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Introduction

Thermo- and pH-responsive poly[(diethylene
glycol methyl ether methacrylate)-co-(2-
diisopropylamino ethyl methacrylate)]
hyperbranched copolymers: self-assembly and
drug-loading+t

Dimitrios Selianitis and Stergios Pispas = *
We present the synthesis of a new series of thermo- and pH-responsive poly[(diethylene glycol methyl

P(DEGMA-co-DIPAEMA), hyper-
branched copolymers and studies regarding their self-assembly in agueous media. Three P(DEGMA-co-

ether methacrylate)-co-(2-diisopropylamino ethyl methacrylate)],
DIPAEMA) hyperbranched copolymers, with different ratios of hydrophobic to hydrophilic segments, are
synthesized via reversible addition—fragmentation chain transfer (RAFT) polymerization using the branch-
ing agent ethylene glycol dimethacrylate (EGDMA). By employing several physicochemical characteriz-
ation techniques, it was possible to determine the properties of self-assembled nanostructures, which are
responsive to changes in aqueous solution temperature and pH. Dynamic light scattering (DLS) verified
the formation of nano-aggregates in aqueous media, in particular at pH 3 and at both low and high temp-
eratures (25 °C, 55 °C), where all hyperbranched copolymers form the largest aggregates compared to
the other two pH conditions investigated (i.e., pH 7 and pH 10). In addition, the hyperbranched copoly-
mers were able to encapsulate the hydrophobic drug indomethacin (IND) at different loading ratios. IND
release experiments were performed at pH 7, and revealed that a high amount of the entrapped IND is
strongly attached to the hydrophobic domains of the hyperbranched copolymer aggregates. The acquired
data are encouraging for the potential of these novel hyperbranched copolymers to be used as nano-
carrier systems for medicinal applications.

cations. In addition, hyperbranched copolymers presented
several advantageous features in comparison with their linear

Hyperbranched copolymers and dendrimers belong to a well-
known family of highly branched macromolecules with a
three-dimensional dendritic-like architecture. Over the last few
years, hyperbranched copolymers have gained the interest of
polymer science and industry as well, due to their unique
macromolecular topologies and remarkable physicochemical
properties."™ On the one hand, the multi-step synthesis of
dendrimers requires repetitive purification steps, and thus,
there are some limitations resulting in expensive materials in
industry. On the other hand, the one-pot synthesis of ran-
domly branched,*® hyperbranched polymers makes them valu-
able and cost effective materials in large-scale industrial appli-
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analogues, including a large population of terminal functional
groups, higher segment density, lower viscosity and better
solubility.*” Hyperbranched polymers compared to the corres-
ponding linear polymers have the ability to self-assemble in
more dense conformations in aqueous solutions.® These
characteristics are attracting interest for a range of biomedical
applications,’ such as in drug'®™"? and gene delivery’*'* and
tissue engineering.'>"®

In recent years, polymer-based nanomedicine has focused
on functional polymeric materials that respond to physical
and chemical stimuli such as temperature,’”” " pH>**' and
ionic strength.”*** These polymeric materials are frequently
called “smart” polymers.>* Several studies report on thermo-
responsive polymers characterized by a low critical solution
temperature (LCST) behavior.”>*® In such cases below the
LCST the polymeric system is completely miscible, with
polymer chains being molecularly dissolved, whereas above
the LCST partial liquid immiscibility occurs through the aggre-
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gation of polymeric chains as a result of the reduction of
water-polymer interactions leading to the lower solubility of
polymer chains. pH responsive polymeric systems are a cat-
egory of responsive polymers that show changes in their con-
formation and aggregation state by changes in solution pH.
Such copolymers contain in their chain monomers that
consist of ionizable groups, and exhibit changes in their struc-
tural and physicochemical properties by altering the pH. The
cationic polymers usually contain amino groups, such as poly
(2{dimethylamino]ethyl methacrylate) (PDMAEMA) and poly
(2-diisopropylamino]ethyl methacrylate) (PDIPAEMA)
polymers,>”*® where the protonation of amino groups trans-
forms them into highly hydrophilic polymers when the solu-
tion pH is lower than the respective pK, values of the basic
pendant groups.

The synthesis of well-defined hyperbranched copolymers is
achieved by controlled radical polymerization methods
(ATRP,*° NMP,*"*> RAFT**7*%), which show substantial com-
patibility with a wide range of monomers. Using RAFT
polymerization, copolymers with predictable molecular
weights, narrow molecular weight distributions, and different
molecular architectures, ie., linear,*®®” star,*®**° and
hyperbranched*®*' copolymers, can be synthesized, whose
properties in solution may be affected by temperature®® and
PH changes. A typical example of a thermoresponsive hyper-
branched copolymer was reported by the Davis group. Utilizing
RAFT polymerization, they synthesized a hyperbranched copo-
lymer comprised of diethylene glycol methacrylate (DEGMA),
oligo(ethylene glycol) methyl ether methacrylate (OEGMA, M,,
=475 g mol™!) and the branching agent EGDMA. They studied
the properties of hyperbranched copolymers in comparison
with linear analogues. They found that the molecular architec-
ture affected the thermoresponsive behavior, accompanied by
a reduction of around 5-10 °C of the LCST of the hyper-
branched copolymers in comparison with the LCST of the
linear analogues.™

