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1 Introduction

Enhanced stability of complex coacervate core
micelles following different core-crosslinking
strategiest

C

Riahna Kembaren,?® J. Mieke Kleijn,? Jan Willem Borst, (2° Marleen Kamperman

and Anton H. Hofman (2 *©

Complex coacervate core micelles (C3Ms) are formed by mixing aqueous solutions of a charged
(bio)macromolecule with an oppositely charged-neutral hydrophilic diblock copolymer. The stability of
these structures is dependent on the ionic strength of the solution; above a critical ionic strength, the
micelles will completely disintegrate. This instability at high ionic strengths is the main drawback for their
application in, e.g., drug delivery systems or protein protection. In addition, the stability of C3Ms
composed of weak polyelectrolytes is pH-dependent as well. The aim of this study is to assess the
effectiveness of covalent crosslinking of the complex coacervate core to improve the stability of C3Ms.
We studied the formation of C3Ms using a quaternized and amine-functionalized cationic-neutral
diblock copolymer, poly(2-vinylpyridine)-block-poly(ethylene oxide) (QP2VP-b-PEO), and an anionic
homopolymer, poly(acrylic acid) (PAA). Two different core-crosslinking strategies were employed that
resulted in crosslinks between both types of polyelectrolyte chains in the core (i.e., between QP2VP and
PAA) or in crosslinks between polyelectrolyte chains of the same type only (i.e., QP2VP). For these two
strategies we used the crosslinkers 1-ethyl-3-(3’-dimethylaminopropyl)carbodiimide hydrochloride (EDC)
and dimethyl-3,3’-dithiopropionimidate dihydrochloride (DTBP), respectively. EDC provides permanent
crosslinks, while DTBP crosslinks can be broken by a reducing agent. Dynamic light scattering showed
that both approaches significantly improved the stability of C3Ms against salt and pH changes.
Furthermore, reduction of the disulphide bridges in the DTBP core-crosslinked micelles largely restored
the original salt-stability profile. Therefore, this feature provides an excellent starting point for the
application of C3Ms in controlled release formulations.

entropy gain from the release of the counterions upon complex
formation.**™" C3Ms are easy to prepare as it only involves a

Complex coacervate core micelles (C3Ms), also known as block
ionomer complexes' or polyion complex micelles* are poly-
meric nanostructures with a complex coacervate core and a
neutral hydrophilic shell.>™ C3M formation is based on self-
assembly of ionic-neutral hydrophilic diblock copolymers and
oppositely charged macromolecules at concentrations exceed-
ing the critical micelle concentration (CMC).>*® The driving
forces for C3M formation are Coulombic attraction between the
oppositely charged parts of the polyelectrolyte chains and the
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simple mixing step of aqueous solutions. C3Ms can be used as
carrier for charged macromolecules such as proteins, DNA, and
RNA.*">7'* Furthermore, C3Ms are interesting for many other
applications, including their use as bionanoreactors or nanop-
robes, for the encapsulation of biomolecules, and as drug
delivery systems,>**>719

Despite their ease of preparation, C3Ms can easily disinte-
grate, in particular at high ionic strength, which is the main
limitation for their practical application.>'**>'">! Increasing
the salt concentration decreases the driving forces for C3M
formation, resulting in a reduced stability of the C3Ms. Above a
certain salt concentration, also known as the critical salt
concentration (CSC), C3Ms will completely disintegrate. In
addition, in case of weak polyelectrolytes, the pH is an essential
parameter for the stability of C3Ms as well.>"?

A strategy to overcome undesired disintegration of C3Ms is
by crosslinking the polymers. This can be done reversibly or

This journal is © The Royal Society of Chemistry 2022
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irreversibly, either in the core or in the corona of the
micelles.">*>>> However, crosslinking the corona/shell may affect
the surface characteristics and reduces the hydrophilicity and thus
the solubility of the micelles.”* With the core-crosslinking strategy,
on the other hand, we expect that the micelles’ surface charac-
teristics will remain the same. Core-crosslinking of C3Ms can be
achieved by binding together one or both types of polymers
present in the core of C3Ms, either physically or covalently.?* 2
Chemical crosslinking of the components in the core will provide
a more stable network. Chemical crosslinks can be introduced,
for example, by irradiation (photo-polymerization), an enzymatic
reaction, or by using “click” chemistry.”” To crosslink C3Ms, the
polymers must contain reactive functional groups, such as amines,
thiols, carboxylates, hydroxyls, acetoacetyl groups, acetal groups,
acrylamide derivates, or carbonyl groups.>**°

