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Introduction

Stimuli-responsive polymers are a class of smart materials that

PDEGMA-b-PDMAEMA-b-PLMA triblock
terpolymers and their cationic analogues:
synthesis, stimuli responsive self-assembly and
micelleplex formationf

Despoina Giaouzi and Stergios Pispas (2 *

In this study, the synthesis, chemical modification and self-assembly in aqueous media of novel tempera-
ture-responsive and pH-responsive triblock terpolymers of the type (poly(diethylene glycol methyl ether
(PDEGMA-b-
PDMAEMA-b-PLMA) are reported. The triblock terpolymers were synthesized via RAFT polymerization

methacrylate)-b-poly(2-(dimethylamino)ethyl methacrylate)-b-poly(lauryl methacrylate))

and molecular characterization was achieved by SEC, 'H-NMR and FTIR spectroscopy. Methyl iodide
(CHsl) was utilized for chemical modification of the PDMAEMA blocks to increase the overall solubility of
the triblock terpolymers in aqueous media and to obtain permanent positive charges, converting them to
temperature-responsive block polyelectrolytes. PDEGMA-b-PDMAEMA-b-PLMA triblock terpolymers and
their quaternized analogs self-assemble in aqueous media forming spherical micellar structures consisting
of a hydrophobic PLMA core and stimuli-responsive PDMAEMA and PDEGMA corona, as evidenced by
light scattering measurements. The dimensions of the formed micelles were influenced noticeably by
variations in the solution temperature and pH. Moreover, we examine the formation of micelleplexes
between quaternized PDEGMA-b-QPDMAEMA-b-PLMA thermoresponsive micelles and DNA molecules.
The complexation capability of the formed micelleplexes was investigated by ethidium bromide quench-
ing assays utilizing fluorescence spectroscopy techniques and UV-vis spectroscopy. Light scattering tech-
niques are utilized in order to determine the structural characteristics of the formed micelleplexes. The
quaternized terpolymer micelles effectively interact with nucleic acid molecules with their surface charge
and their size depending on the composition of block terpolymers, the N/P ratio, and the increase of
temperature above the LCST value of the temperature responsive PDEGMA block.

perties. Stimuli-responsive polymers are promising, potential
candidates for a wide range of applications in various scientific
fields such as medicine, biotechnology and diagnostics.”'°

have attracted scientific interest due to their ability to form
nanoscale structures of diverse morphologies in aqueous
media."® This property renders them useful as nanocarriers
for triggered and targeted delivery of therapeutic and bio-
imaging molecules and genes. Stimuli-responsive polymers are
capable of self-assembling in aqueous media in response to
one or more external stimuli'™ such as temperature,” pH,>®
and ionic strength”® and undergoing variations, irreversible or
reversible, in their conformation and physical/chemical pro-
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Temperature-responsive polymers, among the most signifi-
cant subclasses of stimuli-responsive polymers, exhibit abrupt
variations in the solvation state after the solution temperature
changes.”''™"® Temperature-responsive polymers are broadly
divided into two main groups. The first comprises polymers
that become insoluble/hydrophobic when the temperature
rises above a lower critical solution temperature (LCST) and
the second one includes polymers that become soluble/hydro-
philic when the temperature rises above an upper critical solu-
tion temperature (UCST)."*™*® Temperature-responsive poly-
mers are examined in aqueous solutions since they are capable
of emulating biological systems and responding to physiologi-
cal conditions." These kinds of synthetic polymers have
attracted enormous scientific attention due to their promising
applications in biomedical fields such as gene and drug
delivery.'”>?

This journal is © The Royal Society of Chemistry 2024
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Among temperature-responsive polymers, PDEGMA (poly
(diethylene glycol methyl ether methacrylate)) is a thermo-
responsive, hydrophilic polymer, which becomes hydrophobic
above its transition temperature (~27 ©°C, molar mass
dependent).?*?** Copolymers composed of PDEGMA are prom-
ising candidates as nanocarriers/biomaterials for biomedical
applications since the PDEGMA polymer presents high
biocompatibility.>®

Another important category of stimuli-responsive polymers
includes pH-responsive polymers that undergo alternations in
the hydration and conformational state in response to changes
in solution pH.??**>° Poly(2-(dimethylamino) ethyl methacry-
late) PDMAEMA is a homopolymer that responds to changes
in solution pH (pK, =~ 7.5) as well as in solution temperature
when pH > 7 exhibiting a transition temperature in the range
from 40 °C to 55 °C. The transition temperature of the
PDMAEMA homopolymer depends on its molecular weight
and the solution pH and ionic strength, which affect the proto-
nation degree of the amine groups and the resulting electro-
static interactions.**" The cationic character of pH-responsive
polymers and their pH swelling/deswelling properties make
them outstanding candidates as non-viral synthetic nano-
carriers in gene therapy.*>°

Among nonviral gene vectors, lipids and cationic
polymers®>*® have emerged as efficient vectors in gene therapy
methodologies. However, the usage of cationic polymers as
gene carriers displays some advantages in comparison to the
usage of lipids, specifically the increased stability of the poly-
plexes against nuclease degradation, the formulation of poly-
plexes with narrow size distributions and relatively small
dimensions and the perspective of increasing the payload of
the vectors.*’™** Cationic polymers need to be developed with
controlled compositions, molecular weights and architecture,
which are parameters of numerous importance in designing
and formulating efficient gene delivery systems.

Cationic polymers demonstrate the tendency to form poly-
plexes after simple mixing with nucleic acid molecules
because of the electrostatic interactions developed between the
positively charged groups of the cationic polymer and the
negatively charged phosphate groups of nucleic acids.

In the present study, our investigation effort concentrated
on the synthesis of (poly(diethylene glycol methyl ether meth-
acrylate)-b-poly(2-(dimethylamino)ethyl ~ methacrylate)-b-poly
(lauryl methacrylate)) (PDEGMA-b-PDMAEMA-b-PLMA) triblock
terpolymers, their molecular characterization, and their chemi-
cal modification in order to produce amphiphilic cationic
block polyelectrolytes. For the chemical modification of the
PDMAEMA block, methyl iodide (CH,l) is utilized as the qua-
ternizing agent, resulting in PDEGMA-b-QPDMAEMA-b-PLMA
quaternized triblock terpolymers. Moreover, we study the self-
assembly properties of amino-based and quaternized triblock
terpolymers in aqueous media under different physico-
chemical conditions, concerning temperature and pH, by
means of light scattering techniques and fluorescence spec-
troscopy. Furthermore, we examined the ability of PDEGMA-b-
QPDMAEMA-b-PLMA thermoresponsive, cationic micelles to
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interact with DNA molecules. The leading goal of this part of
our study is the physiochemical characterization of the formed
PDEGMA-b-QPDMAEMA-b-PLMA/DNA micelleplexes in order
to verify the successful complexation and afterward to clarify
the parameters that may affect the micelleplex structure and
stability at selected temperatures. The DEGMA monomer was
chosen because of its temperature-responsive character and its
high biocompatibility.>*** DMAEMA is a pH-responsive
monomer ordinarily integrated into block copolymers and
PDMAEMA is utilized in a considerable range of applications,
such as gene or drug delivery carriers.**** The LMA monomer
was selected due to its strong hydrophobicity that is a conse-
quence of the long hydrocarbon side chain and because of its
biocompatibility.*¢*”

Experimental
Materials

Monomers, di(ethylene glycol) methyl ether methacrylate
(DEGMA,  95%),  2(dimethylamino)ethyl = methacrylate
(DMAEMA, 98%) and lauryl methacrylate (LMA, 96%) were
purchased from Sigma Aldrich and passed through an inhibi-
tor removing column. AIBN (2,2’-azobis(isobutyronitrile)) was
recrystallized in ethanol and further utilized as a solution in
dioxane, 4-cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]|pen-
tanoic acid (CDTP), methyl iodide (CHsl), tetrahydrofuran
(THF, 99.9%) and linear deoxyribonucleic acid sodium salt
from salmon testes with a length of ~113 bp, were purchased
from Sigma Aldrich and utilized as obtained. For assays of the
polyplex formation, ethidium bromide (EtBr) used as fluo-
rescent DNA intercalating probe and sodium chloride (NacCl,
>99.0%) utilized for the preparation of 0.01 M and 1 M NacCl
solutions were obtained from Sigma Aldrich and utilized as
received.

