Journal of Polymer Science

| RESEARCH ARTICLE

W) Check for updates

WILEY

JOURNAL OF
POLYMER SCIENCE

pH and Temperature Dependence of Low-Core T, Micellar
Structures Formed by PDMAEMA-b-PLMA Diblock
Copolymers in Aqueous Solution

Varvara Chrysostomou! | Stefano Da Vela? | Stergios Pispas!

| Christine M. Papadakis?

ITheoretical and Physical Chemistry Institute, National Hellenic Research Foundation, Athens, Greece | *European Molecular Biology Laboratory (EMBL),

Hamburg Unit ¢/o Deutsches Elektronen-Synchrotron, Hamburg, Germany | *Technical University of Munich, TUM School of Natural Sciences, Physics

Department, Soft Matter Physics Group, Garching, Germany

Correspondence: Stergios Pispas (pispas@eie.gr) | Christine M. Papadakis (papadakis@tum.de)

Received: 30 November 2024 | Revised: 16 January 2025 | Accepted: 17 January 2025

Keywords: amphiphilic block copolymers | light scattering | self-assembly | synchrotron small-angle X-ray scattering

ABSTRACT

A diblock copolymer featuring a hydrophobic block with a low glass transition temperature and a pH-responsive, cationic block

is synthesized and investigated with respect to its self-assembly behavior in aqueous solution. The synthesis of the poly(lauryl
methacrylate)-block-poly(2-(N,N-dimethylamino) ethyl methacrylate) diblock copolymer PDMAEMA -b-PLMA  is carried out
using reversible addition fragmentation chain transfer (RAFT) polymerization. Its self-assembly in dilute aqueous solution at

pH 7 is investigated using various light scattering methods. Micelles with a positive zeta potential are identified. Synchrotron

small-angle X-ray scattering reveals changes in the inner structure of the micelles as a function of temperature and at pH values

above, below and close to the pKa value of PDMAEMA (ca. 7.5). At all pH values, cigar-shaped core—shell micelles are found.

While the micellar size and shape hardly change with temperature at pH 5, temperature responsivity is observed at pH 7 and 10,

resulting in, among others, a change of the core size. These structural changes are facilitated by the softness of the PLMA core.

Such systems may be suitable for the co-delivery of hydrophobic drugs and nucleic acids.

1 | Introduction

Self-assembled micelles from amphiphilic block copolymers with
a hydrophobic core and a (permanently) hydrophilic shell have
been prepared from a variety of block copolymers and have, for
instance, been proposed as nanocarriers for hydrophobic drugs
long time ago [1, 2]. More functional, “smart” systems have been
created by using diblock copolymers having—instead of a per-
manently water-soluble block—a charged or even pH-responsive
shell-forming block [1]. Depending on the composition and the
pH value, such diblock copolymers self-assemble into a number
of nanostructures, such as spheres, rods, vesicles, tubules or
disks; thus, they afford a large variety of delivery systems [2-8].
However, many of these systems feature hydrophobic blocks,
such as polystyrene or poly(methyl methacrylate), which have a

high glass temperature, that is, significantly higher than room
temperature. The restricted mobility of the core blocks at room
temperature may result in difficulties to reach the equilibrium
self-assembled structure, resulting in trapped states. Moreover,
in medical applications that involve soft tissue, it may be advan-
tageous to have more flexible systems available.

A system that features a soft hydrophobic core and a pH-
responsive shell was designed from diblock copolymers with
a hydrophobic poly(lauryl methacrylate) (PLMA) block and
a pH-responsive poly(2-(N,N-dimethylamino) ethyl methac-
rylate) (PDMAEMA) block [9]. PLMA is biocompatible (FDA
approved) and, as such, suitable for medical applications [10].
Due to its long aliphatic side chain, PLMA is strongly hydro-
phobic. As its glass transition temperature Tg is well below
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room temperature (Tg: —53°C) [11], the blocks exhibit a cer-
tain mobility at room and physiological temperatures. Hence,
the core is soft, which facilitates equilibration. PDMAEMA
is a weak cationic polyelectrolyte with a pK, of ca. 7.5, mean-
ing that its water solubility, charge, and chain conformation
can be controlled by pH [12]. For pH values between 7 and 10,
it features lower critical solution temperature (LCST) behav-
ior, with cloud points decreasing from ca. 80°C to ca. 40°C at
the higher pH. Moreover, it is biocompatible. A previous in-
vestigation by some of us addressed the role of molar mass
and composition of a series of diblock copolymers of the type
PDMAEMA-b-PLMA [9]. In aqueous solution, these were
found to form micelles that are responsive to pH, temperature,
and ionic strength. The effect of varying the pH value was in-
vestigated using a PDMAEMA-b-PLMA diblock copolymer
with a M =18,000gmol™ and a weight fraction of PLMA
(Wprpa)=0.23. A strong pH dependence of self-assembly be-
havior was observed: While the polymers are molecularly dis-
solved as unimers in aqueous solution at pH 3, self-assembled
micelles are formed at pH 7, and clusters of micelles are formed
at pH 10. The ability to dissolve into unimers at low pH val-
ues was ascribed to the disruption of the fluid micellar PLMA
cores. The clustering of the micelles at pH 10 was attributed
to the reduced water solubility of the PDMAEMA blocks in
the uncharged state [9]. The zeta potential was found to be
positive at pH 3 and 7, which was attributed to the protonation
of PDMAEMA. A negative value was found at pH 10, which
was attributed to the deprotonation of PDMAEMA and the
presence of carboxyl end groups from the chain transfer agent
(CTA). Similar findings were reported for other PDMAEMA-
b-PLMA diblock copolymers having different compositions
and overall molar masses [9]. An increase in temperature was
found to result in a significant decrease in the hydrodynamic
radius of the micelles, which was attributed to the shrinkage
of the PDMAEMA shell due to the reduced water solubility of
the PDMAEMA blocks upon heating [9].

