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The increased levels of reactive oxygen species (ROS) such as hydrogen peroxide in inflamed or cancer-
ous tissue represent a promising trigger for the local and selective release of drugs at the affected areas.
Despite new developments in the field of oxidation-responsive drug carrier systems, the preparation of
the required materials remains in most cases tedious. Here, we present a novel system, which combines
the advantages of a one-pot sequential controlled radical polymerization with the direct polymerization-
induced self-assembly (PISA) process. By utilizing highly reactive acrylamide monomers, full conversion
can be reached while maintaining a high chain end fidelity in RAFT polymerization, which enables the
precise preparation of block copolymers or micelles, respectively, without intermediate purification steps.
We demonstrate that the cyclic thioether N-acryloyl thiomorpholine is a versatile monomer for PISA
resulting in a hydrophobic block, which upon oxidation can be transformed into a highly water-soluble
sulfoxide. The micellar structures are tunable in size by the variation of the block length and feature a
good sensitivity towards hydrogen peroxide even at low concentrations of 10 mM resulting in their dis-
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integration. In vitro studies prove the uptake of these micelles into cells without signs of toxicity up to
500 g mL™. The straightforward preparation, the excellent biocompatibility and the selective disinte-
gration in the presence of biologically relevant levels of hydrogen peroxide are features that certainly

rsc.li/polymers make the presented system an attractive new material for oxidation-responsive drug carriers.

portional to its severity, is highly desirable. It also seems
reasonable to exploit the high concentrations of ROS at inflam-

Introduction

ROS and reactive nitrogen species (RNS) play important roles
as signaling molecules in various physiological processes.'™
However, when the oxidative stress levels exceed usual values,
the increased stress results in the disruption of cellular
homeostasis and causes severe damage to healthy tissue. Such
increased levels of stress or ROS are mostly related to diseases
including inflammatory disorders, diabetes or cancer.>”’
Current therapeutic strategies to compensate these effects are
mostly based on the administration of anti-inflammatory
drugs, which are accompanied by several undesirable side
effects arising from poor systemic selectivity and stability.®™°
In this context, the development of nanocarriers, which are
able to circulate freely through the blood, while releasing anti-
inflammatory drugs only at the inflammation site and pro-
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mation sites (~10-1000 x 10”® M) compared to that of healthy
tissue (~1-8 x 107°® M) as triggers for responsive and selective
drug carrier systems.'" Despite these still rather low concen-
trations, it has to be kept in mind that ROS comprises, besides
the rather stable hydrogen peroxide, mostly a variety of very
reactive species such as superoxide anion radicals, hydroxyl
radicals, and other peroxides.'” Therefore, higher concen-
trations of H,0, are commonly applied to compensate for
these differences in reactivity."**® Still, in comparison with
the vast number of pH-, light- and temperature-responsive
materials, to date, there is only a relatively small number of
reported systems making use of oxidation as stimuli.*™"”
Polymer-based micelles equipped with redox-responsive
groups have attracted the most attention, since they are not
only able to embed many drugs but also release them selec-
tively at the inflammatory location. In addition to the function
as a drug carrier, the carrier itself may serve as an antioxidant
by buffering the oxidative stress level at the inflammation site.

Besides selenides'®° or boronic esters®® thioethers
appear to be promising materials for oxidation-sensitive car-
riers. The oxidation of hydrophobic thioethers results in the
formation of hydrophilic sulfoxides and/or sulfones, which
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can induce a morphological transition, such as the swelling or
the degradation of aggregates, and, as a consequence, release
an encapsulated bioactive compound. However, reports on
well-defined polymers, which are able to form micelles and
comprise oxidation-responsive thioethers, remain scarce and
are mostly limited to poly(propylene sulfides) or
polyethers.'?2*72¢

Here, we report the controlled one-pot synthesis and
polymerization-induced self-assembly (PISA) of a novel
thioether-based block copolymer using the versatile reversible
addition-fragmentation chain transfer (RAFT) process. Several
pioneering studies have already demonstrated that PISA rep-
resents a powerful technique to generate nanostructures in a
variety of morphologies.”” > The PISA process overcomes the
drawbacks of conventional methods for micelle preparation,
including low nanoparticle concentration and time-consuming
purification steps,*** and even enables a simultaneous self-
assembly and guest molecule encapsulation.>® Moreover, a
high control over morphology can be reached by adjusting the
packing parameter of the hydrophobic block during the PISA
process.>”*® In our attempt, we combine these advantages
with the high reactivity of acrylamides, such as
N-acryloylmorpholine (NAM), which can reach quantitative
conversions with high chain-end retention in the RAFT
process.’*™*> PNAM is already known to show high biocompat-
ibility, low protein adsorption and low toxicity.*>** For the
hydrophobic block in the PISA process, we envisaged a structu-
rally similar monomer based on thiomorpholine, which pro-
vides the desired oxidation-responsive thioether moiety. This
novel N-acryloylthiomorpholine (NAT) does not only enable a
PISA process but also reaches full conversions similar to NAM
with low initiator concentrations. Therefore, several block
copolymers consisting of PNAM as hydrophilic and PNAT as
hydrophobic blocks were synthesized in aqueous solutions
resulting in well-defined micelles of various sizes. These nano-
structures were examined for their biocompatibility and their
oxidation-responsiveness using H,O,. The structural changes
were monitored by spectroscopy studies using Nile red and
dynamic light scattering (DLS) measurements.

