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In this work, we report on the synthesis and self-organization in aqueous media of a series of novel multi-
responsive poly(oligo(ethylene glycol)methyl methacrylate)-co-poly(2-(diisopropylamino)ethyl methacry-
late), P(OEGMA-co-DIPAEMA), hyperbranched copolymers, using ethylene glycol dimethacrylate
(EGDMA) units as branching points. Three P(OEGMA-co-DIPAEMA) hyperbranched copolymers with
different ratios of hydrophilic to hydrophobic components are prepared by the reversible addition—frag-
mentation chain transfer (RAFT) polymerization, in order to study their properties in agueous solutions. By
using dynamic light scattering (DLS), the formation of aggregates with dimensions in the nanoscale,
responsive to changes in solution temperature and pH, is observed. The hyperbranched copolymer with

Received 1st October 2021,
Accepted 2nd November 2021

DOI: 10.1039/d1py01320c

the lowest DIPAEMA hydrophobic component shows the largest dimensions at pH 7 and pH 10 compared
to the other two copolymers. The hyperbranched copolymers are capable of encapsulating the hydro-
phobic drug curcumin (CUR) and demonstrate stability in the presence of serum proteins. These new

rsc.li/polymers hyperbranched copolymers could be potential candidates for drug delivery and bio-imaging applications.
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Introduction

In recent years hyperbranched polymers have attracted the
interest of polymer scientists as they exhibit remarkable struc-
tural properties.' Hyperbranched polymers are macro-
molecules with a high degree of polymerization, which, like
dendrimers, are characterized by macromolecular topologies
similar to that of a tree, having a large number of internal/
external functional groups. Dendrimers belong to the broad
category of hyperbranched molecules, having a more sym-
metric topology.*” The multi-stage syntheses of dendrimers
are performed by a series of different steps, requiring repetitive
purification steps and resulting in expensive products with,
sometimes, limited use in large-scale industrial applications.
However, for the majority of applications where structural per-
fection is not required, hyperbranched polymers can replace
dendrimers by overcoming the cost problem.*° In contrast to
dendrimers, randomly branched,'® hyperbranched polymers
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can be easily synthesized by single-step polymerization.
Therefore, they are economical products for both small and
large-scale industrial applications."*> The hyperbranched
structure imparts to the polymer unique properties, such as
low viscosity and compact conformations, both in solutions
and in melts, compared to the -corresponding linear
polymers.**'* Hyperbranched polymers exhibit incomplete or
irregularly branched structure and a large number of reactive/
functional groups on their surface and their interior. These
features make hyperbranched polymers potential candidates
for a wide range of biomedical applications,">*® such as in
drug'”'® and gene delivery'**° and bioimaging.

Most of hyperbranched polymers are formed by the conden-
sation of multifunctional monomers of the type AB,, where A
is the functional group reacting with group B and x > 2.>%?*
The technique creates three-dimensional polymers with an
irregular structure. This structure provides some unique physi-
cal and chemical properties, such as the lower viscosity and
lower glass transition temperatures, compared to their respect-
ive linear analogs.”>*® The synthesis of well-defined hyper-
branched polymers is accomplished by controlled radical
polymerization techniques (ATRP,*”*® NMP,>*?° RAFT*!??)
which provide tremendous compatibility with a wide range of
monomers. The RAFT technique allows the synthesis of copo-
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lymers with predicted molecular weight, narrow molecular
weight distributions, and variable molecular architectures,

3331 stars,**® hyperbranched®””*® (co)polymers,
41,42

namely linear,
which can be responsive to pH***° and temperature
changes. Perrier et al. reported for the first time the synthesis
of hyperbranched methyl methacrylate (MMA) and ethylene
glycol dimethacrylate (EGDMA) copolymers via reversible
addition fragmentation chain transfer (RAFT) polymerization
using 2-(2-cyanopropyl) dithiobenzoate as the chain transfer
agent.*?