In the present study, we report on the one-step synthesis of
three novel multi-responsive poly[(diethylene glycol methyl
ether methacrylate)-co-(2-diisopropylamino ethyl methacry-
late)], P(DEGMA-co-DIPAEMA), hyperbranched copolymers by
the RAFT technique, in the presence of EGDMA as the branch-
ing agent. Furthermore, we studied the self-assembly behavior
of the formed nanostructures in response to variations in
physicochemical parameters such as temperature, pH and
ionic strength, utilizing light scattering methods and fluo-
rescence spectroscopy. Moreover, we studied the capability of
these hyperbranched copolymers to encapsulate a hydrophobic
drug, namely indomethacin (IND). Indomethacin is a non-ster-
oidal anti-inflammatory drug commonly used as a prescription
medication to reduce fever, pain, stiffness, and swelling from
inflammation. Utilizing ultraviolet visible (UV-Vis) spec-
troscopy, it was possible to calculate the drug loading (%DL)
and encapsulation efficiency (%EE). Finally, drug release pro-
files were obtained for the loaded hyperbranched copolymers
at pH 7. From the point of view of hyperbranched copolymer
design, the poly(diethylene glycol methyl ether methacrylate)
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(PDEGMA) homopolymer is a hydrophobic polymer above its
T, (around 27 °C, molar mass dependent),** and becomes
hydrophilic below the T, Copolymers containing PDEGMA can
be suitable candidates for a plethora of biomedical applications
since the polymer is considered biocompatible.*> The homopoly-
mer of 2-(diisopropylamino)ethyl methacrylate (PDIPAEMA) is a
dual-responsive polymer with regard to pH and temperature with
a pK, of around 6.2 *° and a T, of ca. 27-60 °C.*”*® PDIPAEMA
is miscible with water as a cationic polyelectrolyte, due to the pro-
tonation of its amino groups close to below neutral pH and is
transformed into a highly hydrophobic polymer at and above
neutral pH, where deprotonation of the tertiary amine groups
takes place. Based on the features mentioned above, we designed
and synthesized these novel P(DEGMA-co-DIPAEMA) hyper-
branched copolymers, having different compositions of the two
thermoresponsive components, in order to explore the molecular
structure-self-assembly property relationships in this new family
of branched copolymers.

Experimental
Materials

The monomers diethylene glycol methyl ether methacrylate
(DEGMA) (95%) and 2-(diisopropylamino)ethyl methacrylate
(DIPAEMA) (97%), and the difunctional monomer/branching
agent ethylene glycol dimethacrylate (EGDMA, 98%) were pur-
chased from Sigma-Aldrich. The three monomers were passed
through an inhibitor removing column for purification before
polymerization (butylated hydroxytoluene and hydroquinone
monomethyl ether inhibitor removers). 2,2"-
Azobisisobutyronitrile (AIBN) was utilized as the radical initiator
which was purified by recrystallization from methanol before
use. 1,4-Dioxane (>99.8% pure, Aldrich) was dried over molecular
sieves before use. 4-Cyano-4-( phenylcarbonothioylthio)pentanoic
acid (CPAD), tetrahydrofuran (THF 99.9% pure), n-hexane
(=97%), and other reagents were used as received.

Synthesis of P(DEGMA-co-DIPAEMA) hyperbranched
copolymers

Dual-responsive hyperbranched copolymers were synthesized
via reversible addition-fragmentation chain transfer (RAFT)
polymerization of hydrophilic DEGMA (T, 28 °C), hydro-
phobic DIPAEMA (pK, ~ 6.2) and EGDMA as the crosslinker/
branching agent with relatively narrow molecular weight distri-
butions (My/M, < 1.37). AIBN and CPAD were utilized as a
radical initiator and a chain transfer agent, respectively. 1,4-
Dioxane was used as the solvent of the polymerization reac-
tion. The P(DEGMA-co-DIPAEMA) hyperbranched copolymers
which vary in composition will be referred to as HB-I, HB-II
and HB-III in the order of increasing composition in DIPAEMA
segments for brevity. A typical example of the synthetic
process of a hyperbranched copolymer (HB-I) is described
below: in a round-bottom flask (50 mL), DEGMA (1.45 g,
7.7 mmol), DIPAEMA (0.24 g, 1.12 mmol), EGDMA (0.032 g,
0.16 mmol), CPAD (0.048 g, 0.17 mmol), AIBN (0.0056 g,

This journal is © The Royal Society of Chemistry 2023
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0.03 mmol) and 1,4-dioxane (18 mL, 10% w/w monomer con-
centration) were added. The mixed solution was degassed
under constant nitrogen gas flow for 20 min and then the
round-bottom flask was placed in a pre-heated oil bath at
70 °C for 24 h. After the reaction, the mixture was placed at
—20 °C followed by exposure to air to end the polymerization.
Afterward, the product was precipitated two times in a large
excess of n-hexane for the removal of unreacted monomers.
Finally, the reaction product was placed for 48 h in a vacuum
oven for drying at room temperature.