Experimental part
Materials and methods

All chemical and solvents were purchased from Sigma-Aldrich,
Merck and TCI Chemicals and, if not mentioned otherwise,
used without further purification. NAT was synthesized accord-
ing to a previously reported procedure.*” 2-(Butylthiocarbo-
nothioylthio)propanoic acid was prepared as previously
reported.*® P(NAM;,-h-NATOx;,) was prepared by stirring P3
overnight in 0.1 M H,0, and subsequent lyophilization.
"H-NMR was performed at room temperature on a Bruker
AC 300 MHz spectrometer in CDCl; or DMSO-d,. Size-exclu-
sion chromatography (SEC) of the polymers was performed on
a Shimadzu system equipped with an SCL-10A system control-
ler, an LC-10AD pump, a RID-10A refractive index detector and
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a PSS SDV column with N,N-dimethylacetamide (DMAc) +
0.21% LiCL The column oven was set to 50 °C. DLS was per-
formed on a ZetaSizer Nano ZS (Malvern, Herrenberg,
Germany) equipped with a He-Ne laser operating at a wave-
length of 2 = 633 nm. Counts were detected at an angle of
173°. The particle size was approximated as the effective dia-
meter (Z-average) obtained by the cumulants method assum-
ing a spherical shape. All measurements were conducted at
25 °C in semi-micro cuvettes after an equilibration of 60 s in
triplicate. Every measurement included 10 runs, in which every
run took 10 seconds. Apparent hydrodynamic radii were calcu-
lated using the Stokes-Einstein eqn (1):

kT
b 6nnD

(1)

Ry, = hydrodynamic radius, k = Boltzmann constant, 7' = absol-
ute temperature, 5 = viscosity of the sample and D = apparent
translational diffusion coefficient.

Synthesis of poly(N-acryloylmorpholine)s, (P1)

A microwave vial (20 mL) was charged with a magnetic stirrer
and 2-(butyl)-thiocarbonylthiopropanooic acid (2.83 mL of a
0.5 M solution in 1,4-dioxane, 1.42 mmol), NAM (10 g,
70.80 mmol), VA-044 solution (229 pL of a 20 mg mL™" in
Milli-Q water, 1.42 x 10”2 mmol), and 1,3,5-trioxane (20 mg) as
an internal standard were added. The mixture was dissolved in
deionized H,O (18 mL), the vial was sealed with a rubber
septum and deoxygenated by a stream of bubbled nitrogen for
15 min. The vial was then suspended in a preheated oil bath at
50 °C and allowed to stir until no monomer could be detected
by '"H-NMR (DMSO-dg). Upon completion, the solution was
cooled to room temperature and opened to air. The concen-
tration of the solution was determined gravimetrically to be
6.32 x 107> mmol g~'. "H-NMR was performed after lyophiliza-
tion in CDClj;.

"H-NMR (CDCl;, 300 MHz): § = 3.90-3.05 (m, morpholine),
2.93-2.18 (m, backbone), 2.05-1.02 (m, backbone), and 0.92 (t,
37 7.3, CH3).

SEC (eluent: DMAc + 0.21% LiCl, PS-standard): M,: 6500
g mol™', M,: 7100 g mol™", and P = 1.09.

Synthesis of poly(N-acryloylmorpholine), o, (P2)

P2 was synthesized according to the procedure described for
P1 with the following amounts:

2-(Butyl)-thiocarbonylthiopropanooic acid (1.42 mL of a
0.5 M solution in 1,4-dioxane, 0.708 mmol), NAM (10 g,
70.80 mmol), VA-044 solution (229 pL of a 20 mg mL™" in
Milli-Q water, 1.42 x 10> mmol), 1,3,5-trioxane (20 mg), 1,4-
dioxane (2.72), and deionized water (10.89).

"H-NMR (CDCl;, 300 MHz): § = 3.95-3.05 (m, morpholine),
2.90-2.20 (m, backbone), 2.05-1.03 (m, backbone), and 0.90 (t,
3] 7.2, CHy).

SEC (eluent: DMAc + 0.21% LiCl, PS-standard): M,: 12 700
g mol ™', M,,: 13700 g mol™*, and P = 1.08.

This journal is © The Royal Society of Chemistry 2018


https://doi.org/10.1039/c7py01859b

Published on 03 janeiro 2018. Downloaded by Fail Open on 07/05/2025 15:22:50.