PDEGMA homopolymer synthesis

The PDEGMA homopolymer was synthesized via RAFT
polymerization using 4-cyano-4-[(dodecylsulfanylthiocarbonyl)
sulfanyl]pentanoic acid (CDTP) as the chain transfer agent
(CTA), AIBN as the initiator and 1,4 dioxane as the solvent of
the polymerization reaction. DEGMA (3 g, 15.93 mmol), CDTP
(0.346 g, 15.93 mmol), AIBN (0.014 g, 0.086 mmol as a solution
in 1,4-dioxane) (moles CDTP: moles AIBN = 10:1) were dis-
solved in 1,4-dioxane (15 mL) and the polymerization solution
was poured into a round bottom flask (25 mL) equipped with a
magnetic stirrer and then air-tightly sealed with a rubber
septum. Subsequently, the final polymerization solution was
degassed by a continuous flow of high purity nitrogen gas for
15 minutes and placed in a thermostatic oil bath at 70 °C for
6 hours. After termination of the polymerization reaction by
placing the flask in a refrigerator at —20 °C for 10 min and
exposure to air, macro-CTA PDEGMA was isolated by precipi-
tation in excess n-hexane twice, after intermediate redissolu-
tion in THF. Consequently, the product was placed in a
vacuum oven to be dried for 48 hours at ambient temperature
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and after that period, the PDEGMA homopolymer was col-
lected (yield: 86%) before being used for the polymerization of
the DMAEMA monomer. The average molecular weight (M)
was 3400 g mol™" and the molecular weight dispersity index
(M,/My,) was 1.19, both values were extracted by size exclusion
chromatography (SEC) measurements.

PDEGMA-b-PDMAEMA block copolymer synthesis

In order to synthesize PDEGMA-b-PDMAEMA block copolymer,
PDEGMA was utilized as the macro-CTA, AIBN as the radical
initiator and 1,4-dioxane as the polymerization solvent. The
synthesis process of the intermediate PDEGMA-b-PDMAEMA
block copolymer is described as follows: DMAEMA monomer
(1 g, 6.36 mmol), PDEGMA macro-CTA (1 g, 0.294 mmol) and
AIBN (0.004829 g, 0.0294 mmol) were dissolved in 10 mL of
1,4-dioxane. The polymerization solution was placed in a
round bottom flask with a magnetic stirrer and fitted with a
rubber septum. After 15 min degassing by bubbling high
purity nitrogen gas, the flask was placed in a thermostatic oil
bath at 65 °C for 18 hours. The polymerization reaction was
terminated by placing the flask in a refrigerator and exposure
to air. The isolation of the PDEGMA-b-PDMAEMA block copo-
lymer was achieved by precipitation in an excess of n-hexane
and subsequently the copolymer was placed in a vacuum oven
for 48 hours for drying. Then, the block copolymer was col-
lected (yield: 89%). The average molecular weight was M,, =
4300 g mol™" and the molecular weight dispersity index was
M,/M, =1.23, as determined by size exclusion chromatography
(SEC).

PDEGMA-b-PDMAEMA-b-PLMA triblock terpolymer synthesis

For the preparation of PDEGMA-h-PDMAEMA-b-PLMA triblock
terpolymers, the PDEGMA-b-PDMAEMA diblock copolymer
was used as the macro-CTA, 1,4-dioxane as the solvent and
AIBN as the radical initiator. For instance, the process for the
synthesis of PDEGMA,;-b)-PDMAEMA,;-b-PLMAg-1 triblock ter-
polymer (the subscripts display the monomeric units in each
block of the triblock) as follows: LMA monomer (0.3 g,
1.16 mmol), PDEGMA-b-PDMAEMA (0.7 g, 0.163 mmol) and
AIBN (0.01335 g, 0.08135 mmol) were dissolved in 10 mL of
1,4-dioxane. The polymerization solution was placed in a
round bottom flask equipped with a magnetic stirrer and
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sealed with a septum. Afterwards, the solution was degassed
by passing pure N, gas for 15 minutes and the flask was
placed in an oil bath at 70 °C for 18 hours. After termination
of the reaction by cooling the polymerization solution at
—20 °C in a refrigerator and by exposure to air, the triblock
PDEGMA,;-b-PDMAEMA,;-b-PLMAg-1 was isolated by precipi-
tation in excess of n-hexane. Consequently, the triblock terpo-
lymer was dried in a vacuum oven for 48 hours at ambient
temperature (yield: 93%). The average molecular weight was
M,, =10100 g mol~" and the molecular weight dispersity index
was M, /M, = 1.27, as determined by size exclusion chromato-
graphy (SEC). Three triblock terpolymers were prepared having
different compositions of the blocks and molecular weights
(Table 1).

Quaternization reaction of PDEGMA-h-PDMAEMA-bh-PLMA
triblock terpolymers

The conversion of the tertiary amine groups of the PDMAEMA
block into cationic quaternary amine groups was achieved via
a chemical quaternization reaction utilizing methyl iodide
(CH,I) as the quaternizing agent. The typical chemical modifi-
cation procedure followed for the terpolymers is described
briefly here: the triblock was dissolved in the THF solvent (2%
w/v) in a round bottom flask equipped with a magnetic stirrer.
Afterwards, an excess of quaternizing agent (CH;I) was added
to the solution (moles CH;I/moles amine = 2). The quaterniza-
tion reaction took place at room temperature for 24 hours,
under stirring. After this period, the THF solvent was evapor-
ated utilizing a rotary evaporator at ambient temperature and
the dry triblock terpolymer was collected and placed in a
vacuum oven in order to ensure complete drying of the
product.

Self-assembly studies of triblock terpolymers in aqueous
media

Aqueous stock solutions of PDEGMA-b-PDMAEMA-H-PLMA tri-
block terpolymers were prepared by dissolving the appropriate
triblock quantity in the THF solvent and then the mixture was
injected into distilled water under vigorous stirring.
Subsequently, the THF solvent was evaporated using a rotary
evaporator at room temperature and the aqueous polymer
solutions were allowed to equilibrate overnight. Aqueous solu-

Table 1 Molecular characterization results for all synthesized amino and quaternized triblock terpolymers

Sample M,, (x10%)* (g mol™) M, /M, ¢ %wt PDEGMA %wt PDMAEMA %wt PLMA
PDEGMA 0.34 1.15 — — —
PDEGMA-h-PDMAEMA 0.43 1.23 520 48? —
PDEGMA,;-b-PDMAEMA, ;-b-PLMAg-1 1.10 1.27 43? 36° 21%
PDEGMA,,-b-PDMAEMA,, ,-b-PLMA-2 0.70 1.31 46° 32° 22°
PDEGMA, 5-b-PDMAEMAg-b-PLMA;-3 0.49 1.26 58° 27° 15°
PDEGMA,;-b-QPDMAEMA,;-b-PLMAg-1 1.33° — 32¢ 52¢ 16°
PDEGMA,,-b-QPDMAEMA, 4-b-PLMA-2 0.90° — 36° 47° 17°
PDEGMA, 5-b-QPDMAEMAg-h-PLMA;-3 0.60° — 47¢ 41° 12¢