The aim of this study is to determine the effectiveness of
covalently crosslinking the core of C3Ms to improve their
stability against salt addition and pH changes. C3Ms were
prepared using a cationic-neutral diblock copolymer, poly(2-
vinylpyridine),,s-b-poly(ethylene oxide),;; (P2VP;,4-b-PEO,;),
and an anionic homopolymer, poly(acrylic acid);;5 (PAA;qs)-
Beforehand, the P2VP-containing diblock copolymer was func-
tionalized with primary amine groups via quaternization. Since
primary amines are known to participate in quaternization
reactions themselves, protection chemistry was required during
the quaternization procedure. Several amine protecting groups
are convenient to use like 9-fluorenylmethyl carbamate (FMOC),
t-butyl carbamate (BOC), and phthalimides®'* We have chosen
N-(2-bromoethyl)phthalimide because of its stability under the
conditions required for the quaternization reaction (including
heating to 150 °C). After deprotection, the amine can be used
for core-crosslinking by adding a bifunctional crosslinker to the
C3M solution.'>** In this study, we used two types of crosslinkers,
1-ethyl-3-(3’-dimethylaminopropyl)carbodiimide hydrochloride
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(EDC) and dimethyl 3,3’-dithiopropionimidate dihydrochloride
(DTBP). EDC forms irreversible crosslinks between amine and
carboxylic groups, while DTBP connects two amine groups.
Furthermore, since DTBP crosslinks contain disulphide
bridges, these crosslinks can be broken again by addition of a
reducing agent. We have investigated these two types of cross-
linkers to crosslink the core of C3Ms (Scheme 1). Next, we have
compared these different core-crosslinking strategies, i.e., net-
work formation between only one or between both types of
polymers in the core, and permanent versus reversible cross-
linking. Using dynamic light scattering (DLS), we investigated
the formation of C3Ms, their size and stability as a function of
ionic strength and pH before and after crosslinking, and in case
of DTBP also after breaking the crosslinks.

2 Experimental section
2.1 Materials

The diblock copolymer poly(2-vinylpyridine),,s-block-poly(ethylene
oxide)s;; (P2VP1,5-b-PEQ,,) (M, = 34.5 kg mol ™', P = 1.1) and
homopolymer poly(acrylic acid)y;s (PAA1g) (M, = 8.5 kg mol ™%,
b =1.07) were obtained from Polymer Source Inc. The crosslinkers
1-ethyl-3-(3’-dimethylaminopropyl)carbodiimide ~ hydrochloride
(EDC) and dimethyl 3,3'-dithiopropionimidate dihydrochloride
(DTBP) were purchased from Thermo Fisher Scientific. The qua-
ternization reagent N-(2-bromoethyl)phthalimide and the hydrazine
hydrate solution (78-82% in H,0) were obtained from Sigma-
Aldrich. 1,4-Dithiothreitol (DTT) was purchased from Carl Roth.

2.2 Polymer quaternization

N-(2-Bromoethyl) phthalimide (5 eq. with respect to 2VP, 1.18 g,
4.64 mmol) and diblock copolymer poly(2-vinylpyridine);,g-
block-poly(ethylene oxide),,; (0.25 g, 0.93 mmol of 2VP units)

L
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Scheme 1 Schematic overview of core-crosslinking strategies of C3Ms using the crosslinkers EDC and DTBP. The use of EDC results in permanent
crosslinks, whereas DTBP provides crosslinks that can be broken by reducing agents like 1,4-dithiothreitol (DTT). Red-blue: charged-neutral diblock
copolymer. Black: oppositely charged homopolymer. Green and yellow: crosslinks formed by EDC and DTBP, respectively.

This journal is © The Royal Society of Chemistry 2022

Soft Matter, 2022, 18, 3052-3062 | 3053


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sm00088a

Open Access Article. Published on 01 April 2022. Downloaded on 5/27/2026 1:50:52 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Soft Matter

were mixed and subsequently heated at 150 °C for 2 hours in a
small vial with stirring bar. No additional solvents were added;
the molten quaternization agent simultaneously acts as a
solvent (T, = 82 °C). After cooling to room temperature, about
5 mL of dichloromethane was added to dissolve the solidified
product and then the solution was precipitated in diethyl ether.
The precipitated polymer was filtered and washed five times
with diethyl ether. Finally, the polymer was dried in a vacuum
oven, resulting in an off-white powder.