In the present study, we present the synthesis, molecular char-
acterization, and self-assembly behavior of a PDMAEMA -
b-PLMA,, diblock copolymer. Its molar mass is chosen to be
higher than for the previously investigated ones [9], which is
expected to prevent the decomposition of the micelles at low
pH values. The self-assembly behavior is characterized in dilute
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aqueous solution at pH 7, specifically with respect to the CMC,
the overall micellar size, and the zeta potential. The micellar
structures are investigated in detail in dilute aqueous solution at
pH values of 5, 7, and 10, and at temperatures ranging between
25°C and 50°C, using synchrotron small-angle X-ray scattering
(SAXS). Structural changes in the micelles are observed due to
the conformational changes of the PDMAEMA corona chains
as solution conditions are altered, a process further promoted
by the low T, characteristics of the PLMA hydrophobic chains
in the micellar core.

2 | Results and Discussion

2.1 | Synthesis and Molecular Characterization
of the PDMAEMA-b-PLMA Diblock Copolymer

A PDMAEMA-b-PLMA diblock copolymer was synthesized
via reversible addition-fragmentation chain transfer (RAFT)
polymerization, following a two-step synthetic procedure
as described in our previous work [9] and in the Supporting
Information (SI). A PDMAEMA homopolymer was synthesized
first and was used as a macro-CTA for the polymerization of
the second PLMA block. The synthetic route and the chemical
structure of the block copolymer are shown in Scheme 1. The
synthesized homopolymer and diblock copolymer were molec-
ularly characterized by size exclusion chromatography (SEC),
and their molecular characteristics are presented in Table 1. The
resulting molecular masses are close to the stoichiometric ones,

TABLE 1 | Molecular characteristics of the polymers under

investigation.
NMR
M_? ratio®  Yield
Sample (gmol™) M /M?> (%wt) (%)
PDMAEMA 9700 1.17 — 90
PDMAEMA - 19,600 1.27 48:52 98
b-PLMA,,
2Determined by size exclusion chromatography.
YDetermined by 'H-NMR.
s
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CDP: 4-cyano-4-[(dodecylsulfanylthiocarbonyl)
sulfanyl]pentanoic acid

SCHEME1 | Synthetic route for the synthesis of the PDMAEMA-b-PLMA diblock copolymer.

H,C
OCH,(CH,)1oCH;

CH3
LMA: lauryl methacrylate
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FIGURE1 | SEC chromatograms of the PDMAEMA homopolymer
(dashed line) and the PDMAEMA-b-PLMA diblock copolymer (sol-

id line) in THF/5%v/v Et,N, using a differential refractive index (RI)
detector.
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FIGURE2 | 'H-NMR spectrum of the PDMAEMA-b-PLMA diblock
copolymer in CDCl,. The peak at 7.26 ppm, denoted by (*), is assigned
to the solvent protons.

and the dispersity index values (M, /M,) are within a satisfac-
tory range for RAFT polymerization procedures. Figure 1 pres-
ents the chromatograms of the PDMAEMA-b-PLMA copolymer
and the PDMAEMA precursor. The chromatograms of both
polymers show narrow, monomodal, and symmetric distribu-
tions. Moreover, the chromatogram of the PDMAEMA-b-PLMA
copolymer is shifted to a smaller elution volume compared to the
precursor, indicating an increase in molar mass. Consequently,
the chromatograms and the obtained data correspond to well-
defined polymers, demonstrating a controlled synthetic proce-
dure through the RAFT polymerization scheme utilized.