Polymer Chemistry

Synthesis of poly[(N-actyloylmorpholine)so-b-(N-acryloylthio-
morpholine);,] micelles (P3)

A microwave vial (20 mL) was charged with a magnetic stirrer
and macro-CTA PNAM;, (1.68 g of a 6.32 x 107> mmol g~ " solu-
tion in H,0, 0.106 mmol), NAT (0.5 g, 3.18 mmol), VA-044 solu-
tion (171 pL of a 20 mg mL™" in Milli-Q water, 1.06 x 107>
mmol), and 1,3,5-trioxane (20 mg) as an internal standard
were added. The mixture was dissolved in 1,4-dioxane
(2.87 mL) and deionized H,O (10.55 mL), the vial was sealed
with a rubber septum and deoxygenated by a stream of
bubbled nitrogen for 15 min. The vial was then suspended in
a preheated oil bath at 50 °C and allowed to stir until no
monomer could be detected by "H-NMR (DMSO-dg). Upon
completion the solution was cooled to room temperature and
opened to air. Subsequently, the micelle dispersion was puri-
fied by dialysis (MWCO: 3.5-5 kDa) against deionized water for
three days including four water exchanges. The concentration
of the dispersion was determined gravimetrically (rz = 3) after
lyophilization. "H-NMR and SEC analyses were performed after
lyophilization.

"H-NMR (CDCl;, 300 MHz): § = 4.25-3.14 (m, morpholine),
2.98-2.19 (m, backbone), 2.02-1.01 (m, backbone), and 0.95 (t,
9.3, CH,).

SEC (eluent: DMAc + 0.21% LiCl, PS-standard): M,: 10 900
g mol™", My,: 11 800 g mol™", and P = 1.08.

Synthesis of poly[(N-acryloylmorpholine)s,-b-(N-acryloylthio-
morpholine)s,] micelles (P4)

P4 was synthesized according to the procedure described for
P3 with the following amounts: macro-CTA PNAM;, (1.01 g of
a 6.32 x 107> mmol g solution in H,O, 0.064 mmol), NAT
(0.5 g, 3.18 mmol), VA-044 solution (106 pL of a 20 mg mL™" in
Milli-Q water, 1.06 x 10~> mmol), 1,3,5-trioxane (20 mg), 1,4-
dioxane (2.87), and deionized water (10.55).

"H-NMR (CDCl;, 300 MHz): § = 4.25-3.14 (m, morpholine),
2.98-2.19 (m, backbone), 2.02-1.01 (m, backbone), and 0.95 (t,
%7 9.3, CH,).

SEC (eluent: DMAc + 0.21% LiCl, PS-standard): M,: 12 500
g mol™", M,,: 14000 g mol ™", and P = 1.11.

Synthesis of poly[(N-acryloylmorpholine),o-b-(N-acryloylthio-
morpholine)q,] micelles (P5)

P5 was synthesized according to the procedure described for
P3 with the following amounts:

macro-CTA PNAM,, (1.72 g of a 3.09 x 10> mmol g~ solu-
tion in H,0, 0.053 mmol), NAT (0.5 g, 3.18 mmol), VA-044 solu-
tion (88.3 pL of a 20 mg mL™" in Milli-Q water, 1.06 x 107>
mmol), 1,3,5-trioxane (20 mg), 1,4-dioxane (3 mL), and de-
ionized water (10 mL), 5 h.

"H-NMR (CDCl;, 300 MHz): § = 4.25-3.14 (m, morpholine),
3.01-2.40 (m, backbone), 2.35-2.10 (m, morpholine), 2.02-1.01
(m, backbone), and 0.95 (t, */ 9.3, CHj).

SEC (eluent: DMAc + 0.21% LiCl, PS-standard): M,: 19 400
g mol™*, My,: 21600 g mol™*, and P = 1.11.

This journal is © The Royal Society of Chemistry 2018
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Synthesis of poly[(N-acryloylmorpholine), o-b-(N-acryloylthio-
morpholine), o] micelles (P6)

P6 was synthesized according to the procedure described for
P3 with the following amounts:

macro-CTA PNAM o, (1.03 g of a 3.09 x 10~> mmol g " solu-
tion in H,0, 0.032 mmol), NAT (0.5 g, 3.18 mmol), VA-044 solu-
tion (53 pL of a 20 mg mL™" in Milli-Q water, 1.06 x 107>
mmol), 1,3,5-trioxane (20 mg), 1,4-dioxane (5.28 mL), and de-
ionized water (10.56 mL), 8 h.

"H-NMR (CDCl;, 300 MHz): § = 4.25-3.14 (m, morpholine),
2.99-2.39 (m, backbone), 2.35-2.08 (m, thiomorpholine),
2.02-1.01 (m, backbone), and 0.95 (t, *J 9.3, CH,).

SEC (eluent: DMAc + 0.21% LiCl, PS-standard): M,,: 23 700
g mol ™', M,: 28000 g mol™', and P = 1.18.