Herein, we report on the synthesis of novel poly(oligo(ethyl-
ene glycol) methacrylate)-co-poly(2-(diisopropylamino)ethyl
methacrylate), P(OEGMA-co-DIPAEMA), hyperbranched copoly-
mers via RAFT polymerization, utilizing EGDMA as the branch-
ing agent. We also study their self-organization behavior in
response to various physicochemical stimuli such as pH, temp-
erature and ionic strength by light scattering techniques and
fluorescence spectroscopy. Furthermore, the hyperbranched
copolymers were utilized to encapsulate curcumin (CUR). The
colloidal stability of the loaded nanocarriers in the presence of
serum and the fluorescence properties of the loaded nano-
carriers, were investigated. The 2-(diisopropylamino)ethyl
methacrylate (PDIPAEMA) homopolymer is a double-respon-
sive polymer, towards pH and temperature, with a pK, of
around 6.2 ** and T, ca. 28 °C."> PDIPAEMA becomes a water-
soluble polymer due to the protonation of its amino groups at
pH range below neutral, where it behaves as a cationic poly-
electrolyte.*® Close at and above neutral pH, where the depro-
tonation of amino groups takes place, PDIPAEMA is converted
to a hydrophobic polymer. The oligo(ethylene glycol) meth-
acrylate (OEGMA) homopolymer is a hydrophilic polymer and
provides stealth properties to polymer nanostructures. This
means that the drug loaded polymer structure is water soluble
and undetected from the blood components and the immune
system, as a result of the presence of the hydrophilic oligo
(ethylene glycol) side chains. Therefore, three novel P(OEGMA-
co-DIPAEMA) hyperbranched copolymers were synthesized,
having different ratios of hydrophilic to hydrophobic seg-
ments, in order to study the structure-properties relations in
this novel family of copolymers.

Experimental

Materials
Monomers, 2-(diisopropylamino)ethyl methacrylate
(DIPAEMA)  (97%), oligo(ethylene glycol) methacrylate

(OEGMA) (average M, = 475), and crosslinker/branching agent
ethylene glycol dimethacrylate (EGDMA, 98%) were obtained
from Sigma-Aldrich. DIPAEMA, OEGMA and EGDMA mono-
mers were passed through an inhibitor removing column for
purification before polymerization. Azobis(isobutyronitrile)
(AIBN) was used as radical initiator and was purified by recrys-
tallization from methanol. 1,4-Dioxane (>99.8% pure, Aldrich)
was dried over molecular sieves before use. Tetrahydrofuran
(THF 99.9% pure), n-hexane (>97%), 4-cyano-4-(phenylcarbo-
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nothioylthio) pentanoic acid (CPAD) and other reagents from
Sigma Aldrich were used as received.

Synthesis of hyperbranched polymers

For the synthesis of P(OEGMA-co-DIPAEMA) hyperbranched
copolymers, CPAD was utilized as the chain transfer agent
(CTA), AIBN as the radical initiator and 1,4-dioxane as the
solvent. A typical synthesis of hyperbranched copolymer (copo-
lymer HB1) is described below: in a one-necked, round-bottom
flask with a magnetic stirrer (50 mL), OEGMA (1.45 g,
3.05 mmol), DIPAEMA (0.24 g, 1.1 mmol), EGDMA (0.032 g,
0.16 mmol), CPAD (0.048 g, 0.17 mmol), AIBN (0.0056 g,
0.03 mmol) and 1,4-dioxane (18 mL, 10% w/w monomer con-
centration), were added. The solution was degassed by nitro-
gen gas flow for 15 min and then the round-bottom flask was
heated in an oil bath at 70 °C for 24 h. After that, the mixture
was placed at —20 °C for 20 min and subsequently was
exposed to air. The reaction product was then precipitated in a
large excess of n-hexane for removal of unreacted monomers.
The P(OEGMA-co-DIPAEMA) hyperbranched copolymer was
placed in a vacuum oven for 48 h for drying.

Self-assembly studies of hyperbranched copolymers in
aqueous media

Stock solutions of hyperbranched copolymers were prepared
by dissolving directly the solid materials in acidic water
(10 mL), adjusted to pH 3, with a proper quantity of HCI
(polymer concentration, ¢ = 1 x 1073 g mL™") and left over-
night to bring the solutions in equilibrium. Afterwards, proper
quantities of 1 M NaOH solution were added in the stock solu-
tions in order to adjust the solution pH at pH 7 and pH 10.
Solutions at pH 7.4 were prepared using a phosphate buffered
saline (PBS) solution where the copolymers were dissolved
directly. For fluorescence studies, pyrene was utilized as a
probe and a 1 mM stock solution of the probe was added in
appropriate quantity to each P(OEGMA-co-DIPAEMA) hyper-
branched copolymer solution of different pH. The solutions
were left overnight before measurements (final ¢pyrene = 1077
M). For light scattering studies, the solutions were filtered
through 0.45 pm hydrophilic PVDF filters. The effect of ionic
strength on hyperbranched copolymer solutions was studied
by adding proper amounts of 1 M NaCl in the aqueous copoly-
mer solutions initially prepared. Simultaneous static and
dynamic light scattering measurements were utilized to deter-
mine the changes in mass and the hydrodynamic radius, Ry,
of the copolymers in aqueous solutions.