The confirmation of the chemical structure and the determi-
nation of the composition of the PDMAEMA-b-PLMA diblock
copolymer were performed by proton nuclear magnetic reso-
nance (*H-NMR) spectroscopy. Spectrum analysis (see the SI)
verified the expected chemical structure (Figure 2). The com-
position was evaluated using the characteristic spectral peaks
at 2.32ppm, corresponding to the mCH, protons of the amino
group (peak e, 6H, mN(CH,),) of PDMAEMA, and at 1.26 ppm,
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M

3000 2000 1000
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FIGURE 3 | ATR-FTIR spectra of the PDMAEMA homopolymer
(lower red line) and the PDMAEMA-b-PLMA diblock copolymer (up-
per black line) in the solid state.

which corresponds to the mCH, protons of the PLMA side chain
(peak f, 2H, =CH,(CH,),,CH,=) [9]. According to the obtained
results, the composition was found to be close to the theoretical
one and is presented in Table 1.

Additionally, Fourier-transform infrared spectroscopy (FTIR)
was used to confirm the chemical structure of the synthesized
polymers. Representative FTIR spectra of the PDMAEMA-b-
PLMA diblock copolymer and the PDMAEMA precursor are
presented in Figure 3. The spectral features of both polymers are
similar to those described in detail in our previous work [9], in-
cluding all the characteristic bands that demonstrate the expected
chemical structure of the synthesized PDMAEMA-b-PLMA di-
block copolymer and also of the PDMAEMA homopolymer.

2.2 | Self-Assembly of the PDMAEMA-b-PLMA
Diblock Copolymer in Aqueous Solution

Studies on the ability of the PDMAMEA-b-PLMA diblock co-
polymer to self-assemble into micelles in aqueous solution were
performed by determining the critical micelle concentration
(CMC) using fluorescence spectroscopy. Pyrene was used as the
fluorescent probe due to its hydrophobic character, its sensitivity
to micropolarity variations, and its ability to be encapsulated in
the hydrophobic micellar core. The intensities of the character-
istic vibronic peaks, I, and I, in the pyrene emission spectrum
were used to determine the CMC. A representative fluorescence
spectrum of pyrene in an aqueous polymer solution with a con-
centration of 1gL~1, as well as the utilized characteristic peaks,
is shown in Figure 4a. The fluorescence intensity ratio of the
pyrene peaks, I,/I,, is plotted against the copolymer concen-
tration of the prepared aqueous solutions, ranging from 1073 to
10-3gmL'in Figure 4b. The plateau observed at low concentra-
tions indicates that the micelles have not formed yet, while the
transition region at intermediate concentrations and the plateau
at higher concentrations reveal their efficient formation. The
CMC value is determined as the inflection point of the curve, as
shown in Figure 4b, and is listed in Table 2.

The self-assembly behavior of the amphiphilic PDMAEMA-b-
PLMA diblock copolymer in aqueous solution was investigated
using light scattering techniques. Dynamic light scattering
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(DLS) was performed to determine the hydrodynamic radii,
R, , and the polydispersity index (PDI) of the micelles. Figure 5
shows the intensity-weighted distribution of hydrodynamic
radii from the CONTIN analysis of the intensity autocorrela-
tion functions measured at a scattering angle 90° for an aque-
ous solution of the PDMAEMA-b-PLMA diblock copolymer at a
polymer concentration of 1gL~!. The monomodal, narrow, and
symmetrical size distribution indicates that well-defined micel-
lar structures are formed. Using the cumulant method on the
data at 90°, the average hydrodynamic radius, R, , of the micelles
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FIGURE 4 | (a) Representative fluorescence spectrum of an aque-
ous PDMAEMA-b-PLMA /pyrene solution at a polymer concentration
of 1gL~1. (b) Determination of the critical micelle concentration (CMC)
of PDMAEMA-b-PLMA in aqueous solutions, using pyrene as a fluores-
cent probe at 25°C and pH 7. The crossover point of the fitted lines (red
solid lines) indicates the CMC value, which is indicated by the vertical
red dashed line.

was found to be 43nm, with a PDI of 0.18 (Table 2). These struc-
tures are expected to be composed of a hydrophobic PLMA core
and a hydrophilic PDMAEMA shell.

Static light scattering (SLS) was employed to determine the
radius of gyration of the micelles, R,, which was found to be
61 nm. The Zimm second-order analysis method was used in the
angular range of 30°-150° (Figure 6). The R,/R,, ratio was deter-
mined using the extrapolated value of R, , and was found to be
1.06. This value indicates the formation of somewhat elongated
micelles, which is consistent with the relatively high content of
the hydrophobic PLMA block and the long aliphatic side chains
of PLMA, which may not be able to pack well in a spherical core.
Moreover, the hydrodynamic radius from DLS, which is larger
than the calculated contour length of the copolymer, L=25nm,
supports the formation of micelles with an elongated morphol-
ogy. The values obtained from SLS are included in Table 2.