2.3 Deprotection of the quaternized diblock copolymer

The polymer powder (0.3 g) that was obtained after the qua-
ternization reaction was dissolved in 8 mL of ethanol and
heated at 80 °C with reflux under an N, atmosphere. Subse-
quently, hydrazine hydrate solution (78-82% in H,0) (10 eq.
with respect to 2VP) was added for deprotection of the quater-
nized diblock copolymer. The mixture was kept at 80 °C for
18 hours. After that, the mixture was cooled to 4 °C and filtered
to remove phthalhydrazide. The filtrate was collected, and
the volume of filtrate was reduced to about 3 mL by using a
rotary evaporator. The solution was then dialyzed (MWCO
3.5 kg mol™ ") for three days against water to remove excess
hydrazine hydrate and the side product phthalhydrazide.**
After lyophilization the polymer product was obtained as a
white powder and analyzed by using "H-NMR (using a Bruker
Avance III 400 MHz NMR spectrometer), FTIR (using a Bruker
Tensor 27 IR spectrometer), and a ninhydrin assay. For the
ninhydrin assay, the polymer (0.5 mg) was dissolved in 50 pL of
water, then 200 pL of ninhydrin solution (2% in ethanol) was
added. The solution was heated at 90 °C for 3 min, then cooled
to room temperature. An overview of the quaternization and
deprotection reactions is presented in Scheme 2.

2.4 Formation of C3Ms

PAA and quaternized diblock copolymer solutions were pre-
pared separately in a 10 mM sodium phosphate buffer at pH
7.4. All solutions were filtered through 0.2 um polyethersulfone

oo
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membrane syringe filters. To determine the preferred micellar
composition (PMC), ie., the optimal polymer composition for
C3M formation, different concentrations of poly(acrylic acid)
from the stock solution of 60 uM were added to a constant
concentration of quaternized diblock copolymer solution
(5 uM) with a 1:1 volume ratio (volume total of 1 mL). The
mixed solutions were left to equilibrate at room temperature
overnight before measurement. The extent of C3M formation
was determined by using DLS. After establishment of the PMC,
all C3M formulations were made at the PMC and several dilution
series with 10 mM sodium phosphate buffer at pH 7.4 were
prepared to determine the critical micelle concentration (CMC).

2.5 Core-crosslinking of C3Ms

Core-crosslinking of the C3Ms (at the PMC) was achieved by
using two different kinds of crosslinking agents. After mixing of
the quaternized diblock copolymer with PAA to form C3Ms
(total volume of 5 mL), either EDC (2.0 eq. to amine) or DTBP
(3.9 eq. to amine) crosslinker was added to the micellar
solutions. The crosslinking reaction was performed in 10 mM
buffer sodium phosphate pH 7.4 at room temperature for at
least 3 hours. Unreacted crosslinking agent is expected to
degrade eventually due to the hydrolysis of linker.

2.6 C3M stability

The stability of C3Ms was investigated by salt and acid-base
titrations while monitoring the scattering intensity of the
micelles by using DLS. For salt stability observation, a 4.0 M
NacCl solution was titrated into the C3M solution. For assess-
ment of the pH stability, 0.1 M NaOH and 0.1 M HCI solutions
were titrated into the C3M solutions. To cleave the crosslinks
originating from DTBP, a final DTT concentration of 50 mM
was added to DTBP core-crosslinked C3Ms and incubated for
30 minutes. Subsequently, the solution was titrated with 4 M
NacCl and the extent of micelle disintegration was monitored by
using DLS.

* o],
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Scheme 2 Synthetic pathway for the preparation of amine-functionalized diblock copolymer, P2VP1,g-b-PEO,77, via quaternization and deprotection.
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2.7 Dynamic light scattering (DLS)

Light scattering measurements were performed on an ALV-LSE
41/CGS-8F goniometer system equipped with a DPSS laser
(4 = 660 nm, 200 mW).** The PMC, mean hydrodynamic
radius of the micelles (Ry,), and polydispersity index (PDI) were
measured at a fixed 90° angle. The shape of the C3Ms was
resolved by using multi-angle DLS at angles ranging from 50° to
120° in steps of 10°. Intensity correlation functions were
recorded for 10 seconds and averaged over 8 runs per angle.
Hydrodynamic radii and polydispersity indices were acquired
through a second order cumulant analysis.