Curcumin loading studies

The process followed for curcumin entrapment into hyper-
branched copolymer nanostructures is described below.
Initially, two separate stock solutions of copolymer in THF and
curcumin in THF were prepared. For example, for the prepa-
ration of HB1-30% w/w CUR, 0.01 g of copolymer and
0.00029 g of drug were dissolved in THF. Subsequently, these
solutions were mixed and then the copolymer/CUR mixture
was injected directly in 10 mL phosphate buffered saline (PBS)

Polym. Chem., 2021, 12, 6582-6593 | 6583
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under vigorous stirring. Then the organic solvent was evapor-
ated by heating at 65 °C. The encapsulation of CUR was
studied in two of the three hyperbranched copolymers,
because the HB3 copolymer was impossible to encapsulate a
large amount of drug, probably due to the high amount of
hydrophobic component. The drug-loaded hyperbranched
copolymers were measured by FTIR spectroscopy and by DLS
(at 25 °C and at 90° angle) to verify the formation and stability
of CUR-loaded nanostructures. Measurements on the first day
of preparation and after up to 18 days in respect to the day of
solution preparation were performed. Using UV-Vis spec-
troscopy, the reference curve of curcumin was constructed by
measuring the absorbance at A, = 420 nm, and was utilized
to calculate the actual percentage of curcumin entrapped in
the copolymer nanostructures.

Characterization methods

Size exclusion chromatography. Molecular weights and
molecular weight distributions of the hyperbranched copoly-
mers were determined by size exclusion chromatography. The
set is consisting of a Waters 1515 isocratic pump, a set of three
p-Styragel mixed composition separation columns (pore range
10°-10° A), a Waters 2414 refractive index detector (equili-
brated at 40 °C) and utilizing the Breeze software for data ana-
lysis. THF, containing 5% v/v triethylamine, was the mobile
phase at a flow rate of 1.0 mL min~" at 30 °C. The calibration
was achieved by utilizing linear polystyrene standards with
narrow molecular weight distributions and weight average
molecular weights in the range of 1200 to 900 000 g mol ™.
Hyperbranched polymers were dissolved in THF at concen-
trations of 2-4 mg mL ™.

"H-NMR spectroscopy. The 'H-NMR spectra were recorded
using a Bruker AC 600 FT-NMR spectrometer. The chemical
shifts are presented in parts per million (ppm) with reference
to tetramethylsilane (TMS). For 'H-NMR studies, 10 mg of
each sample were completely dissolved in 0.7 mL of deuterated
chloroform before measurement and subsequently the solu-
tion was inserted into NMR tubes. The spectra collection and
analysis was accomplished by Mestre Nova software from
MestRelabs.

"H-NMR spectra peaks of P(OEGMA-co-DIPAEMA) (Fig. 2,
600 MHz, CDCl;, ppm): 0.86, 1.25 (9H, ~-CH,CCH;-), 1 (3H,
CH;CH-), 1.79-2.04 (6H, ~CH,C-), 2.63 (2H, ~CH,N), 2.99 (H,
-NCH), 3.37 (3H, -(CH,CH,O),CH;-), 3.64 (36H, -
(CH,CH,0)s), 2H, ~-COOH(CH,)CH,, 3.84 (2H, ~-COOCH,[CH,],
2H, -COOCH,[CH,)).

UV-Vis spectroscopy. The UV-Vis spectra were collected by a
Perkin-Elmer Lamda 19 UV-Vis spectrophotometer. Quartz cuv-
ettes were utilized to place 3 mL of the sample solution for
measurement.

Fluorescence spectroscopy. The fluorescence spectra were
recorded to specify the critical aggregation concentration of
the hyperbranched copolymers, utilizing a NanoLog
Fluorometer (Horiba Jobin Yvon). The instrument is equipped
with a laser diode as the excitation source (Nano LED, 440 nm,
100 ps pulse width) and a UV TBX-PMT series detector
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(250-850 nm) from Horiba Jobin Yvon. Hyperbranched copoly-
mer solutions were prepared in concentrations ranging from
107%-107° g mL ™" and pyrene stock solution (1 mM) in acetone
was added. The solutions were left overnight to bring the
system in equilibrium and afterwards the I,/I; ratio was
measured at each polymer concentration. The excitation wave-
length used for the measurements was 335 nm and emission
spectra were recorded in the region 355-630 nm.

For fluorescence measurements on CUR-loaded hyper-
branched copolymers the same instrument was utilized.
Curcumin excitation wavelength was set at 405 nm.