Kinetic studies

For kinetic investigations, a microwave vial (20 mL) was
charged with a magnetic stirrer and the macro-CTA PNAM,
(2.20 mL of a 0.019 M solution in H,0/1,4-dioxane, 4.24 x 107>
mmol), NAT (0.4 g, 2.54 mmol), VA-044 solution (70.7 pL of a
20 mg mL™" in Milli-Q water, 4.24 x 10~ mmol), and 1,3,5-
trioxane (20 mg) as an internal standard were added. The
mixture was dissolved in 1,4-dioxane (2.87 mL) and deionized
H,0 (10.55 mL), the vial was sealed with a rubber septum and
deoxygenated by a stream of bubbled nitrogen for 20 min. The
vial was then suspended in a preheated oil bath at 50 °C and
allowed to stir for 3.75 h. Every 15 min (30 min for the last two
values) a sample was taken, cooled down and analyzed by
'H-NMR (D,0, 300 MHz), SEC (eluent: DMAc + 0.21% LiCl, PS-
standard), and DLS (n = 3, attenuator: 8, in a pure reaction
medium). Monomer conversion was determined by comparing
the integrals of the residual vinyl proton signals to the 1,3,5-
trioxane standard after the correction of the baseline.

Oxidative triggered micelle degradation

Polymer dispersions of polymers P3 to P6 were prepared by
diluting the polymer stock solution with PBS (10 mM in Milli-Q)
to obtain samples with a final volume of 500 pL (2 mg mL™").
The samples were filtered through a 0.2 pm PA syringe
filter prior to measurements. Directly before measurements,
500 pL of H,0, solutions with different concentrations (2, 0.2,
and 0.02 M) was added and the particle degradation process
was monitored by either measuring the mean count rate or the
hydrodynamic ratio by DLS. The temperature was set to 37 °C
in order to mimic in vivo conditions and measurements were
performed every 10 min (0.1, 0.01 M H,0,) and every 5 min
(1 M H,0,). The relative count rate was calculated as the mean
count rate divided by the maximum value.

CMC-determination

The critical micelle concentration (CMC) was determined
according to a literature procedure.*” The fluorescence of Nile
red of 10 polymer stock solutions with different concentrations
was measured. Therefore, the polymer stock solutions were
diluted with Milli-Q water to obtain samples with concen-
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trations from 5 x 10~ to 0.1 mg mL~" and a final volume of
500 pL. Then, 5 pL of a Nile red stock solution (1 mg mL™" in
THF) was added and the samples were incubated overnight in
a thermoshaker device (200 rpm, 20 °C). After incubation, the
fluorescence of Nile red was recorded with a Tecan Reader
using a 96 glass well plate at an excitation wavelength of 535 +
10 nm and an emission wavelength of 612 + 20 nm. The CMC
was determined as the point of intersection of the linear plots
in the emission intensity versus log ¢ spectrum.

Oxidation-induced micelle degradation and quenching of Nile
red

Micelle dispersions of polymers P3-6 (2 mg mL ") were pre-
pared by diluting micelle stock solutions with Milli-Q to
obtain samples with a final volume of 500 uL. 5 pL of a Nile
red solution in THF (1 mg mL™") was added and the samples
were incubated overnight in a thermoshaker device (200 rpm,
20 °C). Prior to measurements, the samples were filtered
through a 0.2 pm polyamide (PA) syringe filter to remove poss-
ible Nile red aggregates. 100 pL of each sample was diluted
with 100 pL of H,0O, solutions with different concentrations
(2, 0.2, and 0.02 M) in a 96 glass well plate. Directly after
dilution, the fluorescence of Nile red was recorded with a
Tecan Reader using a 96 glass well plate at an excitation wave-
length of 535 + 10 nm and an emission wavelength of 612 +
20 nm. The temperature was set to 37 °C in order to mimic
in vivo conditions and measurements were performed every
5 min. The relative fluorescence intensity was calculated as the
mean fluorescence intensity divided by the maximum value.

Cryo-TEM investigations

The measurements were performed on an FEI Tecnai G* 20
platform with a LaB6 filament at 200 kV acceleration voltage.
Samples were prepared on Quantifoil grids (R2/2) which were
treated with Ar plasma prior to use for hydrophilization and
cleaning. 8.5 pL of the solutions (3 mg mL™") was applied onto
the grids utilizing an FEI Vitrobot Mark IV system (offset:
—5 mm, blotting time: 1 s). After blotting, the samples were
immediately plunged into liquid ethane to obtain vitrification.
Samples were transferred to a Gatan cryo stage and sub-
sequently into a Gatan cryo holder (Gatan 626) and were trans-
ferred into the microscope by always maintaining a tempera-
ture below —168 °C during the whole transfer and measure-
ment process after vitrification. Images were acquired with a
Mega View (OSIS, Olympus Soft Imaging Systems) or an Eagle
4k CCD camera.