Self-assembly studies of dual-responsive hyperbranched
copolymers in aqueous media

The self-assembly studies of hyperbranched copolymers were
carried out in aqueous solutions prepared by the protocol
described as follows: an appropriate quantity of solid polymer
was dissolved directly in acidic water (10 mL), adjusted to pH
3, with an appropriate quantity of 0.1 M HCI (copolymer con-
centration, ¢ = 1 x 10~ ¢ mL™") and the solutions were left
overnight to equilibrate. Subsequently, appropriate quantities
of 1 M NaOH solution were added to adjust the solution pH to
7 and 10. For fluorescence measurements, an appropriate
quantity of pyrene probe solution (1 mM stock solution in
acetone) was added to each P(DEGMA-co-DIPAEMA) hyper-
branched copolymer solution of different pH values. All hyper-
branched copolymer solutions were left overnight to bring the
systems in equilibrium (final ¢pyrene = 1077 M). The experi-
ments on the effects of solution ionic strength were performed
by increasing the solution salinity. An appropriate quantity of
1 M Nacl stock solution was added to the copolymer solution
initially prepared. All stock solutions were filtered through
0.45 pm hydrophilic PVDF filters prior to measurements.
Dynamic light scattering measurements were used to specify
the changes in mass (via scattered intensity measurements)
and the hydrodynamic radius Ry, of copolymer solutions.

Preparation of IND-loaded P(DEGMA-co-DIPAEMA)
nanocarriers

Indomethacin encapsulation into P(DEGMA-co-DIPAEMA)
hyperbranched copolymers was performed via the thin film
hydration method which is described below. First, two separ-
ate stock solutions of the copolymer in CHCI; and indometha-
cin in CHCI; were prepared. For the preparation of HB-1/10%
w/w IND, 0.01 g of solid material and 0.18 g of IND were dis-
solved directly in an organic solvent. Afterwards, the solutions
were mixed and placed in a spherical flask. By using a rotary
evaporator the solvent was evaporated, leaving a thin copoly-
mer/drug mixed film on the flask walls. Subsequently, a
certain quantity of distilled water (10 mL) was added and
gentle stirring at room temperature led to the formation of
drug-loaded nanostructures in aqueous media. The entrap-
ment of IND was successful only in two of the three copoly-
mers, because the HB-III copolymer, due to its high compo-
sition of the hydrophobic DIPAEMA component was imposs-
ible to encapsulate and sustain a large amount of the drug
(precipitates were visible within the solution after prepa-
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ration). The IND-loaded copolymer nanoparticles were studied
by DLS (at 25 °C and at 90° angle) to determine the structural
properties of drug-loaded nanostructures. All drug-loaded
copolymer solutions were filtered through 0.45 pm pore size
filters and left overnight to bring the systems in equilibrium
before measurements.

Drug loading and encapsulation efficiency of IND

Using UV-Vis spectroscopy it was possible to determine the
actual percentage of drug encapsulated in the hyperbranched
copolymer aggregates. The reference curve of indomethacin in
CHCI; was constructed by measuring the absorbance at Ajax =
320 nm. %DL is the amount of drug loaded per unit mass of
the drug/copolymer mixed assemblies, indicating the percen-
tage of the mass of the nanoparticle that corresponds to the
encapsulated drug. %DL can be calculated by the amount of
total encapsulated drug divided by the total nanoparticle mass
(drug + copolymer mass). %EE is the percentage of drug that
is successfully encapsulated into the nanoparticle and is calcu-
lated by the mass of encapsulated drug divided by the total
mass of the drug initially added.

%DL = [mass of encapsulated drug/total nanoparticle mass|

x 100
(1)
%EE = [mass of encapsulated drug/total drug mass added]
X 100
(2)

Drug release studies

The release of IND from HB-I and HB-II nanoassemblies was
carried out at pH 7 by the dialysis method for approximately
seven hours. In particular, 10 mL of IND loaded nanoparticles
solution were added into a dialysis bag (MW cutoff 3500),
which was placed in 10 times excess of distilled water. 3 mL of
the external solution were taken at specific times and each
time the aqueous media was restored to its initial volume, so
that the conditions of the tank remained constant. The
amount of IND released was evaluated by UV-Vis spectroscopy
at Amax = 320 nm.

Characterization methods

Size exclusion chromatography. The molecular weights and
molecular weight distributions of the copolymers were deter-
mined by size exclusion chromatography, using a Waters
instrument, consisting of a Waters 1515 isocratic pump, a set
of three p-Styragel mixed separation columns (pore range 10°-
10° A), and a Waters 2414 refractive index detector (balanced at
40 °C) and controlled using Breeze software. The mobile phase
was tetrahydrofuran, containing 5% v/v triethylamine, at a flow
rate of 1 mL min~", and at 30 °C. Calibration of the instrument
was performed using polystyrene standards with narrow mole-
cular weight distributions and weight average molecular
weights in the range of 2500 to 123 000 g mol ™.

Polym. Chem., 2023, 14, 587-599 | 589
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"H-NMR spectroscopy. A Bruker AC 300 FT-R spectrometer
was utilized for recording the "H-NMR spectra. The chemical
shifts are recorded in parts per million (ppm) with reference
to tetramethylsilane (TMS). For "H-NMR measurements, 10 mg
of each copolymer were directly dissolved in 0.7 mL of deute-
rated chloroform before measurement and subsequently the
copolymer solution was placed in NMR tubes. The spectra col-
lection and analysis were accomplished using Mestre Nova
software from Mestrelab.