The surface charge of the micellar structures was determined
by electrophoretic light scattering (ELS). The zeta potential Cp
assumes a positive value (§p=+35 mV), as expected from the
partially charged tertiary amine groups of PDMAEMA at pH 7.

2.3 | Shape and Inner Structure of the Micelles
Formed by the PDMAEMA-b-PLMA Diblock
Copolymer in Aqueous Solution

The micellar structures, that is, the size, shape, inner structure,
and aggregation, were determined using synchrotron SAXS.

1.0

0.8

0.6

f(R,)

0.4

0.2}

00 1 1 1 1
10 10° 10 10° 10° 10*
R, (nm)

FIGURE 5 | Size distribution from a CONTIN analysis of the
DLS intensity autocorrelation function of an aqueous solution of the
PDMAEMA-b-PLMA diblock copolymer at a concentration of 1gL" at
pH 7, measured at 90°.

TABLE 2 | Structural characteristics of the micelles formed by PDMAEMA-b-PLMA in aqueous solution (H,0) at a concentration of 1gL~" and

pH 7.
Sample R,* (nm) PDI? Rgb (nm) R /Ry, cMcd (10-3gL™Y) gpe (mV)
PDMAEMA, -b-PLMA 43 0.18 61 1.06 1.06 +35

2Determined by cumulant analysis on DLS data measured at 90°.

YDetermined by SLS.

‘Determined by multi-angle DLS after extrapolation to zero angle, R, ;=57.5nm.
dObtained from fluorescence spectroscopy.

¢Determined by ELS.
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Solutions with a concentration of 10g L~* were prepared in D,0
at pH 5, 7, and 10. This concentration was chosen to be low to
minimize intermicellar interactions, while still providing suf-
ficient scattering signal. D,0 was used for consistency with
planned neutron scattering experiments. Typically, no signifi-
cant deviations from the behavior in H,O are observed. At each
pH value, temperature scans were carried out from 25°C to
50°C. The resulting curves are shown in Figure 7a-c. At all pH
values, the curves show a decay up to ca. 0.1nm™!, a maximum
at 0.2-0.35nm™%, a shoulder, and then a decay.

At 25°C, the peak and the shoulder are the least pronounced at
a pH value of 5. At pH 7, the peak is nearly at the same position
as at pH 5, but the shoulder is more pronounced, and a low-q
slope indicative of large aggregates appears. At pH 10, the peak

x10°8
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4.00 .

Kc/R x g/mol

T
1

3.50

3.00 b

1 1 1 1 1
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(g#+ke) x pm?

FIGURE 6 | Zimm plot from SLS on an aqueous solution of the
PDMAEMA-b-PLMA diblock copolymer for scattering angles in the
range 30°-150°. Symbols: Experimental data; line: fit.

is shifted to a significantly higher g value (from 0.23nm™! at pH
5and 7 to 0.34nm™! at pH 10), the shoulder is most pronounced,
and a low-q upturn is again visible. At ¢ >3nm™!, shallow max-
ima are observed, which are most pronounced at pH 7 and 10.
These are perhaps due to local structural features, such as ion
association or correlations between chemical moieties of the
polymers, and are not taken into account in the analysis.

At pH 5, essentially no change with temperature is observed
(Figure 7a). In contrast, at pH 7, the intensity decreases in the
g-range up to ca. 0.1nm™1, while the remainder of the data are
broadly independent of temperature (Figure 7b). At pH 10, a
similar decrease in intensity is observed at ¢ <0.1nm™, and, in
addition, a noticeable shift of the peak and the shoulder to lower
q values occurs as the temperature is increased. These differ-
ences point to the effect of the varying degree of ionization of the
PDMAEMA blocks.

The data could be fitted with the structural model described in
Section 4 (Equation 1). It includes the form factor of core-shell
ellipsoids that describe the size, shape, and inner structure of
the micelles. The shell thickness was assumed to be the same in
all directions. In addition to the form factor, the concentration
fluctuations in the micellar shell were described by an Ornstein-
Zernike structure factor. We refrained from including a micelle-
micelle structure factor to keep the number of fitting parameters
as low as possible. The fit quality in its absence is already good,
and its effects are likely to be obscured in the presence of the large
aggregates present at pH 7 and 10. At pH 7 and 10, it was nec-
essary to model additional forward scattering from aggregates
formed by the micelles using a modified Porod term. We note that
these aggregates are not observed in DLS experiments (Figure 5),
which may be due to the lower concentration used in the DLS
experiments. The fits, which were carried out using data up to
q=3nm™ (pH 5) or 2nm™' (pH 7 and 10), are throughout good
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FIGURE7 | SAXS data from the 10gL~" solution of PDMAEMA-b-PLMA in D,O at pH 5 (a, d), pH 7 (b, &), and pH 10 (c, f) at the temperatures
given in (a). In (d)-(f), the curves are shifted by factors of 5. Symbols: Experimental data; lines: fits of structural models, see text.
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FIGURES8 | SAXSdatafrom the 10gL~! solution of the PDMAEMA-
b-PLMA diblock copolymer in D,0 at pH 7° and 25°C (symbols). Only
every second data point is shown. Full black line: Overall fit, see text.
Dashed red line: Form factor of core-shell ellipsoids; dotted violet line:
Power law; dash-dotted blue line: Ornstein-Zernike term; full gray line:
Constant background.