“Determined by SEC in THF/5% v/v triethylamine. ” Determined by "H-NMR in CDCl, for amine triblock terpolymers. °M,, is calculated assum-

ing 100% conversion of the quaternization reaction.
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tions of PDEGMA-b-PDMAEMA-b-PLMA were prepared at pH =
3, pH = 7 and pH = 10. The solution pH was adjusted by
adding an appropriate quantity of 0.1 M solution of HCI or
NaOH before the dissolution of triblock terpolymers. The qua-
ternized triblock terpolymers were prepared at neutral pH by
directly dissolving the desired amount of polymer in the
appropriate volume of distilled water. The stock solutions were
left overnight so as to ensure complete dissolution of quater-
nized block terpolymers. The concentration of all prepared
solutions was 5 x 10~* g mL ™",

Complexation of PDEGMA-b-QPDMAEMA-b-PLMA micelles
with DNA molecules

Complexes of cationic triblock terpolymers with DNA mole-
cules (~113 bp) were prepared by mixing the cationic polymer
solution (5 x 10™* ¢ m™* L in 0.01 M NaCl) and DNA solution
(5 x 107" g mL™" in 0.01 M NaCl) under gentle stirring at
neutral pH and room temperature. The micelleplexes were pre-
pared at specific N/P ratios (moles of amine group/moles of
phosphate group) in the range of 0.5:1 to 8:1 by adding the
appropriate volume of DNA solution into polymer solution
under stirring. The polymer concentration remained constant
at all N/P ratios, while DNA solution was added in different
quantities to accomplish the desired N/P ratio. The final
volume of all cationic polymer/DNA solutions was 10 mL.
Furthermore, the polymer/DNA solutions were incubated at
ambient temperature overnight for the optimum equilibration
of micelleplexes.

Characterization methods

The molecular weights and molecular weight distributions of
all synthesized polymers were determined by size exclusion
chromatography (SEC) utilizing a Waters system, consisting of
a Waters 1515 isocratic pump, a set of three p-Styragel mixed
bed columns (porosity range from 102 to 106 A), a Waters 2414
refractive index detector (at 40 °C) and controlled through
Breeze software. Tetrahydrofuran (THF) was the mobile phase
(containing 5% v/v triethylamine), at a flow rate of 1 mL min™"
and the temperature was set at 30 °C. Linear polystyrene
samples having average molecular weights in the range of
1200 to 152 000 g mol™ and narrow molecular weight distri-
butions were utilized as standards to calibrate the setup. The
samples were directly dissolved in the mobile phase. The con-
centrations of the samples were in the range of 2-4 mg ml™".

The "H-NMR measurements were recorded on a Bruker AC
300 FT-NMR spectrometer, using deuterated solvent (deute-
rated chloroform, CDCl;, and water, D,0). Tetramethylsilane
(TMS) was utilized as the internal standard and the chemical
shifts are given in parts per million (ppm). The NMR spectra
were analyzed using MestReNOva software.

PDEGMA,,-b-PDMAEMA,,-b-PLMA¢-2 (Fig. 2, 300 MHz,
CDCl;, ppm): 4.09 (2H, -COOCH,CH,-), 3.67-3.55 (6H,
-CO,CH,CH,0CH,CH,-), 3.39 (3H, ~OCH;), 2.58 (2H, ~CH,N
(CH3),), 2.30 (3H, -CH,N(CH3),), 1.93-1.87 (2H, -CH,0-),
1.70-1.53 (2H, -OCH,(CH>)10-), 1.27 (2H, -CH,(CH;)10CH3-),
1.03 (3H, -CHj,), 1.42 (2H, -CH,-), 0.85 (3H, ~CH,CCH;-).

This journal is © The Royal Society of Chemistry 2024
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Fourier transform infrared spectroscopy (FTIR) measure-
ments were conducted on a Fourier transform instrument
(Bruker Equinox 55), equipped with a single bounce attenu-
ated total reflectance (ATR) diamond accessory (Dura-Samp1IR
II by SensIR Technologies) at ambient temperature in the
range of 5000-550 cm ™.

The following ATR-FTIR spectral peaks of PDEGMA-b-
PDMAEMA-b-PLMA were observed: 2935 cm™", 2860 cm ™ and
1455 em™' (-CH,), 2828 cm " and 2771 cm™' (-N(CHj),),
1720 cm™" (C=0), 1149 cm ™' (C-N). PDEGMA-b-QPDMAEMA-
b-PLMA: 3450 cm™ and 1630 cm™' (OH), 3010 cm™,
1474 ecm™, and 950 ecm™' (C-N(CHj3);*), 2920 cm™ and
2850 cm ™" (CH,), 1720 cm ™' (C=0).

Dynamic light scattering (DLS) measurements were carried
out on an ALV/CGS-3 compact goniometer system (AVL GmbH,
Germany), utilizing an ALV-5000/EPP multi-tau digital correla-
tor with 288 channels and an ALV/LSE-5003 light scattering
electronic unit for stepper motor drive and limit switch
control. Moreover, a JDS Uniphase 22 mW He-Ne laser (4 =
632.8 nm) was used as the light source. The instrument is
equipped with a temperature controlled circulating water bath
for controlling the temperature of the cell. The cumulant
method and CONTIN algorithm were utilized for the analysis
of autocorrelation functions. All solutions were filtered
through hydrophilic 0.45 pm PVDF syringe filters (Membrane
Solutions) to remove the dust particles before the measure-
ments. Subsequently, the solutions were placed in cylindrical
quartz cuvettes and the angular range was 30°-150° for all
measurements. The temperature of the measurements was in
the range of 25-55 °C, and it was accomplished by gradually
elevating solution temperature by steps of 5 °C with 15 min
equilibration between different temperatures. Furthermore,
the amino-based triblock terpolymers were examined at
different solution pH values (pH = 3, 7 and 10). Before the dis-
solution of triblock terpolymers, the solution pH was adjusted
by addition of 0.1 M HCl or NaOH solutions in neutral
aqueous media. The solutions of micelleplexes were placed in
cylindrical quartz cuvettes and left for 15 minutes in order to
equilibrate. The measurements at all N/P ratios were per-
formed at 25 °C and 45 °C (temperature above the LCST value
of the thermoresponsive PDEGMA block). Static light scatter-
ing (SLS) measurements were performed on the same instru-
ment. The angular range examined was from 30° to 150° and
the temperature dependent measurements were conducted in
the range from 25 °C to 55 °C. The calibration standard was
spectroscopic grade toluene. The dn/dc values for the triblocks
were extracted according to the refractive indices of the consti-
tuting blocks and that of water, utilizing also the composition
of the triblocks as determined by NMR measurements. The
static light scattering results were analyzed by using partial
Zimm plots. The concentration of all triblock terpolymer solu-
tions was 5 x 10~* g mL ™.

Electrophoretic light scattering (ELS) measurements were
conducted on a Nano Zeta Sizer (Malvern Instruments)
equipped with a 4 mW solid-state laser (4 = 633 nm) and the
backscattering angle was fixed at 173°. The Henry correction of

Polym. Chem., 2024, 15, 1536-1551 | 1539
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Smoluchowski’s equation was used for extraction of data, after
equilibration at 25 °C and 45 °C. The {-potential values were
determined as the average of 50 runs.

Ultraviolet-Visible (UV-Vis) spectroscopy measurements on
micelleplexes were carried out in the wavelength range from
200 to 400 nm using a Perkin Elmer (Lambda 19) UV-vis-NIR
spectrometer (Waltman, MA, USA). The micelleplexes were
measured at different N/P ratios in the range from 0.5:1 to
8:1.

Fluorescence spectroscopy (FS) measurements of ethidium
bromide (EtBr) have been recorded in order to examine the
capability of the triblock terpolymers to complex with DNA
molecules at various N/P ratios. Specifically, initial stock solu-
tions of nucleic acid molecules (1 x 10™* g m1™") were prepared
in NacCl (0.01 M), followed by the addition of EtBr ([EtBr] = [P]/
4). Afterwards, the DNA stock solutions containing appropriate
quantities of EtBr were titrated with a concentrated triblock
solution in the range of N/P ratios from 0.0 to 8.0. Upon
addition of each cationic triblock, the mixed solution was left
for 15 minutes to equilibrate before being measured.
Fluorescence spectroscopy experiments were carried out using
a Fluorolog-3 Jobin Yvon-Spex spectrofluorometer (model GL3-
21) and the emission and excitation wavelengths for the
measurements were 600 nm and 535 nm, respectively.