"H-NMR spectra peaks of P(DEGMA-co-DIPAEMA) (Fig. 2,
300 MHz, CDCl,, ppm): 0.88, 1.23 (9H, -CH,CCH,-), 0.99 (3H,
CH;CH-), 1.6-2.28 (6H, -CH,C-), 2.63 (2H, -CH,N), 2.99 (H,
-NCH), 3.38 (3H, OCHj3), 3.83, 4.09 ([(2H, -COOCH,(CH,), 2H,
~-COOCH,(CH,)].

UV-Vis spectroscopy. UV-Vis spectra were recorded using a
PerkinElmer Lambda 19 UV-Vis spectrophotometer. 1 cm path
quartz cells were utilized, placing each time 3 mL of the
sample solution to be measured in the cell.

Fluorescence spectroscopy. Fluorescence measurements
were recorded to determine the critical aggregation concen-
tration (CAC) of the hyperbranched copolymers, using 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 (250-850 nm) from Horiba Jobin Yvon.
Hyperbranched copolymer solutions were prepared at concen-
trations ranging from 107% to 10~ ¢ mL™" and pyrene stock
solution (1 mM) in acetone was added. The solutions were left
overnight for the evaporation of acetone and to bring the
systems in equilibrium and subsequently the I,/I; ratio was
measured at each polymer concentration (ie., the ratio of
intensities of the first and the third vibronic peaks in the
pyrene emission spectra). The excitation wavelength used for
the measurements was 335 nm and emission spectra were
recorded in the 355-640 nm region.

Light scattering. DLS measurements were accomplished uti-
lizing an 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), utilizing 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, with 5 °C steps, allowing for 15 min
equilibration between temperatures. The size data presented
below correspond to measurements at an angle of 90°. All
samples were filtered through 0.45 pm hydrophilic PVDF
filters.
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For static light scattering measurements the same instru-
ment was utilized in the angular range of 30°-150° and at
25 °C. Toluene was used as the calibration standard. The dn/dc
values were calculated from literature data (linear PDEGMA
(dn/dc = 0.085 mL g™ '), those of linear POEGMA (dn/dc =
0.07 mL g') and linear PDIPAEMA (dn/dc = 0.077 mL g ")
were available, also based on the refractive indices of the con-
stituting components and THF. Static light scattering profiles
were analyzed by Zimm and Guinier models using the software
available by the manufacturer.

Electrophoretic light scattering and {-potential. The
{-potential was measured on a Malvern Nano Zeta Sizer system
equipped with a He-Ne laser of 4 mW at a wavelength 4 =
633 nm. It uses a photodiode as a detector and the scattered
radiation is measured at an angle of 173°. Electrokinetic
measurements to determine the mobility and {p values of the
colloids were performed using the LDV technique (Laser
Doppler Velocimetry) and the Smoluchowski approximation.
Reported {p values are the mean of 100 measurements.

Results and discussion

P(DEGMA-co-DIPAEMA) hyperbranched copolymer synthesis
and molecular characterization

A series of P(DEGMA-co-DIPAEMA) hyperbranched copolymers
were synthesized via RAFT polymerization with different mole-
cular characteristics. For the synthesis of all hyperbranched
copolymers the EGDMA/CTA ratio was maintained constant at
1.1 to avoid gelation. The radical initiator AIBN was utilized
for the synthesis of the hyperbranched copolymer as well as
1,4-dioxane as the solvent for the polymerization. The syn-
thesis of P(DEGMA-co-DIPAEMA) copolymers was achieved at
70 °C for 24 h and the synthetic route is given in Scheme 1.
CPAD was chosen as the chain transfer agent since it is suit-
able for methacrylate monomers as evidenced in the litera-
ture.*® The choice of the EGDMA difunctional monomer as the
crosslinker/branching agent resulted in the generation of the
branched polymeric chains producing branching points. The
molecular characterization of all hyperbranched copolymers
was accomplished by means of SEC and "H-NMR techniques.
A representative chromatogram of the HB-I copolymer is illus-
trated in Fig. 1. A narrow peak accompanied by symmetric
molecular weight distribution and low dispersity is evident
indicating control of the polymerization process. It should be
mentioned that the molecular weights determined in the case
of the branched copolymer by SEC are apparent ones because
of the different hydrodynamic properties of the hyperbranched
copolymers relative to the corresponding linear polystyrenes
used for calibration. The molecular characteristics of all hyper-
branched copolymers are presented in Table 1.

By utilizing "H-NMR spectroscopy the chemical structure
and the composition of P(DEGMA-co-DIPAEMA) hyper-
branched copolymers were determined. Characteristic peaks
were selected to calculate the composition of each copolymer
and are displayed in Fig. 2. For the DEGMA component the

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 SEC chromatogram of the HB-I hyperbranched copolymer.

-CH; protons at 3.38 ppm were chosen (peak f)°° and for the
PDIPAEMA the -CH, protons at 2.62 ppm were utilized (peak
d).”® 1t should be mentioned that the corresponding peak (g)
of EGDMA is overlapped with the signals of the DEGMA peaks
(h, z) at 3.61 ppm.