3 Results and discussion

3.1 Functionalization of the diblock copolymer for
crosslinking purposes

Quaternization of P2VP using N-(2-bromoethyl)phthalimide aims
to simultaneously introduce positive charges and primary amine
functional groups onto the P2VP-b-PEO diblock copolymer.®*>°
Primary amines are interesting, as they allow a large variety of
click reactions for crosslinking. We used a phthalimide-protected
primary amine group in order to prevent self-cyclization or
polymerization during the quaternization reaction, which can be
easily deprotected afterwards by hydrazinolysis using hydrazine
hydrate.***° In this study, we tested the homopolymer P2VP first
before using the diblock copolymer P2VP;,4-b-PEO,,. The homo-
polymer functionalization was successful with a degree of qua-
ternization (DQ) of 92% (Fig. S1 and S2, ESIY).
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Fig. 1A shows the "H-NMR spectrum of the P2VP;,4-b-PEO,,
copolymer before quaternization. After quaternization with
N-(2-bromoethyl)phthalimide, the signals from P2VP’s aro-
matic ring are clearly shifted (6-8.5 ppm) and an intense peak
appeared at 7.78 ppm from the phthalimide aromatic rings
(Fig. 1B; protons [j] and [K]). Moreover, a new broad signal showed
up around 3.5-5.5 ppm originating from the two CH, groups of
ethyl phthalimide (protons [h] and [i]). This result indicates that
the polymer was successfully quaternized and a degree of quater-
nization of about 85% was calculated from the ratio of the integral
area of the aromatic rings and the integral area of P2VP’s back-
bone (Fig. S3 and S4, ESIT). After treatment of the quaternized
diblock copolymer with hydrazine hydrate, the disappearance of
the peak at 7.78 ppm originating from protons [j] and [k] indicates
full deprotection of the primary amine groups (Fig. 1C).>**>%!

Next, we conducted Fourier-transform infrared spectroscopy
(FTIR) to further characterize the functionalized diblock co-
polymer. Fig. 2 demonstrates FTIR spectra of quaternized
P2VP,,5-b-PEO,,;. After quaternization of P2VP;,4-b-PEO,5,
the spectrum of the diblock copolymer shows new bands at
1774 em™ ' and 1710 cm ' originating from the carbonyls
(C=0 stretching) of the phthalimide groups (Fig. 2B). These
changes confirm that the copolymer was successfully quater-
nized with N-(2-bromoethyl)phthalimide. After hydrazinolysis
and dialysis (Fig. 2C), the removal of the phthalimide groups
led to the disappearance of the stretching modes of the
carbonyl group (C=O) in the 1774-1710 cm™ ' region. This
result proves that the deprotection reaction was successful and
that the phthalhydrazide by-product was completely removed.****

i

11.0 10.5 100 9.5 9.0 85 80 7.5 7.0 65 60 55 50 45 40 35 30 25 2.0 15 1.0
f1 (ppm)

Fig. 1 H-NMR spectra of the functionalized diblock copolymer P2VP;,5-b-PEQ477. (A) Diblock copolymer before quaternization, (B) diblock copolymer
after quaternization using N-(2-bromoethyl)phthalimide, (C) quaternized diblock copolymer after deprotection using hydrazine hydrate. Spectra A, B, and

C were recorded in DMSO-de.
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Fig. 2 FTIR spectra of the functionalized diblock copolymer P2VP;,g-b-PEQ,47;. (A) Diblock copolymer before quaternization, (B) diblock copolymer
after quaternization using N-(2-bromoethyl)phthalimide, (C) quaternized diblock copolymer after deprotection using hydrazine hydrate.

Furthermore, a new band appeared at 1641 cm ™ * which can be

assigned to the bending vibration of the NH group, as well as an
increase in the intensity of the bands in the 3250-3400 cm™*
region that can be assigned to the stretching vibration of -NHS,.
This confirms the successful formation of primary amine groups.

