described
above. The final concentration of the copolymers was 1 x 1072 g/mL. The HB2 and
HB3 hyperbranched copolymers were utilized for the double encapsulation, and character-
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istic graphs of size distributions are presented in Figure 4. These copolymers presented
a significant colloidal stability for more than 10 days after encapsulation of both MNPs
and CUR. Regarding the HB1 copolymer, consisting mainly of the hydrophilic OEGMA
component after mixing with MNPs, CUR precipitation occurred almost immediately. This
fact can be attributed to the low content of hydrophobic DIPAEMA segments contained in
this copolymer, leading to inefficient encapsulation of MNPs and CUR. The DLS technique
was used to determine the size distributions of the MNPs/CUR-loaded nanoparticles
(Table 3). In the cases of HB2/10% MNPs/20% CUR and HB3/10% MNPs/20% CUR fairly
narrow size distributions were observed. This is more evident in the case of the HB2/10%
MNPs/20% CUR assemblies where the size of hybrid nanostructures is shifted to larger
dimensions. In the case of loaded HB3 copolymer the encapsulation of MNPs (10 wt%) and
CUR results in a bimodal size distribution, where two sharp peaks appeared, specifying
the two types of mixed nanoparticles present (with relatively narrow size distribution for
each mixed nanoparticle population). In contrast, the addition of a higher amount of MNPs
(40 wt%) led to the presence of one peak with wider size distribution, accompanied by a
shift in dimensions to much larger sizes, demonstrating that at higher entrapment stoi-
chiometries of MNPs the size distribution of hybrid nanostructures increases significantly.
Both HB2 and HB3 hyperbranched copolymers seem to effectively encapsulate both MNPs
and curcumin, forming well-defined nanostructures. This is also shown from the data
presented in Table 3 demonstrating the successful encapsulation of both MNPs and CUR in
the hyperbranched copolymers.
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0.8}
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= 04}
0.2}
0.0
10° 10’ 107 10° 10
R, (nm)
1.2
— HB3 — HB3
10( b) —— HB3_10% MNPs+20% CUR ) —— HB3_40% MNPs+20% CUR
1.0
0.8
0.8
0.6
;:2 g 0.6
-
< 04 04
0.2 0.2
0.0 0.0
. : ! 0 .1 .2 I3 4
10° 10! 102 10° 10 10 10 10 10 10
R, (nm) R, (nm)

Figure 4. Comparative plots of size distributions from DLS measurements before and after simultaneous
encapsulation of MNPs and CUR in HB2 and HB3 copolymers. (a) HB2 vs. HB2/10% MNPs + 20% CUR,
(b) HB3 vs. HB3/10% MNPs + 20% CUR, (c) HB3 vs. HB3/40% MNPs + 20% CUR.
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Table 3. DLS results for the MNPs/CUR-loaded nanostructures.

Sample % MNPs % CUR Rp 2 (nm) PDI?
HB2 10 20 89 0.26
10 20 13/51 0.36
HB3
40 20 237 0.4

2 Determined by DLS.

Based on the above results, the effective co-assembly of copolymer, MNPs and CUR
is observed, which led to the formation of larger hybrid nanoparticles in the case of the
higher loading level of MNPs and CUR (20 wt%).

Magnetophoresis studies were also carried out to explore whether three-component
hybrid nanostructures containing the MNPs and CUR maintain some magnetic properties
of the inorganic nanoparticles. The measurements were performed for the HB3 hyper-
branched copolymer containing the maximum content of encapsulated MNPs (40 wt%).
Figure 5 illustrates that the MNPs/CUR-loaded nanostructures are accumulated in the
side of the measuring cell where the magnetic field is applied. Moreover, magnetophoresis
studies performed using the UV-Vis instruments show the decrease of solution absorbance
at 460 nm, again. Figure 6 presents the magnetophoresis graph, where it is observed that the
MNPs/CUR-loaded aggregates have a significant response when an external magnetic field
is applied. This is supported by the significant decrease in the absorbance of the solution
within the first 20 min, followed by a gradual and smaller decrease until the end of the mea-
surement. The acquired data are similar to those of the HB/MNPs-hybrid nanostructures,
demonstrating that the encapsulation of CUR does not impart significant changes in the
magnetic properties of the MNPs/CUR-loaded hyperbranched copolymer nanostructures,
which maintain their ability to respond to an externally applied magnetic field.