The determination of critical micelle concentration (CMC)
of the synthesized triblock terpolymers was achieved via fluo-
rescence spectroscopy experiments utilizing pyrene as the fluo-
rescent probe. A stock solution of pyrene (1 mM) in acetone
was prepared. For the experiments, 1 pL of pyrene stock solu-
tion was added per 1 mL of aqueous polymer solution and
subsequently the system was left for 24 hours at ambient
temperature in order to achieve the evaporation of acetone.
For the measurements, the excitation wavelength was 335 nm
and the emission spectra were recorded in the region
355-630 nm. No excimer formation was noticed for the
polymer solutions.

Results and discussion

Synthesis and molecular characterization of triblock
terpolymers

Three temperature and pH-responsive PDEGMA-h-PDMAEMA-
b-PLMA amphiphilic triblock terpolymers were successfully
synthesized having different molecular weights and compo-
sitions of the blocks via a three-step sequential RAFT polymer-
ization process as presented in Scheme 1. The used CTA was
CDTP since it is known from the literature®® that it is reactive
for methacrylic monomers, producing well-defined polymers
with controlled molecular weights and rather symmetrical and
narrow molecular weight distributions. The utilization of the
specific CTA was found to result in a well-defined PDEGMA
homopolymer and PDEGMA-b-PDMAEMA diblock copolymer,
which are utilized as the precursors for the synthesis of final
triblock terpolymers (Table 1).

1540 | Polym. Chem., 2024, 15, 1536-1551
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The tertiary amine groups of the PDMAEMA block were
chemically modified to quaternary amine groups via a quater-
nization reaction using CH3;I as a quaternizing agent
(Scheme 1b) in order to produce strong cationic
polyelectrolytes.

The molecular characterization of all synthesized triblock
terpolymers was accomplished by SEC and '"H-NMR measure-
ments and the extracted molecular characterization results are
listed in Table 1.

The PDEGMA-b-PDMAEMA-b-PLMA triblock terpolymers
synthesized have narrow, symmetrical molecular weight distri-
butions and well-controlled compositions and molecular
weights, which are in accordance with the stoichiometric cal-
culations utilized in the synthetic route (Table 1). The SEC
chromatograms of the PDEGMA;,-b-PDMAEMA,,;-b-PLMA;-2
triblock terpolymer depicted in Fig. 1 demonstrate the gradual
increase in the molecular weight after the formation of each
block. The rather symmetric chromatography peaks with a
small level of tailing indicate an almost complete reinitiation
of each polymerization step and define the extension of the
sequence of macromolecular blocks generated. In all cases
molecular weight polydispersities are within the range typically
reported for RAFT polymerization techniques.*®

The chemical structures as well as the compositions of the
amine-based triblock terpolymers were identified via "H-NMR
spectroscopy in deuterated chloroform (CDCl;). Taking into
account the yields of each polymerization step, the compo-
sition values calculated from the characteristic peaks of each
block are close to the stoichiometrically calculated values,
which indicates the controlled character of the synthetic route
followed. The representative spectrum of the PDEGMA,,-b-
PDMAEMA, ,-b-PLMA¢-2  triblock terpolymer is shown in
Fig. S1.f The characteristic peaks utilized for the determi-
nation of composition are the one at 3.64 ppm (k, 3H, -CH;
protons of the oligo ethylene glycol side chain of the PDEGMA
block),”® the one at 2.31 ppm (e, 6H, -CH; protons of the ter-
tiary amino group of PDMAEMA block)*>*! and the one at
1.25 ppm (f, 20H, -CH, protons in the side chain of PLMA
block).”> The molecular weights and compositions of
PDEGMA-b-QPDMAEMA-H-PLMA cationic triblock terpolymers
were determined based on the molecular weights and the com-
positions of the amine-based PDEGMA-b-PDMAEMA-b-PLMA
terpolymers as determined by SEC and as calculated by means
of "H-NMR spectroscopy, respectively. The molecular weights
and the composition of cationic triblock terpolymers were cal-
culated considering that the quaternization reaction is almost
quantitative and the tertiary amine group is converted to the
quaternary amine group at >97% yield.>® Acid titrations con-
firmed that the remaining non-quaternized amine groups were
less than 5%. Hence, each methyl group (CH;) of the CH;l
quaternizing agent will be incorporated into the tertiary amine
group of each PDMAEMA unit and iodine as a counter ion.
The molecular weight and composition of the PDEGMA-b-
QPDMAEMA-h-PLMA quaternized triblock terpolymer are sum-
marized in Table 1. In addition, the typical yields of the qua-
ternized triblock terpolymers were >97%.

This journal is © The Royal Society of Chemistry 2024
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(a) Synthetic process of PDEGMA-b-PDMAEMA-b-PLMA triblock terpolymers utilizing RAFT polymerization techniques. (b)

Quaternization reaction of the PDEGMA-b-PDMAEMA-b-PLMA triblock terpolymers.

The conversion of the PDMAEMA tertiary amine group to
quaternary ammonium salt was verified by FT-IR spectroscopy.
Fig. S2f illustrates the FT-IR spectra of the amine-based
PDEGMA, ,-b-PDMAEMA ;,-b-PLMA;-2 terpolymer and the qua-
ternized PDEGMA,,-b-QPDMAEMA, ;-b-PLMAg-2 terpolymer. It
can be obviously observed that new absorption peaks appear
in the PDEGMA,,-b-QPDMAEMA, ,-b-PLMA;-2 spectrum, which
are absent in the PDEGMA,,-b-PDMAEMA,,-b-PLMA;-2
spectrum.

The absorption peak at 3448 cm™ corresponds to the
stretching of the OH group, as the quaternized product con-
tains some moisture. According to the literature,>® the peaks at
950 cm ™!, 1474 cm™?, and 3005 cm ™! are attributed to the C-N
(CH); stretching of the quaternary amine group. The
fingerprint region in FT-IR spectra was the same for all
PDEGMA-H)-QPDMAEMA-bH-PLMA cationic triblock terpolymers.

1

This journal is © The Royal Society of Chemistry 2024

Consequently, FT-IR spectroscopy confirmed the successful
conversion of PDEGMA-b-PDMAEMA-)-PLMA amine-based tri-
block terpolymers to the PDEGMA-b-QPDMAEMA-b-PLMA cat-
ionic polyelectrolytes.

Self-assembly of triblock terpolymers in aqueous media

Taking into consideration the composition, the nature and the
sequence of the three blocks, the synthesized PDEGMA-b-
PDMAEMA-b-PLMA amphiphilic terpolymers, as well as their
quaternized analogues, are expected to self-assemble into
micelles when introduced into aqueous media.>>>” Moreover,
the triblock terpolymers should self-assemble into micelles in
aqueous solutions in response to solution pH variations
because of the pH-dependent ionization character of the
PDMAEMA block and to temperature changes due to the
PDEGMA and PDMAEMA blocks. The hydrophobic PLMA
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Fig.1 SEC chromatographs depicting the synthetic sequence for the
PDEGMA;7-b-PDMAEMA 4-b-PLMA6-2 triblock terpolymer.

block will form the micellar core and the external stimuli-
responsive (temperature and pH) blocks PDEGMA and
PDMAEMA (or QPDMAEMA) will constitute the mixed corona
of the formed micelles where the PDMAEMA block forms the
inner part and PDEGMA block constitutes the outer part. A
graphical illustration of the self-assembly procedure of
PDEGMA-H)-PDMAEMA-b-PLMA  terpolymers in  neutral
aqueous medium and at temperatures below and above the
LCST values of both PDEGMA and PDMAEMA blocks is pre-
sented in Scheme 2.