The apparent weight average molecular weights of the
hyperbranched copolymers were determined by SLS measure-
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Synthesis scheme followed for the preparation of P(DEGMA-co-DIPAEMA) hyperbranched copolymers.

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

M,, (10%)° M, (10°) % wt % wt
Sample (gmol™) MM, (gmol™) DEGMA° DIPAEMA®
HB- 0.98 1.18 3.09 82 18
HB-I 1.1 1.2 4.72 60 40
HBII 1.2 1.22 3.61 46 54

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

ments in THF measurements (a good solvent for all copolymer
components). As shown from the results in Table 1, the M, app,
values acquired by SLS are higher than the M,, values obtained
by SEC, supporting the hyperbranched macromolecular struc-
ture of the present copolymers.

Self-assembly studies of hyperbranched copolymers in
aqueous media

The composition and the hyperbranched architecture of
P(DEGMA-co-DIPAEMA) copolymers are expected to affect the
solution properties of the double hydrophilic hyperbranched
copolymers, while various physicochemical stimuli can also
affect the self-assembly state of these copolymers. An extensive
study was undertaken, utilizing different physicochemical
methods. Fluorescence spectroscopy was performed to evalu-

Polym. Chem., 2023, 14, 587-599 | 591
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Fig. 2 H-NMR spectrum of the HB-IIl hyperbranched copolymer.

ate the critical aggregation concentration (CAC) of the hyper-
branched copolymers. In these experiments pyrene was used
as the probe, since it is insoluble in water and has the ability
to be localized in the hydrophobic domains of amphiphilic
self-assembled nanoparticles formed in aqueous solutions.
Specifically, I,/I; represents the intensity ratio between the first
and the third vibronic peaks in the pyrene fluorescence spec-
trum, which is highly sensitive to changes in the polarity of
the probe microenvironment. The literature low values of the
ratio I;/I; (in the range of 1.0-1.3) represent the hydrophobic
environment around pyrene. A more polar environment is
revealed when the I,/I; ratio has values in the range 1.7-1.9.*
The copolymer solutions were prepared at concentrations
ranging from 10~% to 107 g mL™". Table 2 presents the I /I
values of the dual-responsive P(DEGMA-co-DIPAEMA) hyper-
branched copolymers under different solution conditions
regarding pH and temperature. CAC values are expected to be
affected by changes in pH, temperature and the chemical com-
position of each copolymer in aqueous solutions. The
measurements were recorded at pH 3, 7, and 10. At pH 3, no
copolymer aggregates were observed, as evidenced by the high

Table 2 /,/I5 values of P(DEGMA-co-DIPAEMA) hyperbranched copoly-
mers as a function of pH and temperature (Cpoymer = 1 X 107 g mL™)

L/,
Copolymer pH 25 °C 55 °C
HB-1 3 1.58 1.49
7 1.49 1.36
10 1.35 1.24
HB-II 3 1.54 1.45
7 1.38 1.32
10 1.18 1.15
HB-III 3 1.57 1.47
7 1.2 1.16
10 1.14 1.1
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L/I; values, due to the hydrophilic character of DIPAEMA seg-
ments (fully protonated amino groups) at this pH, as DEGMA
is also a hydrophilic component.>® At pH 7 and pH 10 repre-
sentative graphs of I;/I; vs. copolymer concentration are illus-
trated in Fig. 3.

In the plots shown above, a clear plateau is observed at low
polymer concentrations, where there are no polymeric aggre-
gates formed in aqueous media. The transition in the I,/I;
values between lower and higher copolymer concentrations
revealed the formation of copolymer aggregates. Moreover, the
chemical composition of each copolymer seems to affect the
actual critical aggregation concentration, with the CAC switch-
ing to lower values for copolymer HB-III with the higher
DIPAEMA content. The CAC always appears at lower concen-
trations at pH 10 and at higher concentrations at pH 7. This
fact is to be expected since the closer to the neutral pH the
more hydrophobic behavior is revealed by the copolymer, due
to the partial or full deprotonation of the amino groups of
DIPAEMA segments. Generally, the increased hydrophobicity
of the DIPAEMA segments results in the formation of nano-
structures at lower concentrations, especially at higher
DIPAEMA contents. Table 2 presents the I,/I; values of hyper-
branched copolymers in aqueous solutions as a function of pH
and temperature.

As shown in Table 2 above, the I,/I; values demonstrate the
microenvironment that pyrene experiences under each solu-
tion condition. The dual-responsive P(DEGMA-co-DIPAEMA
hyperbranched copolymers exhibit a gamut of I,/I; values
under different physicochemical stimuli. Specifically, at pH 10
the full deprotonation of the amine groups of DIPAEMA seg-
ments leads to increased hydrophobicity of the copolymer,
which is depicted by the reduction of I,/I;. Furthermore, at
both extreme temperatures by increasing the amount of
DIPAEMA component, the I;/I; ratio seems to attain lower
values. Interestingly by increasing the temperature the hydro-
phobicity of all copolymer systems is enhanced (at the same
pH) which can be related to the thermo-responsiveness (LCST
behavior with T, ca. 27 °C) of PDEGMA and the PDIPAEMA
segments at higher temperatures (the I,/I; ratio is smaller at
55 °C).