Figure 5. MNPs/CUR-loaded HB3 mixed solution before (left) and after (right) the application of
magnetic field.
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Figure 6. Characteristic magnetophoresis plot presenting absorbance as a function of time for
MNPs/CUR-loaded HB3 hyperbranched copolymer nanostructures.
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3.4. Cryo-TEM Imaging of the HB Based MNPs-Loaded and MNPS/CUR-Loaded Nanostructures

Cryo-TEM measurements presented a clearer picture of the morphology of the hybrid
nanostructures prepared. The experiments were recorded at a copolymer concentration of
1 x 1073 g/mL. In Figure 7, particles with strong contrast having a diameter 3-12 nm appear,
corresponding to inorganic MNPs. These sizes are in agreement with DLS measurements
where similar dimensions of MNPs (16 nm) were observed (Figure S1). After co-assembly
of MNPs with the copolymer, mixed nanostructures are presented which have the form
of irregular-shaped aggregates (Figure 7a). In Figure 7b it is observed that some of the
magnetic particles form spherical structures with sizes of 50-70 nm, placed on the surface
of the hyperbranched copolymer aggregates. It could be considered that MNPs decorate
the surface of the copolymer assemblies. It should be taken into account that these are
hyperbranched copolymers, which form aggregates with a diameter of ca. 20 nm, and
their inner part is very dense due to the branching. Thus, the MNPs cannot penetrate but
coat the surface of the copolymer assemblies. In conclusion, it appears that the structures
observed by DLS and cryo-TEM are similar because the materials are in the same state
during the measurement.

Additional information on the morphology of hybrid aggregates was obtained after
the co-assembly of CUR and MNPs in hyperbranched copolymer aggregates. In particular,
in Figure 9 no significant differences are observed in morphology and dimensions of the
hybrid nanostructures after the entrapment of curcumin. This is in agreement with the
DLS measurements, where the sizes were close to 100 nm. Particles form irregular-shaped
aggregates again, and some of them form spherical structures with a size of 90-180 nm,
probably MNPs are on the surface of spherical objects. Certainly, the main observation
concerns the better self-assembly of the hybrid nanostructures, as shown by DLS, after the
addition of CUR, resulting in better defined structures of hybrid nanoparticles.

Figure 7. Cryo-TEM images for MNPs co-assembled with HB3 copolymer, depicting (a) cluster of
aggregates and (b) isolated hybrid nanostructure.

Also, cryo-TEM images were recorded for the MNPs-loaded in the HB2 copolymer sys-
tem, with 10 wt% MNPs. As shown in Figure 8, the MNPs have interacted with the polymer
resulting in the formation of quite large aggregates which retain the same morphology as
the mixed-aggregates of the HB3 copolymer. In particular, they appear to form spherical or
irregular-shaped structures with a size of 40-300 nm, which corresponds to the dimensions
from the DLS measurements. The DLS technique revealed the aggregation of the primary
copolymer aggregates due to interaction with the MNPs. In particular, in Figure 8a hybrid
nanostructures appear to have an MNPs-covered edge, created by MNPs decorating the
surface of the particles. This morphology could be described as armored-like nanoparticles



Nanomanufacturing 2022, 2 63

or perhaps a raspberry-like structure [37-39]. Figure 8b shows some aggregated structures
glued together forming larger objects.

Figure 8. Cryo-TEM images for MNPs co-assembled with HB2 copolymer with 10 wt% MNPs content,
(a) globular isolated co-assembled nanostructures (b) clusters of co-assembled nanostructures.