Dynamic (DLS) and static (SLS) light scattering measure-
ments were performed for all synthesized triblock terpolymers

2)

pH=7
T<LCST
ANN\ANN—
H,0
PDEGMA-b-PDMAEMA-b-PLMA
b)
pH=7
NANANNANNN DT
PDEGMA -b-PDMAEMA-b-PLMA H,0

Scheme 2 Graphical representation of the self-assembly of PDEGMA-
b-PDMAEMA-b-PLMA triblock terpolymer at temperatures below (a) and
above (b) LCST value of PDEGMA block.

1542 | Polym. Chem., 2024, 15, 1536-1551

View Article Online

Polymer Chemistry

in order to determine the apparent molecular weights (M,
app); aggregation numbers (N,g,) and hydrodynamic radius (Rp)
of the polymeric micelles formed in aqueous solutions as a
function of temperature and solution pH. The obtained results
from light scattering measurements at 25 °C and 55 °C (temp-
erature above the LCST value of the PDEGMA block) are listed
in Table 2.

At pH = 7, the obtained M, ., values, as can be observed
in Table 2, are much higher than the molecular weight of the
free chains (M) determined by SEC for the terpolymers and
the theoretical M,, calculated at 100% conversion for the qua-
ternized terpolymers, indicating the formation of micellar
nanostructures. In addition, the aggregation number (N,g,) is
in the range from 77 to 184 at 25 °C, due to the hydrophobic
PLMA block, which leads to the formation of micellar nano-
structures. At 55 °C (temperature above the LCST values of
PDEGMA and PDMAEMA blocks), the aggregation number is
increased and specifically the formed PDEGMA,;s-b-
PDMAEMAg-b-PLMA;-3 micelles show the highest value com-
pared to the other two triblock terpolymers due to the higher
content in PDEGMA. It is worth noting that the N4, values of
the quaternized triblock terpolymers at both 25 °C and 55 °C
are significantly lower than those of the amine-based terpoly-
mers because of the increased solubility since the QPDMAEMA
blocks bear permanent positive charges.

At 25 °C, the Ry, values of the triblock terpolymers (amine
and quaternized) PDEGMA,;-b-(Q)PDMAEMA,;-b-PLMAg-1 and
PDEGMA, ;-b-(Q)PDMAEMA, ,-b-PLMA¢-2 are higher compared
to the Ry, values of the PDEGMA; 5-b-(Q)PDMAEMAg-b-PLMA;-3
terpolymer, which may lead to the conclusion that the size of
the formed micelles depends on the composition of the tri-
block terpolymers. As the content of the hydrophobic PLMA
block increases, the size of the formed micelles becomes
larger. Lower Ry, values are observed for the quaternized terpo-
lymers that is attributed to the permanent positive charges of
the PDMAEMA block leading to increased solubility of the ter-
polymers. At 55 °C, the Ry, values decrease in the cases of
PDEGMA,;-b-PDMAEMA,;-b-PLMAg-1 and  PDEGMA,,-b-
PDMAEMA, 4-b-PLMA¢-2 micelles due to the shrinkage of the
formed micelle coronas as temperature increases. PDEGMA5-
b-PDMAEMAg-b-PLMA;-3 micelles present increased aggrega-
tion as temperature increases due to the larger amount of the
thermoresponsive PDEGMA block. The PDMAEMA block is
located between the hydrophobic PLMA block that occupies
the core of the micelles and the PDEGMA block that, presum-
ably, forms the outer part of the micelle corona.

Electrophoretic light scattering (ELS) measurements were
carried out to determine the surface charge of the formed
micelles of the triblock terpolymers. The results of the
measurements are listed in Table 2. At pH = 7, the {-potential
values are positive for all triblock terpolymers before and after
the chemical modification of amine groups because of the
existence of the (Q)PDMAEMA block which is partially or fully
protonated at neutral solution pH.>**° Furthermore, for the
quaternized terpolymers in which the chains of the
QPDMAEMA block are positively charged permanently, the ¢-

This journal is © The Royal Society of Chemistry 2024
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Table 2 Light scattering and fluorescence spectroscopy results of triblock terpolymer micelles in aqueous solution at pH = 7 and at 25 °C and

55°C
Sample T(°C) My, app (<10°) (gmol™) I”(nm) Nug Rn‘(mn) CMC?(x107%) (g mL™")*® ¢ (mv)
PDEGMA,;-b-PDMAEMA,;-b-PLMAg-1 25 1.7 13 168 75 2.08 +20
55 15.2 1504 52 — +23
PDEGMA,,-b-PDMAEMA, ,-b-PLMAs-2 25 1.15 9 164 72 1.74 +18
55 11.8 1685 45 — +25
PDEGMA, 5-b-PDMAEMA-b-PLMA;-3 25 0.9 6 184 58 4.29 +10
55 21.0 4286 434 — +4
PDEGMA,;-b-QPDMAEMA, ;-b-PLMAg-1 25 0.62 13 46 17 4.70 +27
55 9.2 692 15 — +41
PDEGMA,,-b-QPDMAEMA, ;-b-PLMAs2 25 0.45 9 64 14 4.04 +24
55 7.50 833 15 — +40
PDEGMA, 5-b-QPDMAEMA-b-PLMA;-3 25 0.3 6 77 10 7.80 +12
55 15.3 2550 112 — +5

“ Determined by SLS. ? Calculated length of the fully extended macromolecular chain based on the total number of monomers multiplied by
0.254 nm. ‘Determined by DLS at 90° angle due to absence of angular dependence. ? Determined by FS utilizing pyrene as the probe.

¢ Determined by ELS.

potential values are significantly higher than those of the
amine-based terpolymers in which the chains of the
PDMAEMA block are partially protonated. Another evidence
for the successful chemical modification of tertiary amine
groups to quaternary amine groups is the extracted results
from electrophoretic light scattering measurements. It can be
observed that the surface charge values of the formed micelles
undergo changes, even though the uncharged PDEGMA chains
are expected to be located on their outer surface (based on the
topology of the blocks, some mixing of the hydrophilic blocks
may take place in the micelle corona). This fact may be attribu-
ted to the conformational alterations of the polymer chains in
the formed micelles. In the cases of PDEGMA,;-b-
QPDMAEMA,;-h-PLMAg-1 and PDEGMA,,-b-QPDMAEMA, ,-b-
PLMA¢-2 micelles, the length of the cationic QPDMAEMA
chains is longer and as a result, the positive charges of the
QPDMAEMA block may be closer to the surface of the formed
micelles. The {-potential values of these two terpolymers are
higher compared to the PDEGMA5-b)-QPDMAEMAg-b-PLMA;-3
terpolymer, in which the length of the PDEGMA block is
longer and thus partially hides the positive charges of the
PDMAEMA block.

Effects of temperature and solution pH on the self-assembly
behavior of PDEGMA-b-PDMAEMA-b-PLMA triblock
terpolymers

Taking into account the nature of the blocks that constitute
the triblock terpolymers and in particular the combination of
the thermoresponsive PDEGMA block, the pH-responsive
PDMAEMA block and the hydrophobic PLMA block in the
same macromolecule makes the investigation of their pro-
perties in aqueous solutions quite interesting. The research is
focused on how the alteration in one of these parameters,
temperature and pH, individually or simultaneously affects the
self-assembly behavior of triblock terpolymers in aqueous
solutions. In order to investigate in depth the influence of
temperature and pH on the self-assembly of amino-based tri-

This journal is © The Royal Society of Chemistry 2024

block terpolymers in aqueous media, light scattering measure-
ments were carried out in acidic, neutral and basic pH solu-
tions of amino-based copolymers and measured at tempera-
tures in the range of 25 °C-55 °C.