Determination of cytotoxicity

Cytotoxicity studies were performed with the mouse fibroblast
cell line L929 (CCL-1, ATCC), as recommended by ISO10993-5.
The cells were routinely cultured in Dulbecco’s modified
eagle’s medium with 2 mM r-glutamine (Biochrom, Germany)
supplemented with 10% fetal calf serum (FCS, Capricorn
Scientific, Germany), 100 U mL™" penicillin, and 100 pg mL™"
streptomycin (Biochrom, Germany) at 37 °C under a humidi-
fied 5% (v/v) CO, atmosphere. In detail, cells were seeded at
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1 x 10* cells per well in a 96-well plate and incubated for 24 h.
No cells were seeded in the outer wells. Afterwards, the poly-
meric suspensions in water were added to the cells at the indi-
cated concentrations (from 1 to 500 ug mL™"), and the plates
were incubated for an additional 24 h. Subsequently, the
medium was replaced by a mixture of a fresh culture medium
and the resazurin-based solution alamarBlue (Thermo Fisher,
Germany, prepared according to the manufacturer’s instruc-
tions). After further incubation for 4 h at 37 °C under a
humidified 5% (v/v) CO, atmosphere, the fluorescence was
measured at de, = 570 nm/4dey, = 610 nm, with untreated cells
on the same well plate serving as negative controls. The nega-
tive control was standardized as 0% of metabolism inhibition
and referred to as 100% viability. Cell viability below 70% was
considered to be indicative of cytotoxicity. Experiments were
conducted in six technical replicates. Data are expressed as the
mean =+ standard deviation (SD) of three independent
determinations.

Uptake studies

Human embryonic kidney (HEK)-293-T cells (CRL-3216, ATCC)
were cultured in Dulbecco’s modified eagle’s medium with
2 mM r-glutamine (Biochrom, Germany) supplemented with
10% FCS (Capricorn Scientific, Germany), 100 U mL ™" penicil-
lin, and 100 pg mL™" streptomycin (Biochrom, Germany) at
37 °C under a humidified 5% (v/v) CO, atmosphere. For
uptake studies, cells were seeded at 10° cells per mL in 24-well
plates and cultured for 24 h. The cells were incubated separ-
ately with different concentrations (5, 50 and 200 pg mL™%,
respectively) of the micelles at 37 and 4 °C under a humidified
5% CO, atmosphere. The control cells were incubated with a
fresh culture medium. The cells were harvested by trypsin
treatment in phosphate buffered saline (PBS) supplemented
with 1% FCS after 5 min, 4 h and 24 h, respectively. To quench
the outer fluorescence of the cells 10% (v/v) trypan blue was
added. To determine the relative uptake of the micelles, 10 000
cells were measured by using a Cytomics FC 500 (Beckman
Coulter) flow cytometer using gates of forward and side scat-
ters to exclude the debris and cell aggregates. The sides of
viable cells showing the Nile red signal were gated. Data are
expressed as the mean + SD of three independent
determinations.

Results and discussion
Preparation of P(NAM-b-NAT) micelles via PISA

The PISA technique allows the straightforward preparation of
well-defined nanostructures based on amphiphilic block co-
polymers. In our work, the respective amphiphilic block co-
polymers were prepared by sequential RAFT chain extension.
Hence, NAM served as the hydrophilic block and the hydro-
phobic block was based on NAT. NAT represents an ideal can-
didate for the preparation of oxidation-responsive micelles via
PISA, since the monomer is soluble in water at slightly elevated
temperatures (>50 °C), but the polymer is insoluble in water

This journal is © The Royal Society of Chemistry 2018
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Scheme 1 Schematic representation of the polymerization and the
PISA process to create P(NAM-b-NAT) micelles by sequential RAFT
polymerization without any intermediate purification steps.

after polymerization. The micellar shell was based on PNAM,
which is known to exhibit excellent biocompatibility and no
toxicity.**** NAM can further be polymerized to full conver-
sion in aqueous solutions by RAFT polymerization to obtain
well-defined homopolymers with high chain end fidelity,
which represents it as an ideal candidate for the preparation
of multiblocks in a one-pot approach. Therefore, the first step
was prepared in accordance with conditions described in the
literature (Scheme 1).*"

In order to monitor the conversion of the polymerization by
"H-NMR, 1,3,5-trioxane was added as an internal standard.
The high [CTA]/I, values of 50 and 100 reduce the concen-
tration of active radical species during the RAFT polymeriz-
ation and therefore guarantee a high degree of active chain
ends (>98%, assuming an initiator efficiency of 0.5) after the
first polymerization step. Therefore, two NAM homopolymers
PNAM;, (P1) and PNAM,, (P2) with [M],/CTA values of 50 and
100, respectively, were synthesized and characterized by
'"H-NMR and SEC (Table 1). The complete disappearance of
the monomer signals compared to the internal standard in the
"H-NMR showed the quantitative conversion of NAM after 4 h.
The SEC traces showed monomodal distributions with low dis-
persities, indicating an excellent control of the polymerization.
Because quantitative conversion of NAM was reached, no puri-
fication step had to be carried out and the polymer solution
could instantly be used for PISA.