(Figure 7d-f). The deconvolution is shown using the data at pH
7° and 25°C (Figure 8), and it reveals that the initial steep decay
up to g=0.05nm™"! is mainly due to forward scattering from the
large aggregates, the remaining decay, the peak, and the shoul-
der are attributed to the micellar form factor, and the decay at
q=0.6-2nm™"! is mainly due to the concentration fluctuations.

The resulting structural parameters are compiled in Figures 9
and 10. At pH 5, the micelles have an equatorial and a polar core
radius of ca. 10 and 17.5nm, respectively (Figure 9a). Hence,
the axis ratio (polar/equatorial) of the core amounts to ca. 1.7
(Figure 10a). The micellar cores, and hence the entire micelles,
are thus cigar-shaped, which may be due to the rather symmetric
composition (PDMAEMA:PLMA 48:52w/w; Table 1) and possi-
ble packing constraints due to the long aliphatic side chains in
PLMA. The core volume increases slightly with temperature.
Assuming that the cores consist of PLMA,, and have the same
mass density as bulk PLMA, this means that the aggregation
number increases from ca. 400 at 25°C to ca. 420 at 50°C. The
shell thickness amounts to ca. 11nm, giving an equatorial and
a polar micellar radius of ca. 21 and 28nm, respectively. The
correlation length of concentration fluctuations, &, is ca. 6nm
(Figure 9a). At this temperature, the contribution of aggregates to
the forward scattering is negligible, and thus, the Porod term was
not needed. We conclude that, at pH 5, where the PDMAEMA
block is strongly charged, rather elongated ellipsoidal core-shell
micelles are formed, which consist of a few hundred diblock co-
polymers and do not form aggregates (Figure 11a).

At pH 7, the micelles have an equatorial core radius that decreases
from 10.9 to 10.6nm upon heating from 25°C to 50°C and a polar
core radius that increases from 17.2 to 17.6nm, respectively
(Figure 9b). The axis ratio of the core increases from 1.58 at 25°C
to 1.65 at 50°C (Figure 10a), that is, the core becomes slightly
more elongated upon heating. The core volume decreases from
8.7x103nm?3 at 35°C to 8.3 x 103nm?3 at 50°C (Figure 10b), that is,
the aggregation number decreases from ca. 480 to ca. 460. The
shell thickness decreases from 7.9nm at 26°C to 7.2nm at 50°C.
The equatorial micellar radius decreases from 18.9 to 17.8nm,
while the polar radius is essentially constant at 25nm. Hence,
the elliptical cores are slightly thicker than at pH 5, are less elon-
gated, and contain more PLMA blocks. The shell is thinner than
at pH 5, which is likely due to the lower degree of ionization of the
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FIGURE 9 | Length scales resulting from the micellar form factor
and the Ornstein—Zernike term at pH 5 (a), pH 7 (b), and pH 10 (c), as giv-
en in the legend in (c). Closed symbols: Equatorial values; open symbols:
PSAXS measurements were performed on aqueous solutions with 10 g
L™! polymer concentration, in dependence of temperature at pH values
of 5,7, and 10. Polar values, for core (R squares) and overall micellar

radii (R

mic> triangles).