At pH = 3 (Fig. 2a), it can be observed that the hydrodyn-
amic radius (Rp) of PDEGMA,;-b-PDMAEMA,;-b-PLMAg-1 ter-
polymer remains constant up to 50 °C and from 50 °C to 55 °C
decreases sharply (presumably aggregates decrease in size)
and the scattering intensity increases as the solution tempera-
ture increases (the mass of the formed micellar nanostructures
increases). At acidic solution pH, the PDMAEMA block is fully
protonated, so the changes in the mass and size of the aggre-
gates are attributed to the thermoresponsive character of the
PDEGMA block. The PDEGMA,,-b-PDMAEMA, ,-b-PLMA-2 tri-
block terpolymer (Fig. 2b) exhibits similar behavior, where the
scattering intensity increases as the temperature increases.
However, the hydrodynamic radius remains constant up to
35 °C followed by a decrease from 35 °C to 55 °C. The
PDEGMA,,-b-PDMAEMA, ,-b-PLMA-2 triblock terpolymer has
a similar composition but lower molecular weight than the
PDEGMA,;-b-PDMAEMA,;-b-PLMAg-1 triblock terpolymer, so
the thermoresponsive behavior of the PDEGMA block seems to
affect the self-assembly process in a more intense way.
Concerning the PDEGMA,5-b-PDMAEMAg-b-PLMA;-3 triblock
terpolymer (Fig. 2c), it can be observed that the hydrodynamic
radius presents a tendency for attaining a plateau up to 40 °C
and increases from 40 °C to 55 °C. In parallel the scattering
intensity remains constant up to 45 °C and increases sharply
from 45 °C to 55 °C. The increase in size and mass for the
polymeric micelles up to 40 °C is probably attributed to the
increased content of the PDEGMA block since the solution
temperature increases above the LCST value, the aggregation
tendency of the formed micelles also increases.

At pH = 7, PDEGMA,;-b-PDMAEMA,;-h-PLMAg-1 and
PDEGMA,,-b-PDMAEMA, ;-b-PLMA¢-2 terpolymers (Fig. 2d and
e) present a similar self-assembly behavior. In particular, the
hydrodynamic radius decreases as the solution temperature

Polym. Chem., 2024,15,1536-1551 | 1543
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Fig. 2 Dependence of Ry, and scattered light intensity on temperature for the three triblock terpolymers in aqueous media at pH =3 (a, b, c), pH =7

(d, e, f) and pH = 10 (g, h, i). (Measurements made at an angle of 90°.)

increases and it can be observed at temperatures above the
LCST value of the PDEGMA block, which is attributed to the
shrinkage of terpolymer chains as the solution temperature
raises. Moreover, the scattering intensity increases at elevated
temperatures, indicating an increase in the mass of the poly-
meric micelles (aggregation is taking place). Concerning terpo-
lymer PDEGMA, 5-b-PDMAEMAg-b-PLMA;-3 (Fig. 2f), the scat-
tering intensity increases drastically from 30 °C to 35 °C and
from 45 °C, a plateau can be observed and concurrently the

1544 | Polym. Chem., 2024, 15, 1536-1551

hydrodynamic radius of the polymeric aggregates exhibits a
rapid increase from 45 °C to 55 °C. For the PDEGMA,;-b-
PDMAEMAg-b-PLMA;-3, the response of the PDEGMA block to
variations in solution temperature dictates the aggregation of
the polymeric system. For all terpolymer systems, the thermo-
responsive behavior of the PDMAEMA block is expected to con-
tribute to the observed behavior at temperatures above 45 °C.
At pH = 10, for the three triblock terpolymers (Fig. 2g-i) the
hydrodynamic radius values remain practically unchanged

This journal is © The Royal Society of Chemistry 2024
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while scattered light intensity increases with increasing temp-
erature. At basic pH, the PDMAEMA chains are fully deproto-
nated, therefore the changes in the mass of the polymeric
aggregates are attributed to the thermoresponsive nature of
both the PDEGMA block and PDMAEMA block.

In Fig. S47 the size distributions for the three triblock ter-
polymers, extracted by dynamic light scattering measurements
at selected temperatures (25 °C and 55 °C) and at three
different solution pHs (pH 3, 7, 10), are presented.

As can be observed, monomodal size distributions are pre-
sented for nearly all terpolymers at both temperatures (25 °C
and 55 °C) and at different solution pH values. However, for
the PDEGMA,5-b-PDMAEMAg-b-PLMA;-3 triblock terpolymer
(Fig. S4ct) at pH = 7 and at 25 °C there are two peaks indicat-
ing the presence of two different structures in the polymer
solution. The peak with R, ~ 6 nm, which is equal to the
length of the extended polymer chain, (L), most probably
refers to single, non-interacting polymer chains, and the peak
with R, ® 60 nm is attributed to interacting polymeric chains
that form micellar structures. Additionally, at 55 °C the size
distributions in the majority of cases become narrower and
more symmetric, indicating that the PDEGMA block, which is
located in the outer part of the formed micelles, plays an
important role in the self-assembly process of the triblock
terpolymers.

From the results obtained by static light scattering (SLS),
the Ry/Rp, ratio values are in the range of 0.7-0.93 for all tri-
block terpolymers and for the investigated stimuli (tempera-
ture and pH), which shows that the formed nanostructures
obtain a spherical morphology (probably a core-shell-corona
structure).

Effects of temperature and solution pH on the self-assembly
behavior of PDEGMA-b-QPDMAEMA-b-PLMA quaternized
triblock terpolymers

The behavior of PDEGMA-b-QPDMAEMA-b-PLMA quaternized
triblock terpolymers in aqueous solutions was examined using
light scattering techniques. In Fig. 3 the dependence of the
scattering intensity and the hydrodynamic radius as a function

a)

PDEGMA,3-b-QPDMAEMA;3-b-PLMAg-1 | PDEGMA,;-b-QPDMAEMA ,-b-PLMA,-2 I

View Article Online

Paper

of temperature for the chemically modified triblock terpoly-
mers in aqueous media is presented.

For the PDEGMA,;-b-QPDMAEMA,;-b-PLMA,-1 (Fig. 3a) cat-
ionic terpolymer, the values of the scattering intensity
decrease while the values of R;, remain practically unchanged
as the solution temperature increases, showing that the
formed micelles decrease in mass, but their size remains
unchanged with increasing solution temperature, indicating a
decrease in aggregation number for the chemically modified
cationic terpolymers. The values of the scattering intensity and
hydrodynamic radius of the cationic PDEGMA,;-b-
QPDMAEMA, ,-b-PLMAg-2 triblock terpolymer (Fig. 3b) remain
almost invariant upon changes in temperature. This behavior
may be attributed to the lower molecular weight of the cationic
terpolymer resulting in the formation of a more compact
micellar structure and therefore, the dimensions of the
micelles were not affected noticeably by changes in the solu-
tion temperature. For the cationic terpolymer PDEGMA,5-b-
QPDMAEMAG-bh-PLMA;-3 (Fig. 3c), the values of the scattering
intensity and hydrodynamic radius remain almost constant
from 25 °C to 45 °C and then increase sharply up to 55 °C. The
PDEGMA, 5-)-QPDMAEMAg-b-PLMA;-3 cationic terpolymer has
higher content of the PDEGMA thermoresponsive block com-
pared to the other two cationic terpolymers, showing that at
temperatures above the LCST value, the formed nanostructures
increase both in size and mass. These should be clusters of
micelles formed by interactions between the more hydro-
phobic coronas at higher temperatures.

The size distributions for the quaternized triblock terpoly-
mers at selected temperatures are shown in Fig. S5.}

Apparently, the cationic triblock terpolymers PDEGMA,;-b-
QPDMAEMA,;-b-PLMAg-1  (Fig. S5at) and PDEGMA,,-b-
QPDMAEMA, ,-b-PLMA¢-2 (Fig. S5b¥) self-assemble in aqueous
media into well-defined micellar nanostructures at both 25 °C
and 55 °C, showing narrow and symmetric size distributions.
At 25 °C, the PDEGMA;;-b-QPDMAEMA-b-PLMA;-3 cationic
triblock terpolymer solution (Fig. S5ct) shows a peak with Ry,
~ 10 nm, which corresponds to micellar nanostructures (value
approximately equal to the length of the extended chain, L)
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Fig. 3 Dependence of R, and scattered light intensity on temperature for the quaternized triblock terpolymers PDEDMA;3-b-QPDMAEMA;3-b-
PLMAg (a), PDEDMA;7-b-QPDMAEMA 4-b-PLMAg (b) and PDEDMA;5-b-QPDMAEMAg-b-PLMA3 (c), in aqueous media (measuring angle of 90°).
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and a peak with R, =~ 112 nm at 55 °C, which may be attribu-
ted to aggregates of micelles (clusters).