For the PISA process, NAT and the initiator were added to
the polymer solutions of P1 and P2 and the concentration was
adjusted by the addition of a 1,4-dioxane/water mixture
(20-40% 1,4-dioxane). The presence of 1,4-dioxane was found

Table 1 Summary of the polymers used in this study
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to reduce the presence of side-reactions, and polymerizations
without 1,4-dioxane resulted in the broadening of the polymer
distribution most probably related to the limited flexibility and
availability of the growing chain end in the micelle (Fig. S21).
The relatively low [CTA]/I, value of 10 guaranteed a rapid
polymerization progress, while maintaining good control over
the polymerization. The conversion of the block copolymeriza-
tion was monitored via "H-NMR by comparison of the NAT
signals to the internal standard (1,3,5-trioxane). Based on this
procedure, micelles with block copolymers of different lengths
and block ratios could be obtained (Table 1). All polymeriz-
ations showed quantitative conversion within 8 h, as indicated
by "H-NMR. The successful chain extension was proven by the
shift in the SEC curves to lower elution volumes (Fig. 1). The
SEC curves of the obtained block copolymers showed mono-
modal size distribution with low dispersities (B < 1.20),
demonstrating the good control over the whole process.

After the removal of the 1,4-dioxane and 1,3,5-trioxane by
dialysis against deionized water, the micelle dispersions were
characterized by DLS and cryo-TEM (Fig. 2) to get information
about the diameter and the shape of the nanostructures.
Comparison of the size distribution before and after the dialysis
step showed only slight differences (Fig. S3T). The change of the
diameter of the nanostructures correlates well with the increas-
ing polymer length from P(NAMsy-b-NAT;0) to P(NAM,o-b-
NATg). Interestingly, the size of the micelles increases in a
similar way to changing the block ratio (P(NAMj5q-b-NAT3,) vs.
P(NAM;,-b-NATs,)), but also results in a slightly increased dis-
persity of the sample (Table 2). In order to investigate any
potential change of the morphology with varying compositions,
cryo-TEM images of both P(NAMj,-b-NAT;,) and P(NAM;4-b-
NATS;,) were analyzed, which should reveal the structure of the
micelle core due to an increased contrast by the sulfur atoms
(Fig. 2B and S57). In both cases, spherical shaped structures
were observed. However, an increase of the core size with
increasing block lengths of the NAT could be confirmed, which
is a result of the longer hydrophobic chain lengths.

In order to analyze the influence of the different block
ratios on the stability upon dilution, the CMC was determined
by applying Nile red as a fluorescent probe according to a pre-
viously published procedure.?” Therefore, micelle dispersions
with different concentrations down to 5 x 10~* mg mL™" were
prepared, incubated with Nile red and the fluorescence inten-
sity was analyzed by fluorescence spectroscopy. The inter-

Abbrev. [M]o/CTA [CTA)/I, Conv.” (%) Mum” (g mol™) My sec € (g mol™) bf

PNAM;, (P1) 50 100 99 7300 6,500 1.09
PNAM, o (P2) 100 50 99 12,700 13700 1.08
P(NAM;,-b-NAT3,) (P3) 30 10 99 12 000 10900 1.08
P(NAM;,-b-NATs,) (P4) 50 10 99 15200 12 500 1.11
P(NAM, ¢-b-NAT,,) (P5) 60 10 99 23 800 19 400 1.11
P(NAM,00-5-NAT; ) (P6) 100 10 99 30100 23700 1.18

“ Determined from the ratio of remaining vinyl protons of the monomer to the signals of the internal standard 1,3,5-trioxane. ? Calculated from

the conversion. ¢ SEC: DMAc + 0.21 wt% LiCl, PS-calibration.

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 SEC-curves of homopolymers P1 to P2 and block copolymers P3 to P6 (DMAc + 0.21 wt% LiCl, PS-standard).
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Fig. 2 Characterization of micelles P3 to P6 by DLS and cryo-TEM. (A)
Intensity average particle size distributions (PSD) determined by DLS; n = 3,
¢ = 1 mg mL™* in Milli-Q. (B) cryo-TEM image sections of P(NAMso-b-
NAT30) (P3) and P(NAMso-b-NATs50) (P4). Full pictures can be seen in the
ESI (Fig. S7+).

Table 2 Characteristics of micelles based on block copolymers with
different block ratios determined by DLS and fluorescence spectroscopy

wt%  wt%  Ry* R CMCS
Abbrev. NAM  NAT  (d,nm) (d,nm) PDI*  (ugmL™")
P3 60 40 25.04 16.11 0.225 15
P4 47 53 50.41 16.91 0.235 16
P5 60 40 61.34 17.55 0.207 17
P6 47 53 72.88 25.76 0.242 16

“ Determined by DLS (1 = 3, ¢ = 1 mg mL™"). ” Determined by cryo-TEM
analysis (measurement of >100 samples, Fig. S7). ¢ Determined by fluo-
rescence spectroscopy (Fig. S4).

section of the linear fits of the plot of the intensity as a func-
tion of the logarithm of the polymer concentration was
described as the CMC of the sample (Fig. S4T and Table 2). All
polymers revealed CMCs in the range of 15-17 pg mL™.
Therefore, the increase of the hydrophobic content from
polymer P3 to P6 did not seem to significantly affect the CMC
of the micelles.