To further support the presence of accessible primary
amines in the deprotected diblock copolymer, we have conducted
a ninhydrin assay. This assay is a colorimetric method that
enables qualitative and quantitative determination of amino
groups.*>™*” The presence of primary amines will give a dark
purple product known as “Ruhemann’s purple”. Fig. 3 shows that
the diblock copolymer solutions before quaternization and depro-
tection only give a pale-yellow colour, identical to the control
sample, indicating that there are no primary amines in these
polymer samples present. This is in large contrast to the depro-
tected diblock copolymer, for which the solution turned deep
purple upon addition of ninhydrin as a direct result of ninhydrin-
amine complex formation. Taken together, we have generated

A

—

Fig. 3 Ninhydrin test (using ninhydrin 2%) of the functionalized diblock
copolymer (2 mg mL™). (A) Blank/negative control, (B) diblock copolymer
before quaternization, (C) diblock copolymer after quaternization, (D)
diblock copolymer after being deprotected.

ST S .
o O
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diblock copolymers that have accessible primary amines suitable
for crosslinking validated by different approaches like "H-NMR
and FTIR.

3.2 C3M formation between the functionalized diblock
copolymer and homopolymer

After successful quaternization of the diblock copolymer, this
copolymer was mixed with homopolymer to form C3Ms. DLS
measurements were performed to observe the formation of
these C3Ms. Different aliquots of a solution of the anionic
homopolymer (PAA,;g) were added to solutions with a constant
concentration of cationic-neutral hydrophilic diblock copoly-
mer, quaternized P2VP;,g-b-PEO,57, to determine the preferred
micellar composition (PMC). The PMC is identified as the
mixing composition where the scattering intensity reaches its
maximum. After equilibrating the mixtures overnight, the light
scattering intensity (I), the hydrodynamic radius of the micelles
(Rn), and the polydispersity index (PDI) were determined as a
function of the PAA concentration.

Fig. 4 shows the DLS results for mixtures with different
concentrations of PAA and a constant concentration of quater-
nized P2VP;,4-b-PEO,, (final polymer concentration of 2.50 uM).
The light scattering intensity (Fig. 4A) increases rapidly with
increasing PAA concentration, indicating formation of C3Ms.
At a concentration of 1.81 pM PAA, 5 the light scattering intensity
reached a maximum, implying that this mixing composition
contains the highest number and most well-defined micelles.
Thus, this point is considered to be the PMC.

At the pH used (pH 7.4), the primary amines of the quaternized
diblock copolymer are protonated (pK, of ethyleneamine =
10.4)***° and bear a positive charge, thereby contribute to the

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 DLS results for mixtures of different concentrations of PAA and a constant concentration of quaternized P2VP;,5-b-PEO,47; (final polymer
concentration of 2.50 uM). (A) Absolute scattering intensity (/), (B) hydrodynamic radius (Ry), and (C) polydispersity index (PDI).

total number of positive charges on this polymer; it amounts
to 218 elementary charges per molecule (DQ x n(2VP) x 2 =
0.85 x 128 x 2 = 218). At this pH the carboxylic groups of PAA
are all deprotonated, so the number of negative charges on
PAA is 118. Thus, at the PMC, the ratio between the total
concentration of negative charges on the PAA and the total
concentration of positive charges on the diblock ([—]/[+]) is
0.39 ((1.81 x 118)/(2.5 x 218) = 0.39). Clearly, the PMC of these
C3Ms is far from charge stoichiometry ([—]/[+] = 1), indica-
ting that interactions other than electrostatic play a role in
micelle formation for this polymer couple. These are probably
hydrophobic interactions, since the diblock copolymer still
contains hydrophobic pyridine units due to incomplete
quaternization.>"*'°

At the PMC, the C3Ms have a hydrodynamic radius of 25.1 +
1.0 nm (Fig. 4B), and a minimum value for the PDI of 0.1 + 0.03
is found (Fig. 4C), indicating a narrow size distribution of the
C3Ms.’® Addition of PAA beyond the PMC leads to excess
charge and results in reduction of light scattering intensity
because of disintegration of micelles into negatively charged
soluble complexes.”®?%>*