Importantly, the micelles of the chemically modified tri-
block terpolymers are smaller than those of the amine-based
triblock terpolymers at the corresponding temperatures, which
can be attributed to the better solubility of the cationic terpoly-
mers because of the permanent positive charges on the
QPDMAEMA block. The positive charges accumulate on the
surface of the formed micelles resulting to the electrostatic
and steric stability of the formed nanostructures.

Micelleplex formation between cationic triblock terpolymers
and DNA molecules

The cationic micelles of PDEGMA-b-QPDMAEMA-H-PLMA tri-
block terpolymers were investigated for their ability to complex
with DNA molecules. In this case complexation takes place
through electrostatic interactions between the negatively
charged phosphate groups of DNA molecules (P) and the posi-
tively charged ammonium groups of quaternized polymeric
micelles (N). Solutions of the polymeric micelles/DNA com-
plexes were prepared in the range of N/P = 0.5-8.0, using short
length DNA (~113 bp). The cationic triblock terpolymers uti-
lized in these studies were PDEGMA,;-b-QPDMAEMA,;-b-
PLMAg-1 and PDEGMA,,-b-QPDMAEMA ,-b-PLMAg-2 and their
molecular characteristics are listed in Table 1.

UV-vis spectroscopy measurements were performed to
confirm the successful formation of PDEGMA-b-QPDMAEMA-
b-PLMA/DNA micelleplexes. The complexation capability of
cationic polymers with DNA molecules is usually examined by
performing UV-vis measurements as the absorption of DNA
molecules in this spectral region provides considerable infor-
mation on possible variations in the conformation state of
nucleic acid double helix originating from the interactions
between the DNA molecules and the cationic polymers.
According to the literature,*® before complexation, naked DNA
molecules display a characteristic absorption peak at 260 nm.
In our systems, this characteristic peak decreases in intensity

a)

PDEGMA,;-b-QPDMAEMA 3-b-PLMAg-1/DNA
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while the nucleic acid interacts with the positively charged ter-
polymers forming micelleplexes and eventually disappears as
the N/P ratio increases, whereas simultaneously a new charac-
teristic peak becomes visible at 225 nm. This absorption peak
is attributed to the complexed DNA molecules, as the triblock
terpolymers examined present no absorption in the UV-vis
region as verified by UV-vis spectroscopy measurements.

In Fig. 4, the characteristic peak of DNA molecules at
260 nm before complexation with the cationic micelles can be
observed. After the complexation between DNA molecules and
cationic micelles, the peak at 260 nm decreases and eventually
disappears while a new peak appears at around 225 nm, which
corresponds to the complexed DNA molecules. For the
PDEGMA,;-b-QPDMAEMA, ;-b-PLMAg-1/DNA  (Fig. 4a) and
PDEGMA,,-b-QPDMAEMA, ,-b-PLMAg-2/DNA (Fig. 4b) com-
plexes, it can be observed that for N/P ratios in the range from
0.5 to 2, there are two peaks (at 225 nm and 260 nm) which
may be attributed to the existence of complexed and non-com-
plexed DNA molecules in the solution. The peak at 260 nm dis-
appears as the concentration of the cationic polymer increases
and only the peak at 225 nm can be noticed, which means that
the majority of DNA molecules in the solution take part in the
formation of the micelleplexes. Increasing the concentration
of cationic polymers in the solution leads to an increase in
positive charges, which neutralize the negative charges of the
DNA molecules. However, it can be observed that the peak
attributed to non-complexed DNA molecules at 260 nm is
more intense in the case of PDEGMA,,-b-QPDMAEMA,,-b-
PLMA,-2/DNA micelleplexes, which means that the DNA mole-
cules interact in a more potent way with the cationic
PDEGMA,;-b-QPDMAEMA,;-h-PLMAg-1 micelles due to the
longer QPDMAEMA block.

Ethidium bromide (EtBr) is a vastly utilized fluorescent
probe for evaluating the binding affinity between cationic poly-
mers and DNA molecules since it is able to interact with
nucleic acid molecules by intercalation into the base pairs of
the DNA helix.°"®* Particularly, the formation of polyplexes

b)

PDEGMA,;-b-QPDMAEMA, ;-b-PLMAG-2/DNA j
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Fig. 4 UV-vis spectra of naked DNA and PDEGMA,3-b-QPDMAEMA,3-b-

micelleplexes at N/P ratios in the range of 0.5-0.8.
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(a) Ethidium bromide fluorescence quenching for PDEGMA,3z-b-QPDMAEMA,z-b-PLMAg-1/DNA and PDEGMA;,-b-QPDMAEMA 4-b-PLMAg-

2/DNA micelleplexes. (b) Alterations of scattered intensity and hydrodynamic radius (Ry,) with N/P ratio for PDEGMA3-b-QPDMAEMA3-b-PLMAg-1/
DNA and PDEGMA;7-b-QPDMAEMA4-b-PLMAg-2/DNA at 25 °C and 45 °C and at an angle of 90°.

was investigated by monitoring the decrease in the relative
fluorescence intensity as ethidium bromide molecules were
displaced from the double-stranded DNA by the cationic
polymer in a titration assay. In Fig. 5, the curves of EtBr rela-
tive fluorescence intensity for PDEGMA,;-b-QPDMAEMA,;-b-
PLMAy-1 and PDEGMA,,-b-QPDMAEMA, ;-b-PLMA¢-2 (Fig. 5a)
cationic terpolymer micelles with DNA molecules as a function
of N/P ratio are presented.

For both cases, as the concentration of the cationic terpoly-
mer in the solution increases, the fluorescence intensity of

This journal is © The Royal Society of Chemistry 2024

EtBr decreases. This considerable quenching of the fluo-
rescence intensity is related to the displacement of intercalated
EtBr molecules from the DNA double helix indicating an
intense complexation capability of the examined cationic ter-
polymers. In particular, the decrease is steeper in the case of
PDEGMA,;-b-QPDMAEMA,;-b-PLMAg-1/DNA micelleplexes,
which indicates faster and better/stronger complexation,
which is also verified by the results from the UV-Vis spec-
troscopy measurements reported above. The PDEGMA;-b-
QPDMAEMA,;-b-PLMAg-1 cationic terpolymer seems to inter-
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act strongly with nucleic acid molecules that may be attributed
to the higher content of the QPDMAEMA block. From these
observations, it was found that the cationic triblock terpoly-
mers are able to interact with DNA molecules and it should be
pointed out that the molecular weight and composition of cat-
ionic terpolymers play a significant role in their ability to form
micelleplexes with DNA molecules.

In Fig. 5b, the representative plots of the scattering inten-
sity and hydrodynamic radius for the micelleplexes at selected
temperatures (25 °C and 45 °C) in the whole N/P range are
depicted. It can be seen that the PDEGMA,;-b-QPDMAEMA,;-
b-PLMAg-1/DNA micelleplexes present higher intensity than
the PDEGMA;;-b-QPDMAEMA,-b-PLMA4-2/DNA micelleplexes
at both 25 °C and 45 °C as well as in the whole range of N/P
ratios, which indicates the existence of larger in mass
polymer-DNA nanoparticles.