Light scattering. DLS measurements were performed utiliz-
ing a ALV/CGS-3 Compact Goniometer System (ALV Gmbh,
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 goni-
ometer and control of the end position switch. The instrument
was connected to a Polyscience model 9102 bath circulator for
temperature control of the measuring cell. The scattered light
intensity and the correlation functions were recorded five
times at each angle and concentration and analyzed by the
cumulants method and the CONTIN algorithm. The latter pro-
vides the distributions of the apparent hydrodynamic radius
(Rn), using the Laplace inverse transform of the correlation
function by employing the Stokes-Einstein relationship.
Measurements at different temperatures were carried out in
the 25 to 60 °C range, allowing for 15 min equilibration
between temperatures. The size data presented below corres-
pond to measurements at 90°.

For static light scattering studies the same instrument was
used in the angular range of 30°-150° and at 25 °C. Toluene
was utilized as the calibration standard. The dn/dc values were
calculated from literature data, where available, also based on
the refractive indices of the constituting blocks and THEF.
Static light scattering profiles were analyzed by the Zimm and

Guinier models using the software available by the
manufacturer.

Results and discussion

Synthesis and molecular characterization of P(OEGMA-co-
DIPAEMA) hyperbranched copolymers

Three P(OEGMA-co-DIPAEMA) hyperbranched copolymers

were synthesized with different molecular weights and chemi-
cal composition utilizing RAFT polymerization procedures.
The ratio of EGDMA/CTA was kept constant at 1.1 for all experi-
ments to avoid the formation of insoluble crosslinked poly-
mers. AIBN was utilized as the radical initiator and 1,4-
dioxane as the solvent of the polymerization reaction. The syn-
thesis of P(OEGMA-co-DIPAEMA) was accomplished at 70 °C
for 24 h (Scheme 1). CPAD was selected for its efficiency in
RAFT polymerization of methacrylic monomers based on
results from the literature.*”*®* EGDMA led to the development
of the branched polymer chains introducing branching points.

This journal is © The Royal Society of Chemistry 2021
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Scheme 1 Synthesis scheme followed for the preparation of P(IOEGMA-co-DIPAEMA) hyperbranched copolymers.

Molecular characteristics of the copolymers were recorded by
means of SEC and 'H-NMR spectroscopy methods. In Fig. 1,
the chromatogram of HB3 is presented, where a narrow peak
with symmetric molecular weight distribution and low disper-
sity is observed, a fact that demonstrates control of polymeriz-
ation. It should be noted that molecular weights determined

——HB3

ARI

14 16 18 20 22
Elution volume (mL)

Fig. 1 SEC chromatogram for HB3 hyperbranched copolymer.

This journal is © The Royal Society of Chemistry 2021

by SEC are apparent ones due to the different hydrodynamic
properties of the hyperbranched methacrylate based copoly-
mers in respect to those of the linear PS used for calibration.
Table 1 presents the molecular characteristics of all hyper-
branched copolymers synthesized.

"H-NMR spectroscopy was utilized to identify the chemical
structure and to determine the composition of P(OEGMA-co-
DIPAEMA) hyperbranched copolymers. Characteristic peaks
which were chosen to calculate the composition of each copo-
lymer are presented in Fig. 2. For OEGMA component the
-CHj; protons at 3.35 ppm were selected (peak i)*° and for the
PDIPAEMA component the -CH, protons at 2.61 ppm were
used (peak d).° However, it should be noted that it is not
possible to determine the exact composition of EGDMA due to
the overlap of the peaks from the OEGMA constituent at

Table 1 Molecular characteristics of P(OEGMA-co-DIPAEMA) hyper-
branched copolymers

M, absolute “ Mw apparent b Mw/ % wt % wt
Sample (g mol™) (x10*) (g mol™") (x10*) M,” PDIPAEMA® POEGMA®

HB1 33.3 1.2 1.21 10 90
HB2 48.6 0.8 1.19 29 71
HB3 35.1 1.1 1.24 54 46

“ Determined by SLS. ? Determined by SEC. ° Determined by "H-NMR.

Polym. Chem., 2021, 12, 6582-6593 | 6585
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Fig. 2 *H-NMR spectrum of HB3 hyperbranched copolymer.

3.64 ppm (peak f and g) and the low content of the cross-
linker (below 2 wt% in all cases).

By using SLS in THF it was possible to determine the appar-
ent weight average molecular weight for the hyperbranched
copolymers. It is observed that the M, 4, determined by SLS
are higher than M,, estimated by SEC, supporting the hyper-
branched structure of the copolymers synthesized.