Besides the ratio between the charged homopolymers and
diblock copolymers, micelle formation also depends on their
absolute concentration: micelles are only formed above a
certain concentration, the CMC." Diluting a 2.50 pM C3M stock
solution prepared at the PMC with 10 mM sodium phosphate
buffer (pH 7.4) initially leads to a linear decrease of the
scattering intensity as observed by DLS (Fig. S5, ESIt), reflecting
the decrease in number of micelles.’>>* Although the intensity
becomes small compared to the background at low polymer
concentrations, from this dilution series it is safe to assume the
CMC being equal or possibly even lower than 0.59 pM, the
concentration at which C3Ms can still be identified. For com-
parison, the typical range of CMC values reported for polymeric
micelles is in the order of 107 ° to 1077 M.***>"** The CMC of low
molecular weight surfactant micelles is in the order of 107*
to 10~* M. This makes polymeric micelles less prone to disso-
ciation at low concentrations compared to surfactant-based
micelles.>

This journal is © The Royal Society of Chemistry 2022

3.3 Core-crosslinking of C3Ms using two different strategies

The aim of our present study is to enhance the stability of the
micelles for which we have explored different crosslinking
strategies. Here, we used two types of crosslinking agents that
allow crosslinking of the core of C3Ms: EDC and DTBP. After
3 hours, the crosslinking reaction was expected to stop due to
the short half-life of these linkers in aqueous solution.’®™>%7!
EDC facilitates formation of a permanent amide bond between
the primary amine groups of the quaternized P2VP-b-PEO
diblock copolymer and the carboxylic acid groups of PAA in
the core of C3Ms. This amide bond formation is irreversible
(Scheme 3). Efficient amide formation by the EDC linker can be
achieved at a pH in the range of 4.5-7.5.>°""

On the other hand, DTBP has imido ester groups that can
only react with amine-containing polymers to form an amidine
bond, and works best in a pH range of 7 to 10. DTBP has an
internal disulphide group that can be cleaved using a reducing
agent.®”®> The addition of DTBP to a solution of C3Ms results

7 ﬁ/\/NH2

| ) I*

PAA

AN

Quaternized P2VP-b-PEO

Scheme 3 Crosslink formation between a primary amine group of the
quaternized diblock copolymer P2VP-b-PEO and a carboxylate group of
the homopolymer PAA using EDC.
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the diblock copolymer P2VP-b-PEO using DTBP. The crosslinks can be
cleaved using reducing agents such as DTT.

in crosslinking of the core of the micelles by amidine bond
formation between amine groups of two P2VP units of the
quaternized diblock copolymer (Scheme 4). Thus, if DTBP is
used as crosslinker, PAA is not incorporated in the crosslinked
network. Furthermore, the imido ester groups of DTBP main-
tain the overall positive charge on the diblock copolymer after
reacting with primary amines®® ensuring that the negatively
charged PAA remains in the core. The addition of reducing
agents such as 1,4-dithiothreitol (DTT) and tris(2-carboxyethyl)-
phosphine (TCEP) results in dissociation of the crosslinks. DLS
demonstrated that the hydrodynamic radius of EDC and DTBP
core-crosslinked micelles was 23.9 + 0.9 nm and 24.3 4+ 1.4 nm,
respectively. These sizes are similar to the size of the non-
crosslinked micelles. Multi-angle DLS revealed that their shape
remained spherical (Fig. 5), which can be deduced from the
three overlapping linear relationships between the decay rate I"
and wave vector g for each type of micelle®”®® which are
unaffected by the crosslinking agents.