Kinetic investigations on the PISA were performed with the
aim to gain a deeper insight into the mechanism of the
micelle formation during the polymerization. Therefore,

1598 | Polym. Chem., 2018, 9, 1593-1602

samples were taken at regular time intervals from the polymer-
ization mixture and analyzed for monomer conversion
(*H-NMR), molar mass distribution (SEC) and micelle for-
mation (DLS). Interestingly, the time-dependent kinetics of the
conversion shows a nearly sigmoidal plot (Fig. 3A), which is
typical of emulsion polymerization and not the linear increase,
which is expected for the quasi-linear region of RAFT polymer-
ization.*®*° After an initial retardation time, the rate of
polymerization increases first slowly, but then continuously,
which is most probably related to an increased number of
polymer particles or micelles, respectively. The polymerization
then occurs mostly within these micelles, and, similar to an
emulsion polymerization termination reaction might be
decreased. Nevertheless, the M, increases linearly with the
conversion and low dispersities are maintained, which proves
the living character of the RAFT polymerization (Fig. 3B).
Moreover, the shift of the mono-modal elution curves did not
show the presence of any prominent side-reactions (Fig. 3C).
Parallel to the increase of molar mass, micelle formation was
observed by the increase of the count rate (Fig. 3D).

Cytotoxicity and uptake studies

In order to investigate the biocompatibility of the novel carrier,
the cytotoxicity of the micelles P3 to P6 was investigated by
AlamarBlue assays. In addition, the uptake of the exemplarily
chosen micelles P3 was examined by fluorescence correlation
spectroscopy using HEK cells. All polymers P3 to P6 showed
no toxic effect on L929 cells up to a concentration of 500
pg mL™' (Fig. S5A7), while the fluorescence studies confirm
the uptake into cells (Fig. S5Bf). These results confirm the
reported high biocompatibility and non-toxicity of PNAM and
further prove the suitability of PNAT for the preparation of oxi-
dation-responsive carrier systems (Scheme 2). Moreover, we
analyzed the toxicity of the oxidized form of polymer P3.
Again, no toxicity was observed up to 500 ug mL™".

Oxidation-induced degradation

The ability of thioethers in polymers to undergo oxidation by
ROS is in most cases simulated by the addition of hydrogen

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Kinetic studies of the PISA of P(NAM-b-NAT) (A) Plot of the time-dependent increase of In(My/M,) and monomer conversion, which was
determined by *H-NMR using 1,3,5-trioxane as an internal standard. (B) Molar mass and dispersity, which was determined by SEC (eluent: DMAc +
0.21 wt% LiCl, PS-standard) and the theoretical molar mass (calculated by [([MJ[Mol™) X Myatl + MmcTa) in dependence on the monomer conver-
sion. (C) SEC curves of the polymerization mixture after different polymerization times. (D) The increase of the mean count rate, determined by DLS
measurements (n = 3) of the polymerization mixture, in dependence on the monomer conversion.
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Scheme 2 Schematic representation of the oxidation-induced degra-
dation process by oxidation of NAT to NATOx.

peroxides or hypochlorites as these are typical and easy avail-
able species found in inflammatory reactions.’® As previously
mentioned, the concentration of these oxidative compounds
can be in the millimolar range in inflamed tissue. In order to
check the responsiveness of our system to biologically relevant
conditions, micelle dispersions of P3 to P6 were prepared and
mixed with H,0, solutions to establish concentrations of 1,
0.1 and 0.01 mol L™".

The degradation process was monitored by DLS measure-
ments, since the amount of micelles could be directly corre-
lated with the mean count rate (Fig. 4) and the simultaneous
cumulant analysis gave information on the development of the
micelle diameter (Fig. S6T). Measurements were performed at
37 °C in PBS in order to mimic the conditions in a biological
environment.

This journal is © The Royal Society of Chemistry 2018

In all cases, a degradation of the micelles could be detected
upon exposure to H,0,. The decrease of the mean count rate
followed a sigmoidal trend. After exposure, a certain delay time
was detected, in which the count rate remained nearly con-
stant. At a certain point, the decrease of the count rate started
to take place. We observed that the count rate decreased in an
accelerating manner. The detected degradation profiles
matched to the trend of an auto-accelerating process. Since
hydrogen peroxide is a strongly hydrophilic oxidant, the oxi-
dation reaction is mainly determined by the diffusion of H,0,
molecules in the hydrophobic NAT micelle core, which cer-
tainly increases with the ratio of the oxidized monomer units
due to the increasing hydrophilicity. However, when the oxi-
dation of NAT inside the micelles reach a critical value, the
core becomes hydrophilic and finally completely soluble in the
aqueous environment. The parallel decrease of both the count
rate and the diameter suggests that the micelles did not
degrade in an erosive process, but burst rather abruptly when
a certain degree of oxidation was reached.