Hyperbranched copolymer self-assembly in aqueous solutions

P(OEGMA-co-DIPAEMA)  hyperbranched  copolymers are
expected to be affected by physicochemical stimuli when dis-
solved in aqueous media, due to the chemical properties of
the DIPAEMA component. Therefore, self-organization studies
were undertaken utilizing different physicochemical methods.
Aqueous solutions of P(OEGMA-co-DIPAEMA) hyperbranched
copolymers were studied by fluorescence spectroscopy to deter-
mine if they present a critical aggregation concentration (CAC).
The measurements were carried out by the use of pyrene as
the fluorescence probe, which has the ability to be encapsu-
lated into the hydrophobic domains of amphiphilic self-orga-
nized polymeric structures formed in aqueous media. CAC is
defined as the concentration corresponding to the point where
the ratio of the relative intensities of the first and third peaks
(I1/13) in the pyrene fluorescence spectrum changes abruptly.
According to the literature, I,/I; ratio values in the range 1-1.3
denote a hydrophobic microenvironment, while in polar
environment the I,/I; ratio attains values in the range 1.7-1.9.
The values determined for the hyperbranched copolymers at
different pH are shown in Table S1 in ESL.{ The copolymer
solutions were prepared in concentrations ranging from 10~°-
10 ¢ mL™". In the case of P(OEGMA-co-DIPAEMA) hyper-
branched copolymers containing DIPAEMA as a structural
unit, the properties of the aggregates formed in aqueous solu-
tions are expected to depend on solution pH. The measure-
ments were made for pH 3, 7.4 and 10. At acidic conditions

6586 | Polym. Chem., 202,12, 6582-6593
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(pH 3) the amine groups of PDIPAEMA are fully protonated,®”
and also due to the presence of the hydrophilic component
POEGMA, aggregates were not observed. I,/I; values vs. copoly-
mer concentration from pyrene fluorescence spectra for pH 7.4
(PBS) and pH 10 are illustrated in Fig. 3.

In all cases a clear plateau is observed at low concen-
trations, where there are no aggregates present in the aqueous
solutions, followed by the transition region in between lower
and higher concentrations, where copolymer aggregates are
formed. As shown, the chemical composition of the copoly-
mers determines the actual critical aggregation concentration,
with CAC being lower for copolymer HB3 with the higher
DIPAEMA content. It is also observed that CAC always occurs
at lower concentrations at pH 10 and at higher concentration
in PBS. This is to be expected since the closer to neutral pH
the more hydrophobic character is exhibited by the hyper-
branched copolymer, due to the deprotonation of the amino
groups of DIPAEMA segments. Therefore, the formation of
aggregates is preferred in aqueous solution. When the
DIPAEMA content increases the polymeric aggregates are
formed at lower concentrations because of the hydrophobic be-
havior of DIPAEMA segments.

Complementary studies of P(OEGMA-co-DIPAEMA) hyper-
branched copolymers were performed by light scattering
methods and the results are presented in Table S2 (ESIT).
Specifically, dynamic light scattering measurements were per-
formed to determine the hydrodynamic radius (Ry,) of the self-
organized nanoaggregates, the change in the scattered light
intensity (which is related to the mass of the formed nano-
particles) and their size polydispersity index (PDI), as a result
of copolymer response to pH and temperature changes. Contin
analysis of DLS results from HB1-HB3 copolymer solutions are
illustrated in Fig. 4. Based on the results for the HB1 copoly-
mer, two populations are observed with a broad size distri-
bution, except for solutions in PBS (pH 7.4, which also con-
tains 0.15 M salt). The small size peak indicates free polymeric
chains (Ry, ca. 3 nm) while the larger in size represents nanoag-
gregates, confirming the formation of nanoparticles by spon-
taneous self-organization of the hyperbranched copolymers.
The results also demonstrate that the OEGMA side chains
create steric stabilization of the nanoparticles. Full protonation
of DIPAEMA amino groups in acidic environment creates the
tendency for rather extended macromolecular conformations.
Protonation of DIPAEMA segments results in electrostatic
interactions that leads to rather swollen self-assembled nano-
structures, as is generally the case with polyelectrolytes. In PBS
solutions, the presence of a small amount of salt disrupts the
hydration structure around the polymer chains resulting in the
formation of large aggregates, due to the predominance of
polymer—polymer interactions. In the case of HB2 and HB3
copolymers, where the DIPAEMA content is higher than that of
HB1, the same tendency seems to be maintained for the
systems at acidic pH for the reasons explained above. However,
an increase of pH (to pH 7 and 10) appears to create smaller
nanoparticles with relatively wide size distributions,
accompanied by the complete absence of large swollen nano-