3.4 Stability of C3Ms

The stability of the micelles, prepared at the PMC, was studied
using a salt titration. In Fig. 6, the normalized scattering
intensity, R;, and PDI for four different C3Ms samples (C3M
control, C3M crosslinked by EDC, C3M crosslinked by DTBP,
and C3M crosslinked by DTBP and treated with DTT) are
plotted against the salt concentration, up to 1.0 M of NaCl.
All samples showed a decrease in scattering intensity with
increasing salt concentration. However, for non-crosslinked
C3Ms, the scattering intensity decreases significantly faster
than for core-crosslinked C3Ms. At 1.0 M NacCl, the scattering
intensity of non-crosslinked C3Ms is practically zero, indicating
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total disintegration of the micelles. However, core-crosslinked
micelles turned out to be much more resistant to salt addition.
Both EDC and DTBP core-crosslinked C3Ms demonstrate a
more gradual decrease in scattering intensity, which seems to
reach a plateau at the highest NaCl concentrations applied.
At 1.0 M NaCl a large fraction of the micelles was still present.
The salt stability of EDC core-crosslinked micelles seems to be
higher than that of the DTBP core-crosslinked ones, which can
be explained from the fact that in EDC core-crosslinked
micelles the two types of polymer chains are bonded together
in the core. For EDC crosslinked micelles the scattering inten-
sity at 1.0 M NaCl was about 77% of its initial value. This may
be caused by the loss of some polymer chains that where not
properly connected via crosslinks. For DTBP core-crosslinked
micelles the scattering intensity at 1.0 M salt is about 55% of its
value before NaCl addition. Since the PAA chains are not
covalently attached to the crosslinked P2VP chains, they can
diffuse out from the micelles via reptation®”’° at high salt
conditions when all charges are screened. However, possibly a
part of the PAA chains remains entangled in the cross-linked
network formed by the P2VP chains and cannot dissociate from
the complexes, even at very high salt concentrations.'*>®

An additional feature of DTBP crosslinking is the presence
of a disulphide bridge, offering the possibility to cleave the
network by simply adding a reducing agent. We treated DTBP
core-crosslinked C3Ms with the reducing agent DTT and
observed a gradual disintegration of C3Ms upon addition of
salt (see Fig. 6A). After core-crosslinking using DTBP and
subsequently reducing the disulphide bridges, the original
salt-stability profile of the non-crosslinked C3Ms was largely
restored.

Fig. 6B presents the hydrodynamic radii of different C3Ms as
a function of NaCl concentration, showing that these are rather
constant in all cases. It should be noted that for low scattering
intensities the error in Ry, is relatively large. DTT-treated cross-
linked micelles are larger than non-crosslinked micelles, pre-
sumably due to the (cleaved) DTBP moieties present in the
cores. These micelles seem to have a much stronger tendency to
swell than other C3Ms.">**

The PDI of non-crosslinked C3Ms and DTT-treated cross-
linked micelles increased with increasing salt concentration
and reached above 0.4 at 1.0 M NaCl, pointing to highly
polydisperse samples due to disintegration of the micelles
(Fig. 6C). However, the PDI of crosslinked C3Ms only slightly
increased with increasing salt concentration, and reached PDI
values of 0.2 at most at 1.0 M salt, which indicates moderately
polydisperse samples with the micelles still being intact.>

We also investigated the effect of pH on micelle stability
since the pH determines the degree of dissociation of car-
boxylic groups of poly(acrylic acid) and amine functional
groups of the quaternized diblock copolymer. In Fig. 7 and 8,
the pH-dependence of the scattering intensity, Ry,, and PDI are
plotted for the different micellar systems: non-crosslinked
C3Ms, EDC core-crosslinked C3Ms, and DTBP core-crosslinked
C3Ms. When the pH decreases by the addition of 0.1 M HC,
the negative charge on PAA becomes lower (pK, of PAA = 4.5).

This journal is © The Royal Society of Chemistry 2022
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At pH 3 the charge of the PAA functional groups is practically

zero (dissociation degree « = 0.03). For the non-crosslinked

micelles, we observed a decrease in scattering intensity with
decreasing pH and especially below pH 4 the intensity decreased
sharply (Fig. 7A). Obviously, in this case the reduction of negative
charge on PAA results in disruption of the C3Ms. On the other

hand, core-crosslinked C3Ms are stable over the full pH range
covered by the HCI titration, as evidenced by a constant high
scattering intensity. For crosslinking using EDC, the core-
crosslinked C3Ms cannot fall apart because a network between
PAA and diblock copolymer is established. Surprisingly, for
the crosslinking using DTBP, which only connects the QP2VP
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Fig. 7 Stability measurements as a function of the pH (with addition of 0.1 M HCI) as observed by using DLS. Blue (C3Ms without crosslinks — control),
red (C3Ms core-crosslinked with EDC), orange (C3Ms core-crosslinked with DTBP. (A) Normalized scattering intensity, (B) hydrodynamic radius (Ry),

(C) polydispersity index (PDI).
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chains, the PAA apparently also remains trapped inside the core.
At low pH, PAA adopts a globular conformation (but not col-
lapsed for PAA with molar mass less than 16.5 kg mol™').>*"
This globular structure is most likely the cause that PAA cannot
diffuse out of the QP2VP network in the core of micelles.>>”*