Taking into consideration the data presented above, the
P(DEGMA-co-DIPAEMA) hyperbranched copolymers show
amphiphilic character and self-assemble into polymeric aggre-
gates, carrying hydrophobic domains, under the effect of
temperature increase and pH-changes due to the thermo-
response of PDEGMA and PDIPAEMA and the pH-response of
PDIPAEMA components, modulated by the variable compo-
sition of each segment in the copolymer.

Additional studies of the dual-responsive P(DEGMA-co-
DIPAEMA) hyperbranched copolymers in aqueous media were
conducted by light scattering methods. The acquired results
are presented in Table S1 (ESI).t In particular, by using the
dynamic light scattering technique it was possible to evaluate
several parameters such as the hydrodynamic radius (Ry,) of
the self-assembled polymeric aggregates, the changes in terms
of the mass of nanoaggregates (via scattered intensity

This journal is © The Royal Society of Chemistry 2023
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measurements) and their polydispersity index (PDI) due to
temperature and pH alternations. Light scattering measure-
ments for HB-I are presented in Fig. 4. Based on the Contin
analysis results at 25 °C and 55 °C well-defined nanostructures
were formed. Specifically, at pH 3 and at both temperatures,
where the amino groups of PDIPAEMA are fully protonated
and PDEGMA is in a hydrophobic state, nanoparticles of larger
sizes are observed when they are compared to the other two
pH values, probably due to the extended conformation of poly-
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meric chains. Also, a narrow size distribution was observed at
55 °C in contrast to the lower temperature (PDI = 0.45 at 25 °C
vs. PDI = 0.12 at 55 °C). At pH 10 and at both temperatures,
the full deprotonation of PDIPAEMA chains and the hydro-
phobic character of PDEGMA lead to a reduction in the dimen-
sions of the formed polymeric aggregates. At this pH value
both components are in their most hydrophobic state, result-
ing in the formation of compact nanoparticles showing narrow
size distributions. An interesting observation takes place at pH

Fig. 4 Light scattering results for the HB-1 hyperbranched copolymer solutions: size distributions from DLS (upper row: a and b) and variation of
the scattered intensity and Ry, as a function of pH and temperature (lower row: ¢, d and e).
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7 in comparison with lower and higher temperatures. In par-
ticular, at this pH and at a lower temperature (Fig. 4a), the
partial deprotonation of DIPAEMA chains led to the formation
of two populations. The opposite is observed at a higher temp-
erature (Fig. 4b), where both copolymer components impart
sufficient hydrophobicity to the system, resulting in the for-
mation of better-defined nanostructures.

Furthermore, studies were carried out to evaluate the
changes in scattered intensity (i.e., the changes in the mass of
the nanoparticles) as a function of pH and temperature. As
shown in the characteristic graphs below, an increase in scat-
tered intensity is observed at all pH values. At pH 3 and 25 °C
both PDEGMA and PDIPAEMA elements are in the most well-
solvated state (Fig. 4c). By increasing the temperature, the
mass of the self-organized nanoparticles formed in aqueous
media increases as the PDEGMA component shifts to a more
hydrophobic state. Also, the nanoparticles have the tendency
to reduce their initial sizes as both constituents are in the
hydrophobic form but as temperature increases some small
variation is observed (Fig. 4c). At pH 7 there are interesting
differences in the mass and dimensions of the aggregates com-
pared to pH 3. The amino groups of PDIPAEMA are partially
protonated here giving a more hydrophobic character to the
system, and this is demonstrated by the ca. 25 times rise in
mass, accompanied by an almost 3.5 times reduction in the
size of the nanoparticles in comparison with acidic conditions.
Also, it seems that the temperature has no significant effect on
the sizes of the nanoparticles at pH 7. At pH 10 where the
DIPAEMA segments are fully deprotonated, the formation of
nanoparticles of low mass accompanied by small sizes is
observed. It appears that at pH 10 the strong hydrophobicity of
DIPAEMA significantly affects the system, in combination with
the hydrophobicity presented by PDEGMA as temperature

View Article Online
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increases. At 55 °C, DEGMA chains are in the most hydro-
phobic conditions and in a more compact conformation. This
combination leads to the formation of nanoparticles of small
sizes and masses with fairly well-defined overall structures.

Fig. 5 presents the light scattering results from HB-III copo-
lymer solutions. This hyperbranched copolymer has the larger
PDIPAEMA content. The high content of PDIPAEMA most
probably allows the polymeric system to be organized in more
swollen (loose) aggregates with relatively wide size distri-
butions under acidic conditions. A fairly narrow size distri-
bution is observed at pH 10 in both temperatures, where
DIPAEMA chains are fully deprotonated leading to a more
compact aggregate structure. It is speculated that this occurs
because of the greater content of DIPAEMA which gives the
system an extra impetus to form well-defined nanostructures.
It appears that by decreasing the PDEGMA content, at higher
temperatures, the nanoparticles formed have more extended
structures and relatively broader size distributions. The oppo-
site has been observed in the case of the HB-I copolymer,
where the dominant component is DEGMA.