Figure 9. Cryo-TEM images for MNPs co-assemblies with HB2 copolymer with 10 wt% MNPs and
20 wt% CUR contents, depicting (a) large globular co-assembled nanostructures and (b) irregular
co-assembled nanostructures.

3.5. Stability of the Hybrid Nanostructures in Biological Media and Their Fluorescence Properties

The subsequent studies on the hybrid nanostructures, was to investigate their colloidal
stability under physiological conditions. This study was carried out by DLS. DLS measure-
ments were recorded at 25 °C and at 90° angle after 3 h of mixing HB/MNPs/CUR hybrid
nanostructures in the FBS/PBS mixed solution. Characteristic size distribution graphs are
illustrated in Figure 10 for hybrid nanoparticles before and after mixing with FBS/PBS
solution.

From the DLS results presented in Figure 10 for the MNPs/CUR containing nanos-
tructures, it seems that their colloidal stability is not affected after addition of hybrid
nanoparticles into FBS/PBS solutions. Specifically, the mixing of hybrid nanoparticles
with FBS/PBS solution does not lead to any further aggregation of MNPS/CUR-loaded
nanostructures and serum proteins in both FBS solutions (FBS/PBS 1:9 and 1:1). The data
reveal the substantial stability of hybrid nanostructures under physiological conditions.
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Figure 10. Comparative plots of size distributions from DLS measurements for: (a) FBS, (b) MNPs/CUR-
loaded nanostructures before and after mixing with FBS:PBS (1:9), (¢) MNPs/CUR-loaded nanostruc-
tures before and after mixing with FBS:PBS (1:1).

Next, the optical properties of encapsulated curcumin which provides strong endoge-
nous fluorescence, a property that can be useful for bio-imaging applications [40,41], have
been studied by fluorescence spectroscopy. It is worth noting that, in bio-imaging pro-
tocols, typically lower levels of active compounds are utilized compared to the present
experiments. In our previous study we carried out an extensive fluorescence study of these
hyperbranched copolymers containing CUR [33]. The results revealed significant fluores-
cence intensity at acidic and under physiological conditions. Therefore, in the present work
we evaluated the three-component hybrid nanostructures based on the hyperbranched
copolymers, MNPs and CUR. It is known from the literature that the miscibility of cur-
cumin with water is very low (4.2 ug/ mL~1) [42,43]. Based on stoichiometric results, by
CUR encapsulation in the HB/MNP nanostructures, its solubility does not increase. Actu-
ally, it occurs at lower levels (actual CUR concentrations for HB2/MNP 10% (Figure 11c)
is 2 pg/mL~! and for HB3/MNP 10% (Figure 11d) is 2.9 pg/mL™!). On the contrary,
by encapsulation of 40 wt% MNPs and 20 wt% CUR in HB3 copolymer, curcumin sol-
ubility increases by 10 times (ccur = 41 pg/mL~!) in comparison with the case of pure
water. This phenomenon may be due to the fact that, in this particular case, the hybrid
nanoparticles as revealed by DLS, form large aggregates resulting in the possibility of a
higher rate of curcumin entrapment. Nevertheless, in all cases as shown in Figure 11, the
formed nanostructures exhibit a remarkable fluorescence intensity. Specifically, the case
of HB3 copolymer (Figure 11d) reveals a higher level of fluorescence intensity compared
with the HB2 nanostructures (Figure 11c), most probably due to the higher quantity of
encapsulated curcumin. Furthermore, as illustrated in Figure 8 the peak at 489 nm of
curcumin in THF shifted to 505 nm, 514 nm, and 515 nm in aqueous solutions after the
entrapment of MNPs and CUR. This displacement is presumably due to the hydrophobic
interactions between both MNPs and CUR and the hydrophobic DIPAEMA component of
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the copolymer. According to the results presented above the MNPs/CUR-loaded hybrid
nanostructures may be utilized in bio-imaging application in addition to therapy.
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Figure 11. Fluorescence spectrum of (a) CUR in THF (ccyr = 100 pg/ mL~1), (b) HB3/40% MNPs/CUR
nanostructures, (¢) HB2/10%MNPs/CUR nanostructures and (d) HB3/10% MNPs/CUR- nanostructures.