This journal is © The Royal Society of Chemistry 2021
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Fig. 3

CAC determination for P(OEGMA-co-DIPAEMA) hyperbranched copolymers at pH 7.4 (PBS) (upper row) and pH 10 (lower row).
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Fig. 4 Size distributions from DLS for the HB1-HB3 hyperbranched copolymer solutions at different pHs.
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structures. This observation indicates that by increasing the
hydrophobic component through the deprotonation of the
amino groups of PDIPAEMA, the dimensions of the nano-
particles are significantly reduced (shrinking of nanostructures
occurs). It is worth noting that the small size of the particles
formed is in agreement with the architecture of the copoly-
mers, because the hyperbranched molecules are distinguished
by their more compact structures compared to linear ones.
The self-assembly of HB2 and HB3 copolymers in PBS solution
appears to be different from that of HB1. Specifically, for HB2
two peaks are observed in DLS experiments. This may be due
to the higher content of DIPAEMA which gives the systems an
extra impetus to form smaller, more compact nanoparticles. In
the case of HB3, where the DIPAEMA content in the copolymer
further increases, smaller nanoparticles are formed with nar-
rower size distributions compared to HB1 and HB2.

Dynamic light scattering experiments as a function of temp-
erature were also performed for the HB1-HB3 copolymers due
to the thermo-responsive character of DIPAEMA component.*®
The results from Contin analysis are presented in Fig. 5. The
measurements were recorded at pH 7 and in PBS solutions by
changing solution temperature in the range 25-60 °C. Based
on the results obtained at pH 7, it is observed that HB1 copoly-
mer does not exhibit significant differences due to tempera-
ture increase, in contrast to the copolymers that have a higher
content of DIPAEMA. In particular, HB2 and HB3 copolymers
show the formation of larger aggregates at 60 °C, which

View Article Online
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demonstrates the increasing compactness of existing aggre-
gates. In PBS solutions, the formation of more well-defined
self-assembled nanoparticles is observed with narrower size
distributions in contrast to pH 7. The presence of a small
amount of salt in PBS solutions, together with the increase of
temperature, seems to affect the structure of the aggregates in
a different way compared to the solutions of similar pH which
contain a lesser amount of salt. It is remarkable that HB3
copolymer solutions, which contains the highest content of
hydrophobic DIPAEMA, exhibit large swollen particles with a
significantly narrower size distribution.

The changes in scattering intensity (i.e. the changes in
mass of the aggregates) as a function of pH and temperature
are illustrated in Fig. 6. There is an increase in scattered inten-
sity for all hyperbranched copolymers by increasing tempera-
ture, except for HB1 copolymer in PBS which shows a small
decrease of scattered intensity with temperature. This obser-
vation agrees with the scenario that, due to DIPAEMA partial
deprotonation at pH 7, the increase in temperature leads to
enhanced hydrophobicity of the system and, therefore, to the
formation of nanoparticles of constantly increasing mass. As
for the hydrodynamic radius results, two populations of the
aggregates are observed for the copolymers with larger
DIPAEMA content. This observation is attributed to the for-
mation of small (maybe unimolecular) species and larger mul-
timolecular aggregates. In PBS solution and specifically for
HB1 copolymer there is a relative decrease in the mass of

HB1 g b) HB2 s HB3 — 25
Y e ——60°C ° —60°C
= = &
© - -
H7 pH?
pH7 :
1 10 100 1000 10000 1 10 100 1000 10000 1 10 100 1000 10000
R;, (nm) R;, (nm) R;, (nm)
. 25°c o HB2 —25°C HB3 S
d) 60°C ——60°C f) ——60°C
- = & PBS
PBS PBS
1 10 100 1000 10000 1 10 100 1000 10000 1 10 100 1000 10000
R, (nm) Ry, (nm) R, (nm)

Fig. 5 Size distributions from DLS for the HB1-HB3 hyperbranched copolymers solutions as a function of pH and temperature.
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aggregates by increasing temperature while no drastic changes
are observed in terms of their dimensions. For HB2 copolymer
solutions the mass of the polymeric nanoparticles increases by
increasing temperature. However, there are two populations of
species (most probably large multichain aggregates and iso-
lated chains or aggregates with a lower number of chains) in
the whole range of temperatures. This is followed by an
increase of their dimensions. It is noteworthy that for HB3 in
PBS (i.e. in the presence of a small amount of salt) the mass of
the nanoparticles increases rapidly just from 40 °C in contrast
to the other hyperbranched copolymers. The same is observed
in terms of the dimensions of the nanoparticles which are five
times larger than those at pH 7 (no salt added). These obser-
vations lead to the conclusion that the presence of salt contrib-
utes drastically to changes in the structure of the polymeric
aggregates.