Based on the changes in the mass and sizes of the nanoag-
gregates, several interesting observations can be made. By
increasing pH, a remarkable increase in the mass of the
formed nanoparticles is observed. This is due to the high
content in PDIPAEMA which enhances the hydrophobicity of
the polymeric system and its subsequent aggregation. At pH 3
the thermal response of both components leads to a reduction
of the scattering intensity (mass). The opposite happens in the
case of HB-I which consists primarily of DEGMA (Fig. 4c).
Regarding the dimensions of the nanoparticles, it seems that
when the temperature increases there is a relative reduction in
the aggregate sizes which, however, return to their initial
values at higher temperatures (Fig. 5c). At pH 7 a linear
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Fig. 5 Light scattering results for the HB-III hyperbranched copolymer solutions: size distributions from DLS (upper row: a and b) and variation of
the scattered intensity and Ry, as a function of pH and temperature (lower row: ¢, d and e).
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increase in the scattered intensity and dimensions of the
nanoparticles occurs by increasing the temperature, except for
the transition between 50 °C and 55 °C, where there is a sharp
increase of the sizes (almost 2 times). At pH 10 no significant
changes are observed in the mass or sizes of the aggregates vs.
temperature. As mentioned above, this copolymer at pH 10
tends to form more dense and well-defined structures across a
wide range of temperatures.

Light scattering measurements for the HB-II copolymer are
illustrated in Fig. 6. This polymer is in an intermediate con-
dition in comparison with the other two polymeric systems in
terms of its composition. Considering the plots given below, at
25 °C it appears that nanoparticles with relatively broad size
distributions were formed at all pH values. Interestingly by
changing the pH or temperature there was no second nano-
particle population observed. In practice, the sizes observed
had intermediate values in comparison to the other two copo-
lymers at all ranges of pH and temperature (see also the
results in the ESI{). This may be due to the fact that the
system has a more balanced monomer composition even
though PDEGMA slightly predominates. As described above
(see the behavior of HB-I), when DEGMA was dominant two
populations appeared at 25 °C and at pH 7 (Fig. 4a), where at
this temperature PDEGMA is close to its LCST. Furthermore, in
the case of the HB-III copolymer, where DIPAEMA predomi-
nates, two populations of nanoparticles were formed at pH 7
and 55 °C (Fig. 5b). Under these conditions PDIPAEMA is
quite hydrophobic since it is above its pK, and its LCST.

Based on the changes in the mass of the formed aggregates
in the case of HB-II, the same pattern is observed at all pH
values. In particular, as the pH increases, an increase in scat-

This journal is © The Royal Society of Chemistry 2023

tered intensity is observed. Interestingly, in the case of HB-II
aggregates, as the pH increases, a reduction in size is evident.
As mentioned above, when PDIPAEMA is above its pK,, its
amino groups are partially or fully deprotonated converting it
to a hydrophobic polymer. Therefore, there are no particular
changes in the size of the formed nanoparticles at all pH
values by increasing the temperature.

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

The P(DEGMA-co-DIPAEMA) hyperbranched copolymers under
acidic conditions are fully protonated, and thus are converted
to hyperbranched polyelectrolytes. Taking that into account,
the impact of solution ionic strength on the structural changes
of the polymeric aggregates formed was investigated.
Characteristic plots showing changes in the size and mass of
polymeric assemblies as a function of NaCl concentration in
aqueous media are illustrated in Fig. 7.

An increase of salt concentration reveals a gradual increase
in the mass of polymeric aggregates in all hyperbranched
copolymer solutions. In particular, as the DIPAEMA com-
ponent in the copolymer increases, the mass of nanoparticles
shows higher values at a higher NaCl concentration. In the
case of HB-III, the largest values regarding the dimension of
the formed nanoparticles are observed. In an acidic environ-
ment, the HB-III copolymer shows the highest {-potential
values (because of the highest DIPAEMA content), resulting in
the formation of nanoparticles of larger dimensions compared
to the other two copolymers. This is due to the high concen-
tration of protonated (positively charged) amino groups which
are affected by the NaCl concentration increase. In the case of

Polym. Chem., 2023, 14, 587-599 | 595
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HB-I no significant changes in particle dimensions are
observed with changes in solution ionic strength. This may be
due to the low PDIPAEMA content of the particular copolymer.
In the case of HB-II, a sharp increase in the dimensions of the
self-assembled nanoparticles occurs by the first addition of
NaCl in the solution, where subsequent additions of salt
create a plateau in terms of aggregate dimensions. This may
be a result of the screening effects of salt on the positively
charged amino groups.