Another interesting application of these hybrid HB/MNP nanostructures in relation
to water treatment technologies, and in particular removal of polycyclic hydrocarbon
pollutants from aqueous reservoirs, is presented below in a semi-quantitative context. A
pyrene solution (9 pL, 1 mM in acetone, final cpyr =3 x 10~® M) was mixed with a HB3/40%
MNP aqueous solution (cpo =2 X 1074 g/mL). As shown in Figure 12 the absorption of
pyrene aqueous solutions in the UV-Vis region, in conjunction with the pyrene spectrum
by FS technique indicates, its encapsulation in the hydrophobic DIPAEMA part of the
copolymer. Specifically, it appears that pyrene UV-Vis absorption decreases 3 times after
the application of a magnetic field indicating that the HB/MNP adsorbs and removes part
of the pyrene from the solution. The fluorescence spectrum obtained before the application
of the magnetic field indicates the entrapment of the pyrene in the hydrophobic domains of
the hybrid nanostructures, as the low value for the I; /I3 ratio indicates (Figure 12b).
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Figure 12. (a) UV-Vis spectrum of pyrene encapsulated in hybrid HB3/MNPs nanostructures and
(b) FS spectrum of pyrene encapsulated in the hybrid nanostructures.
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4. Conclusions

Multifunctional hybrid nanostructures formed by P(OEGMA-co-DIPAEMA) amphiphilic
hyperbranched copolymers in aqueous media, were studied in detail. A plethora of physico-
chemical characterization techniques, such as DLS, UV-Vis, Cryo-TEM, and FS were utilized
to investigate the properties of the acquired hybrid nanostructures. These hyperbranched
copolymers self-organize in aggregates in aqueous media and were able to co-assemble
with up to 40 wt% MNPs by interaction with the PDIPAEMA component, forming hybrid
HB/MNP nanostructures. After co-assembly with MNPs, the sizes of the mixed aggregates
are significantly increased, compared to the case of neat copolymer aggregates, where in
the case of HB1 and HB2 mixed solution a rather narrower size distribution is observed,
according to the DLS measurements. Magnetophoresis experiments revealed that the MNPs
retain their magnetic properties after co-assembly with the copolymer aggregates.

Both CUR and MNPs were possible to be simultaneously encapsulated in the hy-
perbranched copolymer aggregates. Magnetophoresis measurements indicate that the
HB/MNP/CUR three-component hybrid nanostructures present magnetic properties origi-
nating from the MNPs after encapsulation of CUR, leading to magnetically active mixed
aggregates with the entrapped drug. DLS data revealed the outstanding colloidal stability
of these hybrid nanosystems in the presence of serum proteins.

The mixed HB/MNP /CUR exhibit significant fluorescence and, thus, they may present
potential for utilization in bio-imaging application. In summary, this work mainly pre-
sented the preparation of new hybrid nanostructures by co-assembly process and the
characterization of their structure and properties. Our preliminary experiments could be
useful for some potential applications of these hybrid nanostructures such as drug delivery,
MRI imaging and even to remove aromatic pollutants from water. Of course, depending
on the application fine tuning/choice of the materials utilized should be made based on
properties like biocompatibility, temporal stability, and shelf-life of the structures among
other considerations. This would require further experimentation which we hope it will be
possible to perform in the future.
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and (b) 30 wt% MNPs; Figure S4: Cryo-TEM images of the MNPs-loaded in HB2 copolymer with
(a) 10 wt% MNPs and (b) 30 wt% MNPs.
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