PDMAEMA block. The correlation length of concentration fluc-
tuations, &, is ca. 3.3nm (Figure 9b), that is, smaller than at pH 5.
At pH 7, enhanced forward scattering is observed, and the Porod
exponent increases from 4.3 to 4.7 upon heating (Figure 10c),
while at the same time the Porod amplitude decreases slightly
(Figure 10d). We conclude that, at pH 7, where the PDMAEMA
block is only weakly charged, less elongated ellipsoidal core-shell
micelles are formed, which have a slightly larger core volume,
that is, a higher aggregation number than at pH 5. Moreover, they
feature a thinner shell with a denser packing of the PDMAEMA
blocks than at pH 5 (Figure 11b). Furthermore, the micelles form
aggregates, which may be due to the slightly lower water solubil-
ity of the PDMAEMA shell blocks when they are less charged.
The lower micellar size than observed in DLS (Table 2) may be
due to the higher polymer concentration.
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At pH 10, the micelles have an equatorial core radius that
increases from 7.3nm at 25°C to 9.1nm at 50°C, while the
polar radius increases from 9.9nm at 25°C to 13nm at 50°C,
respectively (Figure 9c). Hence, the axis ratio increases from
1.36 to 1.49 (Figure 10a), that is, the cores become slightly
more elongated with higher temperatures. The core volume
increases from 2.2x103nm? at 25°C to 4.5x10°nm3 at 50°C
(Figure 10b), that is, the aggregation number increases from
ca. 120 to ca. 250. The shell thickness increases from 5.6 nm
at 25°C to 6.5nm at 50°C, giving an equatorial micellar radius
that increases from 15.2nm at 25°C to 16.3nm at 50°C and a
polar micellar radius that increases from 17.8nm at 25°C to
20.2nm at 50°C. The correlation length of concentration fluc-
tuations, & decreases from 4.2nm at 25°C to 3.3nm at 50°C.
The Porod exponent increases from 2.9 at 25°C to 3.9 at 50°C
(Figure 10c), and the Porod amplitude is significantly higher
than at pH 7 (Figure 10d). Thus, the micellar cores are signifi-
cantly smaller than at pH 7, the aggregation numbers are much
smaller, and the cores are less elongated. The shell is thinner
than at pH 7, while the packing of the PDMAEMA blocks is
equally dense, which may be attributed to the smaller core size,
that is, the smaller aggregation number (Figure 11c). The large
aggregates are more prominent than at pH 7. We attribute these
findings to the lower degree of ionization of the PDMAEMA
blocks compared topH 7 and their thermoresponsivity in the
uncharged state. The fact that the core sizes are also affected
points to a crosstalk between the conformation of the shell
blocks and their space demand at the core-shell interface. As
the shell blocks are less extended than in the charged state,
their area demand is higher, which reduces the aggregation
number. We hypothesize that structural transformations, such

as the change in core size and the axis ratio, are facilitated also
by the low T, of the PLMA cores, which enable conformational
changes of the PLMA blocks and, as a consequence, of the
PDMAEMA shell blocks. Most probably, such changes would
not be possible in the case of a high T, core-forming block.

3 | Conclusions

In the present study, a diblock copolymer PDMAEMA -b-
PLMA,  with a narrow molar mass distribution was synthesized
using RAFT polymerization. It is composed of a pH-responsive
PDMAEMA block, which is also thermoresponsive in the un-
charged state at high pH values, and a hydrophobic PLMA block,
which has a glass temperature below room temperature. The
successful synthesis is verified using SEC, 'H-NMR, and ATR-
FTIR spectroscopy. Using fluorescence spectroscopy of pyrene in
aqueous solution at pH 7, the CMC is found to be ca. 1073gL™1,
The hydrodynamic radius of the micelles formed by the diblock
copolymer in a 1gL~! solution in H,O at pH 7 is determined by
DLS to be 43 nm. Static light scattering under the same conditions
reveals a radius of gyration of 61nm and an elongated micellar
shape, according to the Rg/Rh ratio. At pH 7, the zeta potential is
positive, that is, the PDMAEMA block is positively charged.

SAXS measurements were performed on aqueous solu-
tions with 10 g L~! polymer concentration, in dependence on
temperature at pH values of 5, 7, and 10. At pH 5, where the
PDMAEMA block is strongly charged, the structures are nearly
temperature-independent. Elongated ellipsoidal core-shell mi-
celles are formed with a rather thick shell, with the core and
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a)pH 5

b) pH 7

c)pH 10
50°C

FIGURE 11 | Schematic representation of the micellar structures
from SAXS at pH 5 (a), pH 7 (b), and pH 10 (c) at 25°C (left) and 50°C
(right), approximately to scale. The red parts depict the micellar cores
from PLMA, and the blue lines represent a few PDMAEMA blocks.
These are strongly (a), weakly (b), and non-charged (c). The counterions
and the water molecules are not shown. The green arrows depict the
correlation length of concentration fluctuations. The large-scale aggre-
gates formed at pH 7 and 10 are not shown.

the shell presumably formed by bulk PLMA and water-swollen
PDMAEMA. At pH 7, the aspect ratio of the ellipsoids changes
with temperature, and the shell thickness decreases upon heat-
ing. Moreover, aggregates formed by the micelles are observed.
These temperature-dependent structural changes are attributed
to the lower degree of ionization of the PDMAEMA block and its
resulting thermoresponsivity, that is, the solvent quality of water
becomes worse as temperature is increases. At pH 10, the mi-
celles are significantly smaller, and the cores are less elongated.

A strong increase of the core size is observed upon heating, as
well as significant aggregate formation. The latter finding again
reflects the thermoresponsivity of the PDMAEMA block in the
uncharged state. The changes in the core size with pH value and
temperature reveal that the interfacial area demand of the shell
block influences the aggregation number.