Indomethacin loading to P(DEGMA-co-DIPAEMA)
hyperbranched copolymers

The ability of P(DEGMA-co-DIPAEMA) hyperbranched copoly-
mers to act as drug vehicles was investigated next.
Indomethacin (IND) was utilized as a model hydrophobic
drug, which was able to be entrapped into the hydrophobic
domains of copolymer aggregates. The properties of the drug-
loaded polymeric aggregates were determined by dynamic
light scattering (DLS) and ultraviolet visible spectroscopy
(UV-Vis). The encapsulation of IND was accomplished accord-
ing to the protocol described in the experimental part. In the
case of HB-II only 10% w/w of IND was able to be encapsu-
lated. This should be related to the high PDIPAEMA content.
The high amount of hydrophobic component, in combination
with the high concentration of the hydrophobic drug, creates
an imbalance in the mixed copolymer-drug system. This
results in the precipitation of the drug or disintegration of
mixed copolymer/drug nanoparticles. The final concentration

596 | Polym. Chem., 2023, 14, 587-599

of the copolymer solutions was 1 x 10~ ¢ mL™". DLS measure-
ments were recorded at 25 °C and 90° angle. UV-Vis was used
to specify the successful encapsulation of indomethacin in the
polymeric aggregates, which are reported in the ESI.t By using
the calibration curve of indomethacin in chloroform, the
actual quantity of the encapsulated drug was calculated, which
is reported in Table S2.1 Fig. 8 shows the comparative plots of
size  distributions, before and after indomethacin
encapsulation.

Fig. 8 depicts the remarkable differences in the size distri-
butions between the neat and drug-loaded hyperbranched
nanoparticles. In the case of the IND-loaded HB-I copolymer,
it is observed that the encapsulation of the IND enhanced the
self-assembly of polymeric aggregates. Specifically, one popu-
lation of particles is present which demonstrates more well-
defined nanostructures with the addition of the drug.
Furthermore, as the amount of loaded drug increases, the
sizes of loaded copolymer nanoparticles appear to decrease.
This is likely to be due to the hydrophobic interactions
between the polymer and the drug, which lead to more
efficient entrapment of the drug in the hydrophobic domains
of polymeric aggregates and also shrinkage of the mixed copo-
lymer-drug nanoparticles which are now becoming more
hydrophobic in nature. The same pattern seems to be followed
by the other hyperbranched copolymer HB-II. It is worth men-
tioning that a gradual increase in the mass of IND-loaded poly-
meric aggregates occurs (Table 3), which indicates the more

efficient formation of loaded copolymer nanoassemblies by

This journal is © The Royal Society of Chemistry 2023
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Table 3 DLS measurements for bare and IND-loaded hyperbranched nanoparticles

Intensity” (kHz) R, “ (nm) PDI”
Sample %IND With IND Without IND With IND Without IND With IND Without IND
HB-1 10 2.477 2.547 226 17/85 0.4 0.36
20 5.567 2.547 160 17/85 0.43 0.36
30 42.400 2.547 82 17/85 0.3 0.36
HB-II 10 1.941 54.000 66 102 0.41 0.4

“By DLS at an angle of 90°.

the incorporation of hydrophobic indomethacin in the mixed
system.

Drug release profiles from the hyperbranched copolymer
aggregates

IND-loaded hyperbranched copolymer mixed aggregates were
studied in order to evaluate the drug release. Fig. 9 presents
the cumulative drug release vs. time for both nanocarrier
systems. Drug release studies reveal that both nanocarriers
were able to release IND. Specifically, it appears that in the
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Fig. 9 Drug release from IND-loaded hyperbranched copolymer

nanoassemblies in pH 7 solutions.

This journal is © The Royal Society of Chemistry 2023

first 50 min both polymeric systems release about the same
amount of drug. Then HB-II seems to release a higher amount
of drug, which may be attributed to the composition of the
copolymer and the overall structure of the mixed drug-copoly-
mer aggregates. In particular, as mentioned above at pH 7 the
DIPAEMA segments are partially protonated, and in combi-
nation with a higher DIPAEMA content in the HB-II copolymer,
this may lead to a more effective release of the drug.

Conclusions

A novel series of temperature and pH-responsive P(DEGMA-co-
DIPAEMA) hyperbranched copolymers were synthesized via
RAFT polymerization using EGDMA as the branching agent.
Results from static light scattering together with SEC experi-
ments supported the hyperbranched molecular architecture of
the newly synthesized copolymers. The hyperbranched copoly-
mer self-assembled nanostructures formed in aqueous media
were found to be responsive to temperature and pH.
Fluorescence spectroscopy using pyrene as the probe showed
the dependence of CAC values of the copolymer aggregates on
pH and temperature. Structural characteristics of the aggre-
gates are strongly dependent on the copolymer composition.
With the aid of light scattering measurements, the aggregates
were found to increase in mass as the solution temperature
increased. When DIPAEMA segments were fully deprotonated,

nanostructures of small dimensions were observed.
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Furthermore, when DEGMA predominates as a component in
the copolymer, nanoparticles with more well-defined struc-
tures were formed. Additionally, experiments as a function of
solution ionic strength showed that larger polymeric aggre-
gates are formed by increasing the NaCl concentration.
Indomethacin encapsulation increased the hydrophobic char-
acter of the mixed aggregates and rather well-defined nano-
structures were formed with a higher mass and size, but
within nanoscale dimensions. Moreover, drug release profiles
exhibited low release rates, which indicates that a high
amount of the entrapped IND is strongly attached to the hydro-
phobic domains of the hyperbranched copolymer aggregates.
The stimuli responsive amphiphilic character and structural
flexibility of these new hyperbranched copolymers may be
useful for their utilization as drug nanocarriers and as func-
tional nanostructures and nanomaterials in other nanotechno-
logical applications.
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