The scattering intensity of PDEGMA,;-b-QPDMAEMA,;-b-
PLMA;-1/DNA complexes at 25 °C almost doubles from N/P =
0.5 to N/P = 1, a region where the negatively charged phos-
phate groups of DNA molecules are in excess. The scattering
intensity decreases, from N/P = 1 to N/P = 8 ratios, where the
quaternized amino groups of the QPDMAEMA block are equal
or in excess to the phosphate groups of the DNA molecules. At
45 °C, the scattering intensity of PDEGMA,;-b-QPDMAEMA,;-
b-PLMA;-1/DNA complexes increases nearly sixfold from N/P =
0.5 to N/P = 1 and then sharply decreases from N/P = 1 to N/P
= 8. The different behavior of the formed micelleplexes is prob-
ably attributed to the thermoresponsive behavior of the cat-
ionic micelles maintained even after their complexation with
the DNA molecules. The scattering intensity of PDEGMA,,-b-
QPDMAEMA, ;-b-PLMA¢-2/DNA  micelleplexes at 25 °C
decreases sharply from N/P = 0.5 to N/P = 1 and then from N/P
=1 to N/P = 8 without showing significant changes. In con-
trast, at 45 °C, the scattering intensity increases in the whole
range of N/P ratios. The hydrodynamic radii of the micelles
formed by PDEGMA,;-b-QPDMAEMA,;-b-PLMAg-1  and

PDEGMA, ;-b-QPDMAEMA, ;-b-PLMA¢-2  terpolymers before
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complexing with DNA molecules are R, = 17 nm and Ry =
14 nm, respectively. After complexation with DNA molecules,
the Ry, values increase, which indicates the successful for-
mation of micelleplexes. However, the R, values decrease as
the N/P ratio increases, showing that the excess of quaternized
amine groups in the mixed polymer-DNA solutions promotes
the formation of more compact micelleplexes.

Fig. S61 demonstrates the size distributions obtained by
DLS experiments for the PDEGMA,;-b-QPDMAEMA,;-b-PLMAg-
1/DNA and PDEGMA,,-b-QPDMAEMA, ,-b-PLMA4-2/DNA micel-
leplexes at various N/P ratios and at selected temperatures.
The micelleplexes formed present monomodal size distri-
butions in all cases. However, it can be observed that the
changes in solution temperature affect the size distributions of
PDEGMA,;-b-QPDMAEMA,;-b-PLMAg-1/DNA micelleplexes
(Fig. S6at) in a more prominent way compared to PDEGMA, ;-
b-QPDMAEMA, ,-b-PLMA4-2/DNA  (Fig. S6bt) micelleplexes
indicating that the molecular characteristics of the cationic ter-
polymers and the changes in solution temperature play an
important role in the formation and structure of micelleplexes.
The increased amount of PDEGMA and QPDMAEMA blocks in
PDEGMA,;-h-QPDMAEMA, ;-b-PLMAg-1/DNA micelleplexes
may be the reason for this difference in behavior.

The values of zeta potential extracted by ELS measurements
for the micelleplexes in the whole range of N/P ratio studies
are depicted in Fig. 6. The measurements are conducted at
both 25 °C and 45 °C, to examine the surface charge of the
formed micelleplexes at the mentioned temperatures. At N/P =
0.5, for both PDEGMA,;-b-QPDMAEMA,;-b-PLMAg-1/DNA
(Fig. 6a) and PDEGMA,;-b-QPDMAEMA,,-b-PLMA¢-2/DNA
(Fig. 6b), the zeta potential values are negative. This may be
explained by the fact that at this N/P ratio the negatively
charged phosphate groups of the DNA molecules are in excess
and as a result there are DNA molecules that have not been
complexed/interacted with positively charged amine groups or
DNA molecules populate the surface of micelleplexes. At N/P =
1, where the negatively charged phosphate groups of the DNA

a) b)
PDEGMA ,3-b-QPDMAEMA 5-b-PLMAg-1/DNA ‘ ‘ PDEGMA,;-b-QPDMAEMA, 4-b-PLMAG-2/DNA
8
ol [a 26 15 ‘A 25°C
v 45°C v . v 45°C
4} A ¥ - 1 Y
v = - v =
s 2} A E 5 x A
E o} =
s 2o v
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Fig. 6 Zeta-potential values vs. N/P ratios for PDEGMA,3-b-QPDMAEMA,3-b-PLMAg-1/DNA (a) and PDEGMA;;-b-QPDMAEMA4-b-PLMAg-2/DNA

(b) micelleplexes at 25 °C and 45 °C.
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Scheme 3 Schematic representation of PDEGMA-b-QPDMAEMA-b-PLMA/DNA micelleplexes at 25 °C.

molecules were expected to be neutralized by the positively
charged amine groups of the cationic QPDMAEMA block, the
zeta potential is almost zero. At N/P > 1, where the cationic ter-
polymers are in excess, a plateau is attained where the zeta
potential shows positive values and displays minor changes
with N/P. This signifies that most of the negatively charged
phosphate groups have been complexed with the positively
charged amine groups and as a result the cationic terpolymer
systems present increased efficiency for micelleplex formation.

From the results discussed so far, it can be deduced that
the thermoresponsive cationic terpolymers are capable of com-
plexing with DNA molecules via electrostatic interactions.
Scheme 3 is an illustration of nucleic acid binding with the
temperature-responsive cationic triblock terpolymers towards
the formation of micelleplexes.

Conclusions

Thermoresponsive and pH-responsive PDEGMA-h-PDMAEMA-
b-PLMA triblock terpolymers having various compositions of
the blocks and different molecular weights were successfully
synthesized utilizing RAFT polymerization techniques. The
quaternization reaction of the PDMAEMA block using CH;I as
the quaternizing agent converted the linear triblock terpoly-
mers into strong cationic polyelectrolytes giving PDEGMA-b-
QPDMAEMA-b-PLMA terpolymers. The results obtained by
molecular characterization of all synthesized terpolymers pre-
sented evidence of well-defined terpolymers with controlled
compositions and molecular weights.

Studies on the self-assembly behavior of these triblock ter-
polymers in aqueous media showed that they form spherical
micelles where the PDMAEMA block is located between the
hydrophobic PLMA block that occupies the core of the micelles
and the PDEGMA block that forms the outer surface of the
micellar shell, as proven by light scattering experiments. The
CMC of the formed micelles depends on the PLMA hydro-

This journal is © The Royal Society of Chemistry 2024

phobic content and the charge of the triblock terpolymers.
The variations in temperature and pH values seem to affect
the self-assembly behavior of the formed micelles. The chemi-
cal composition of these triblock terpolymers and their posi-
tive charge make them attractive nanocarriers for gene deliv-
ery. The thermoresponsive and cationic micelles of PDEGMA-
b-QPDMAEMA-b-PLMA triblock terpolymers were found to
interact with DNA molecules via electrostatic interactions
forming micelleplexes, with good colloidal stability. The for-
mation of micelleplexes is confirmed by UV-vis measure-
ments, as well as FS measurements of ethidium bromide
quenching. Particularly, the results obtained by physiochem-
ical characterization reveal a strong complexation between cat-
ionic PDEGMA,;-h-QPDMAEMA,;-h-PLMAg-1 micelles, with a
higher content of the QPDMAEMA block, and DNA molecules.
In contrast, the cationic PDEGMA;,-b-QPDMAEMA  4-b-PLMA¢-
2 micelles with a lower QPDMAEMA content present lower
effectiveness in displacing EtBr molecules and less efficient
interaction capability with nucleic acid macromolecules.
Moreover, the physiochemical results obtained by light scatter-
ing experiments (DLS and ELS) at 25 °C and after raising the
solution temperature to 45 °C revealed that the composition of
block terpolymers, the N/P ratio, and the increase of tempera-
ture above the LCST value of PDEGMA strongly affected the
surface charge and the overall dimensions of the resulting
micelleplexes through secondary temperature triggered aggre-
gation. In conclusion, the physiochemical characterization
results provide important information on the parameters
affecting cationic terpolymer/DNA interactions and ultimately
demonstrate the potential of PDEGMA-b-QPDMAEMA-b-PLMA
cationic micelles to be utilized as temperature-responsive non-
viral gene vectors.
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