The design of these block copolymers—soft hydrophobic core
and positively charged shell with tunable charge—offers the
possibility to create micelles that can carry both hydrophobic
substances in their core and, when the shell is positively charged,
at the same time complex (negatively charged) nucleic acids.
Hence, they may be used to co-deliver nucleic acids for gene
therapy and, for example, (hydrophobic) chemotherapeutics or
contrast agents for simultaneous diagnostics [13-22]. Different
from other systems, the soft core allows better adaptability to the
biological environment, which may be an advantage for pass-
ing the cell membrane. Moreover, PDMAEMA is biocompatible.
The pH-responsive block has the advantage that the positive
charge, which is present at physiological neutral pH, may com-
plex a nucleic acid, while it facilitates the release through the
proton sponge effect [23, 24], thus avoiding degradation of the
nucleic acid in lysosomes and drug elimination through the en-
docytic recycling pathway [15]. Additional functionalities, such
as active targeting moieties, can be included [25, 26].

4 | Experimental Section
4.1 | Materials

The PDMAEMA,-b-PLMA,; diblock copolymer was synthe-
sized by RAFT polymerization. Details are given in the SI. Heavy
water (D,O, purity 99.95%, from Deutero GmbH, Kastellaun,
Germany), deuterated chloroform (CDCI,, from Sigma-Aldrich),
and tetrahydrofuran (THF, purity > 99.9%, Sigma-Aldrich) were
used as received.

4.2 | Methods
4.2.1 | Molecular Characterization

The methods used for molecular characterization of the synthe-
sized polymers are described in detail in the SI. These comprise
SEC for the determination of the molar masses and the molar
mass distribution, 'H-NMR spectroscopy for the confirmation
of the chemical structure and the determination of the composi-
tion of the copolymer, and FTIR in the form of ATR-FTIR for the
verification of the chemical structure of the polymers.

4.2.2 | Fluorescence Spectroscopy

Fluorescence spectroscopy was performed to determine the CMC
of the PDMAEMA-b-PLMA diblock copolymer in aqueous media
using pyrene as the fluorescent probe. The measurements were
conducted on a Fluorolog-3 Jobin Yvon-Spex spectrofluorometer
(Model GL3-21). The excitation wavelength used was 335nm, and
the emission spectra were recorded in the wavelength range of
355-630nm. For the PDMAEMA-b-PLMA diblock copolymer, a
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stock solution in H,O with concentration of 1gL~" was prepared
according to the co-solvent protocol as previously described [9]
and as described in detail in the SI. This stock solution was di-
luted to give aqueous solutions with concentrations ranging from
107> to 1gL~1. Moreover, a stock solution of pyrene (1mM) in
acetone was prepared, from which 1uL was added per 1mL of
aqueous copolymer solution. The solutions containing pyrene
were left for evaporation of acetone overnight at room tempera-
ture before the fluorescence spectroscopy measurements.

4.2.3 | Light Scattering

Light scattering measurements were performed to study the
self-assembly behavior of the PDMAEMA-b-PLMA diblock co-
polymer in aqueous solution to determining the size, shape, and
the surface charge of the formed micellar structures. All light
scattering experiments were performed at 25°C using aqueous
solutions of PDMAEMA-b-PLMA at a concentration of 1gL™!
and pH 7 (for sample preparation see the SI).

DLS measurements were conducted on an ALV/CGS-3 compact
goniometer system (ALV GmbH, Germany), equipped with a
JDS Uniphase 22mW He-Ne laser as a light source, operating at
632.8nm, and interfaced with an ALV-5000/EPP multi-t digital
correlator with 288 channels and an ALV/LSE-5003 light scat-
tering electronics unit for stepper motor drive and limit switch
control. Moreover, a Polyscience 9102A12E bath circulator
(Polyscience, Illinois, USA) was utilized to regulate the tempera-
ture inside the measuring cell. Toluene was used as the calibra-
tion standard. Before measurements, dust particles were removed
by filtration of the solutions through 0.45um hydrophilic PVDF
syringe filters (obtained from Membrane Solutions). Afterward,
the solutions were put into standard 1cm width cylindrical
quartz cuvettes and equilibrated for 15min at 25°C. The mea-
surements were carried out at scattering angles of 30°-150° at 10°
intervals. At each angle, five measurements having a duration
of 30s each were conducted. The obtained intensity correlation
functions were fitted and analyzed by the CONTIN algorithm to
give the distribution of decay times. Since the distribution was
found to be monomodal, the hydrodynamic radii, R, were cal-
culated from the peak decay time at the scattering angle of 90°
via the diffusion coefficient, using the Stokes-Einstein relation.
Moreover, the cumulant method was used to extract the average
value of R, and its PDI from the data measured at 90°. The R,
values obtained by the cumulant method at all measured angles
were extrapolated to the value R, ; at 0°.