A summary of the results on the self-organization of HB
copolymers in aqueous media at different pHs and tempera-
tures is presented in ESI (Table S27). It is observed that HB2
and HB3 copolymers exhibit a low scattered intensity in most
cases when the amino groups are partially or fully protonated,
which is related to the small mass of the nanoparticles. Their
relatively small dimensions indicate that the species in solu-
tion may be molecularly dissolved hyperbranched copolymers,
as expected for hyperbranched amphiphilic structures.”"

Also, {-potential measurements were performed to deter-
mine the surface charge and colloidal stability of the hyper-

This journal is © The Royal Society of Chemistry 2021

branched copolymers. Positive values of C-potential are
observed at pH 3, as expected due to the protonation of
DIPAEMA amino groups. At pH 7 and 10 where partial and full
deprotonation of the amino groups takes place, respectively,
negative (-potential values are obtained, which are rather
attributed to the absorption of OH™ anions at the particle
surface and to the carboxyl groups coming from the chain
transfer agent fragments attached to the macromolecules.

Effect of ionic strength on P(OEGMA-co-DIPAEMA)
hyperbranched solution assembly

Taking into account that the hyperbranched copolymers are
converted to hyperbranched polyelectrolytes at pH 3, light scat-
tering measurements as a function of solution ionic strength
were performed in order to detect possible changes in the
structure of polymeric aggregates. Fig. 7 presents the variation
of Ry and scattered light intensity as a function of NaCl con-
centration in copolymer aqueous solutions.

An increase in scattering intensity and hydrodynamic
radius values occurs for all copolymers as ionic strength of the
solution increases. In particular, by increasing the amount of
hydrophobic component, a sharp increase in the mass and
dimensions of the nanoparticles is observed by the first
additions of NaCl. This observation is in agreement with the
C-potential values which disclose the highly charged polymeric
aggregates of HB2 and HB3 copolymers at this pH. The
extended secondary aggregation of the initially formed species

Polym. Chem., 2021,12, 6582-6593 | 6589
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in solutions is attributed to electrostatic screening effects as
salt concentration increases.>”

Curcumin encapsulation in P(OEGMA-co-DIPAEMA)
hyperbranched copolymers assemblies

In order to study the ability of P(OEGMA-co-DIPAEMA) hyper-
branched copolymer aggregates to act as drug carriers, the
model hydrophobic drug curcumin (CUR) was utilized. The
properties of the mixed copolymer/drug nanoparticles were
studied by light scattering and spectroscopy methods. Drug-
loaded aggregates with 30% w/w targeted CUR encapsulation
levels for HB1 and HB2 were prepared, according to the proto-
col described above. The final concentration of the copolymers
was 1 x 10 g mL™". Solutions of drug-loaded copolymer
nanoassemblies were studied by DLS at 25 °C and 90° angle.
UV-Vis and ATR-FTIR spectroscopy techniques were utilized to
determine the successful encapsulation of curcumin in the
aggregates of the copolymers, which are reported in the ESL¥
Utilizing the constructed calibration curve of curcumin in THF
the actual amount of entrapped drug could be determined as
presented in Table 2. In Fig. 8, comparative size distributions
of P(OEGMA-co-DIPAEMA) hyperbranched copolymers are pre-
sented, before and after curcumin encapsulation.

From Fig. 8 it is clearly observed that by adding curcumin
the size distributions become narrower. This means that the
encapsulation of the drug enhanced the self-assembly of poly-
meric nanoparticles. Especially, for the HB2 copolymer the
addition of curcumin results in the disappearance of small
particles and only a sharp peak with nanoscale dimensions is

6590 | Polym. Chem., 2021, 12, 6582-6593

Table 2 DLS data before and after curcumin encapsulation in HB1 and
HB2 hyperbranched copolymers aggregates

R, “ (nm)
% Intensity” (a.u) without/with PDI“ without/
Sample CUR without/with CUR  CUR with CUR
HB1 30%  205/3135 87/130 0.3/0.25
HB2 30%  52/11419 4 and 105/83 0.45/0.2

“By DLS at 90° angle.

present. This may declare that the interactions between copoly-
mer and curcumin are prevailing and the drug was entrapped
more efficiently in the polymeric aggregates. Presumably, pre-
existing free copolymer chains (or smaller aggregates) were
incorporated to the mixed copolymer-drug nanoassemblies. It
is worth noting that a significant increase in the mass of drug-
loaded aggregates occurs (Table 2), which demonstrates the
enhanced formation of mixed nanoparticles by addition of
hydrophobic curcumin.