The size of the non-crosslinked micelles decreased at a pH
close to the pK, of PAA, suggesting that some PAA and also
diblock copolymer leave the micelles before they fully disinte-
grate (Fig. 7B). The PDIs of these non-crosslinked micelles
increased upon addition of acid (Fig. 7C) and measured values
above 0.4 at a pH below the pK, of PAA, an indication for highly
polydisperse samples.’® However, for the core-crosslinked
C3Ms, both EDC and DTBP, the size of the micelles and the
PDI are rather constant upon the addition of acid.

When the pH is increased by addition of 0.1 M NaOH, the
total number of positive charges on the diblock copolymer
decreases because the deprotected amino groups become
deprotonated (pK, of ethyleneamine = 10.4).***° Above pH 11,
these groups are barely charged anymore. However, as the
quaternization reaction leads to permanent (pH-independent)
charges on the pyridine rings, a high pH does not lead to such a
dramatic decrease in scattering intensity of the non-crosslinked
C3Ms compared to the addition of acid. In other words, non-
crosslinked C3Ms do not entirely fall apart since the positive
charges of the quaternized pyridine ring are still present at
a high pH (Fig. 8A). However, we still observe a lower C3M
stability than for the core-crosslinked C3Ms.

The size of the non-crosslinked micelles slightly increased at
a pH above the pK, of ethyleneamine, and is accompanied by
an increase of the PDI (Fig. 8B and C). This suggests a slight
swelling of the micelles and possibly a structural rearrange-
ment and some loss of PAA due to the deprotonation of amino
groups. However, with the addition of base, the R, and PDI of
the core-crosslinked C3Ms, both EDC and DTBP, are rather
constant showing that the micelles stay intact and unchanged.

In summary, crosslinks between the two components in the
core (EDC) result in a slightly higher stability against pH
changes compared to crosslinks between only one component

3060 | Soft Matter, 2022,18, 3052-3062

(DTBP). Again, this is likely a result of EDC being able to keep
both components of the C3Ms together in the core, while with
DTBP, PAA may diffuse out as it is not included in the network.
We note that the difference between the two crosslinking
strategies is less pronounced for stability against pH changes
than for the stability against salt addition. In the latter case
all charges on both polymers gradually become effectively
screened, while changing the pH has no effect on the perma-
nent positive charges of the diblock copolymer and only limited
effect (at low pH) on the charges of the PAA homopolymer.

4 Conclusions

In this study, we modified a P2VP-b-PEO diblock copolymer via
quaternization that simultaneously resulted in permanent
positive charges on the pyridine rings and, after deprotection,
in primary amine functional groups. C3Ms were prepared by
mixing aqueous solutions of the anionic homopolymer PAA
and the quaternized diblock copolymer. DLS measurements
confirmed the formation of C3Ms. The PMC of the C3Ms was
not found at the charge balance between negative charges on
PAA and positive charges on the quaternized P2VP-b-PEO but at
a lower ratio ([—]/[+] = 0.39). This points to the role of other
types of interactions besides electrostatic attraction in the
complex formation, such as hydrophobic interactions. Covalent
core-crosslinking of the micelles resulted in a significant
improvement of the stability of C3Ms against salt addition
and pH changes. Using the crosslinker EDC, permanent cross-
links between PAA and quaternized P2VP in the micellar core
are formed; the crosslinker DTBP provides cleavable (reversi-
ble) bonds between P2VP chains only. Core-crosslinking using
EDC provides a slightly higher stability compared to core-
crosslinking using DTBP because it keeps these two compo-
nents of the C3Ms together in the micelle core. In case of
DTBP-crosslinked micelles, PAA can diffuse out of the core due
to charge screening when the salt concentration is increased,
although some of the polymer chains may remain trapped in

This journal is © The Royal Society of Chemistry 2022
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the crosslinked network. An advantage of the second approach
is the ability to cleave the internal disulphide bridges via
addition of a reducing agent (DTT), thereby largely restoring
the original disintegration profile of C3Ms as a function of salt
concentration. This type of reversible crosslinkers offers great
opportunities for controlled release of functional ingredients
using C3Ms.
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