SLS measurements were performed on the same instrument in
the same angular range of 30°-150° at 10° intervals, using tolu-
ene as the calibration standard. SLS intensities were analyzed
by a second-order Zimm plot in order to estimate the radius of
gyration, Rg, and the ratio Rg/RhO.

ELS measurements were conducted using a Nano Zeta Sizer
(Malvern Instruments Ltd., UK), composed of a 4mW solid-
state He-Ne laser, operated at 633nm and at a fixed backscat-
tering angle of 173°. The zeta potential value was determined
after equilibration at 25°C using the Henry correction of the
Smoluchowski equation. The recorded zeta potential values are
averages of 50 scans, with an error smaller than +2mV.

SAXS measurements were carried out at the high-brilliance
synchrotron BioSAXS EMBL beamline P12 at the Deutsches
Elektronen Synchrotron (DESY), Hamburg, Germany [27]. X-
rays with a wavelength A=0.124 nm were used, together with
a sample-detector distance (SDD) of 3.0m, resulting in a g-
range of ca. 0.027-7.4nm™!. g denotes the momentum trans-
fer: q=4msin(6/2)/A, where © is the scattering angle. A 2D
Pilatus 6M detector was used to record the scattered intensity,
employing the scattering of silver behenate for angular cal-
ibration. Samples were centrifuged before measurements to
eliminate any pre-existing large impurity or aggregates. The
sample temperature was varied between 25°C and 50°C. Using
a robotic sample changer (Arinax, France), the dispersions
were made to flow continuously through a thermo-controlled
capillary (inner diameter 1.7 mm) during illumination to re-
duce radiation damage [28, 29]. The samples were prelimi-
nary equilibrated in the robot sample changer and then briefly
preliminary again in the capillary at the chosen tempera-
ture. Each sample was exposed 40 times for 80-100 ms each.
The 2D detector maps were azimuthally averaged and were
brought to absolute scale using water as a standard. After the
removal of outliers, the data were averaged, and background
subtraction from the respective buffer was performed, tak-
ing the transmission into account. No time dependence was
observed. All operations were carried out using the software
suite ATSAS 2.8 [30]. Solutions for SAXS were prepared fol-
lowing the method described in the SI, using THF and D,O
(D,O was used for consistency with planned neutron scatter-
ing experiments). A 24gL~! solution in D,0 was obtained by
evaporating the THF from D,O-THF mixtures using a rotary
evaporator and further diluting to 10gL~! with D,0. The pH
value was adjusted to 5, 7, or 10 by adding small amounts of
1M HCl or 1M NaOH.

4.2.4 | Analysis of the SAXS Data by Fitting
Structural Model

The SAXS curves I(q) were analyzed by fitting the follow-
ing model:

I(Q) = Iagg(q) + P(q) + Iﬂuct(q) + Ibkg (1)

where Iagg(q) denotes the scattering due to large aggregates
formed by the micelles, P(q) is the form factor of the micelles,
I;1,(@) is the scattering due to concentration fluctuations in the
micellar shell, and I bkg is a constant background.

For P(q), the form factor of randomly oriented ellipsoidal core-
shell particles was used [31]. The detailed expressions are given
in the SI. P(q) features the equatorial radius, R, and the axial
ratio of the core, the latter being the ratio of the polar radius
of the core, Rp, to R,. Moreover, it contains the shell thickness,
then» Which was assumed to be the same in all directions, as
well as the X-ray scattering length densities (SLDs) of the core,
the shell, and the solvent. The SLDs of PLMA, PDMAEMA,
and D,0 are 8.76x107°, 12.2x1075, and 9.33x107%A-1, as
calculated from their mass densities: pp;,,, =0.929gcm™>,
Promapma = 1-318gcm™, and pj,,=1.107gcm™>. The SLDs
of the core and the shell were left as free fitting parameters,
whereas that of the solvent was fixed at the value of D,0.
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For Iagg(q), a modified Porod term was used:

I
Lg(@) = q—fn ©)

with I, a scaling factor and m the Porod exponent. The latter is
indicative of the surface properties of the aggregates: [32] m=4
stands for a smooth surface, 3 < m <4 represents rough surfaces,
and m >4 is obtained for surfaces with a concentration gradient
[33, 34].

For I, .(q), the Ornstein-Zernike structure factor was used: [35]
Iog
Iye(@) = ——— 3
T 1 (gep? @

where I, is the scattering intensity at =0 and & the correlation
length of concentration fluctuations.

Iy Was left as a free fitting parameter. All SAXS data were mod-
eled using the software SasView 5.06 [36].
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