After entrapment of CUR in the aggregates of the HB1 and
HB2 hyperbranched copolymers the stability of CUR-loaded
nanoparticles in the presence of serum was studied by DLS
measurements. DLS data were collected at 25 °C and at 90°
angle after 1 h of adding the CUR-loaded nanoparticles into
the FBS/PBS mixed solution. In Fig. 9, characteristic size distri-
butions of CUR-loaded nanoparticles are presented before and
after mixing with FBS/PBS media. The data on temporal stabi-
lity studies are reported in ESI (Fig. S57).

This journal is © The Royal Society of Chemistry 2021
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From the DLS data illustrated in Fig. 9 for the HB1 copoly-
mer nanoparticles is evident that no further aggregation of the
existing mixed copolymer-drug particles is taking place.
Therefore, CUR-loaded aggregates exhibit substantial stability
in the presence of serum proteins.

Based on our previous work® and in general from the
extensive literature that exists regarding the optical properties
of curcumin, it has been proven that curcumin provides strong
intrinsic fluorescence, a property that can be useful for bio-
imaging applications.> Therefore, fluorescence studies of
CUR-loaded hyperbranched copolymers were performed under
physiological conditions in PBS solutions and at pH 5.5 (the
typical pH for tumor tissues). The measurements were con-

This journal is © The Royal Society of Chemistry 2021

tacted by UV-Vis and fluorescence techniques, in order to
determine the optical properties of curcumin after its entrap-
ment into the polymeric aggregates. UV-Vis studies are
reported in ESLt It is known the literature that the solubility
of curcumin is very limited in water (4.2 pg mL™").>**® CUR
solubility increases significantly by encapsulation in the hydro-
phobic domains of copolymer aggregates. CUR-loaded HB2
and HB1 nanoparticles exhibit a 2 and 7 times increase of cur-
cumin solubility, respectively, compared to the case of pure
water (real CUR concentrations are 9.7 and 29 pg mL™’,
respectively). In contrast, in PBS solutions there is no increase
of drug solubility for HB1 copolymer aggregates, whereas for
HB2 this is 2 times greater (real CUR concentration for HB2 is

Polym. Chem., 2021, 12, 6582-6593 | 6591
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8.7 pg mL™"). The enhancement in solubility revealed at pH 5.5
compared to PBS solution may be related to the protonation of
amino groups of DIPAEMA segments, as polymeric chains may
acquire more extended conformations in aqueous media. After
CUR entrapment, the loaded polymeric aggregates exhibit a sig-
nificant fluorescence. In Fig. 10, the peak of curcumin at
489 nm in THF shifted to 505 nm (HB2) and 515 nm (HB1) in
aqueous media at pH5.5, and in PBS solution the peak of curcu-
min shifted to 499 nm (HB2) and 503 nm (HB1). This shift is
assumed to be due to the hydrophobic interactions that take
place between the drug and the hydrophobic DIPAEMA com-
ponent of the copolymer at these pH values.

Conclusions

Three novel, well-defined and multi-responsive P(OEGMA-co-
DIPAEMA) hyperbranched copolymers, having different com-
positions of the potentially hydrophobic, pH and temperature
responsive DIPAEMA component and the hydrophilic OEGMA
component were synthesized by RAFT polymerization. EGDMA
was utilized as the branching monomer to form hyper-
branched copolymers. By using static light scattering it was
possible to determine the molecular weights of all hyper-
branched copolymers as evidence for the branched macromol-
ecular structures, resulting from the synthetic procedures fol-
lowed. Dynamic light scattering and fluorescence spectroscopy
methods were used to determine the self-organization behav-

6592 | Polym. Chem., 2021, 12, 6582-6593

ior of the copolymers in aqueous solution as a function of pH
and temperature. From DLS results, it was observed that the
copolymers form large aggregates in aqueous solutions,
regardless of the chemical composition and temperature,
when the amino groups of DIPAEMA are fully protonated at
low pH. In contrast, when partial or total deprotonation of the
amino groups takes place (at pH 7 and pH 10), nanoparticles
of very small dimensions and mass appeared, while tending to
increase in size and mass as solution temperature increases.
Solution ionic strength also affects the structure of copolymers
in aqueous solutions at pH 3 resulting in the formation of
larger aggregates by increasing NaCl concentration. Neat and
CUR-loaded polymeric aggregates present significant stability
in the presence of serum. Furthermore, CUR-loaded nano-
particles exhibit significant fluorescence and, thus, they may
show potential utilization in bio-imaging applications.
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