Since the micelle degradation curves showed the typical
profile of an auto-accelerating reaction, the decay in the count
rate could be described with a Boltzmann function.>"*> Based
on the Boltzmann fit, the half-life times of the degradation
processes of the micelles P3 to P6 for the different H,O, con-
centrations could be determined (Fig. 4D). For the micelles
with shorter hydrophobic blocks, the degradation was more
rapid as indicated by smaller half-life times. Smaller NAT
blocks also led to a reduction of the delay time and hence a
more instant degradation profile. These effects are most prob-

Polym. Chem., 2018, 9, 1593-1602 | 1599


https://doi.org/10.1039/c7py01859b

Published on 03 janeiro 2018. Downloaded by Fail Open on 07/05/2025 15:22:50.

Paper
12
A = P(NAM,-b-NAT,)
ii6 = P(NAM,b-NAT, )
— = P(NAM,,;-b-NAT, )
0s P(NAM,o-b-NAT, )
2
i
< 0.6
3
Q
o
< 04
o
0.2
0041 M H,0, —
0 10 20 30 40 50
Time [min]
12 C  P(NAM,-b-NAT,)
+ P(NAM,-b-NAT,)
1.04 + P(NAM,o-b-NAT, )
P(NAM,,,-b-NAT, )
0.8
2
S
€ 0.6
5
8
T 0.4-
o
0.2
00{ 10 mM H,0,

1000 1500 2000 2500 3000 3500
Time [min]

T T
0 500

Fig. 4 Oxidation-induced degradation of micelles P3 to P6 analyzed by
1 M H,0s,. (B) The time-dependent decrease of the count rate at 100 mM

View Article Online

Polymer Chemistry

12
B * P(NAM,-b-NAT,)
i04 © P(NAM,-b-NAT, )
+ P(NAM,,-b-NAT, )
P(NAM, ,;-b-NAT, )
P 0.8+
[
€ 0.6
=
8
3 044
0.24
00100 mM H,0,
(I) 6‘0 150 ‘IéO 2“%0 360 3é0 Aéo 4é0 54|10
Time [min]
10000
D [-=-1MHO,-#-0.1MH,0,- =- 0.01MH,0,
gl
1000 L o---w=TT
5
E _--m
g e
S B —- a--""
1004 %
______ -
------ -0
104 "
T T T T
20 40 60 80 100
DP hydrophobic block

DLS (37 °C, in PBS). (A) The time-dependent decrease of the count rate at
H,0,. (C) The time-dependent decrease of the count rate at 10 mM H,O,.

(D) Comparison of the half-life times determined by a Boltzmann fit for different degrees of polymerization (DP) of the hydrophobic block.

ably related to the higher surface/volume ratio of micelles,
which results in a much faster penetration of H,O0, mole-
cules.”® Comparing the logarithm of the half-life times with
the degree of polymerization of the hydrophobic blocks
revealed a nearly linear trend (Fig. 4D). The half-life times
seemed to be mainly dependent on the length of the hydro-
phobic block, without being much affected by the block ratio.
This direct correlation gives a handle to conveniently tune the
degradation profile of the carrier system and adjust it to the
desired target.

Oxidation triggered fluorescence quenching

In addition to the DLS studies, the change in the character-
istics of the NAT in the micelle core was analyzed by a fluo-

rescence intensity change of encapsulated Nile red, which is
quenched in an aqueous environment. Furthermore, such an
assay is often used as a model study to simulate the release of
an encapsulated hydrophobic drug.'*'*'® As in the DLS
studies, different concentrations of H,0, (1, 0.1, 0.01 M) were
used to imitate the presence of oxidative stress. Upon oxi-
dation of the NAT block, the micelle core should become
increasingly hydrophilic and therefore result in the quench-
ing of the fluorescence of Nile red. The decrease of the fluo-
rescence intensity over time was monitored by fluorescence
spectroscopy. The results demonstrate that the fluorescence
intensity of Nile red decreased over time, which correlated
well with the concentration of added H,O, (Fig. 5 and
S7-510%).

12 14
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Fig. 5 Oxidation-induced fluorescence quenching of Nile red encapsulated in micelles P3 to P6, which was analyzed by fluorescence spectroscopy

(37 °C). (A) The time-dependent decrease of the fluorescence intensity at
at 100 mM H,O0,.
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1 M H,0,. (B) The time-dependent decrease of the fluorescence intensity
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However, in comparison with the degradation kinetics
determined by DLS, the fluorescence quenching is consider-
ably delayed. This effect might either be caused by the reduced
diffusion of the hydrogen peroxide into the core due to the
present hydrophobic dye or a still persistent coordination of
the dye in the remaining hydrophobic segments of the
polymer even after reaching the critical degree of oxidation for
micellation. All curves showed a small increase in intensity
after the start of the measurement, which might be associated
with heating effects (room temperature to 37 °C) resulting in
an enhanced fluorescence of Nile red. Moreover, it is note-
worthy to mention, that the observed quenching rates are not
dependent on the DP of the hydrophobic block as observed in
the DLS studies, but on the balance of hydrophilic and hydro-
phobic blocks. Consequently, the polymers P3 and P5 with a
block mass ratio of 60 :40% exhibited the fastest fluorescence
quenching, whereas P4 and P6 with a ratio of 47 : 53% showed
a slower intensity decrease. This difference might again be
related to the changed kinetics of the degradation in the pres-
ence of the hydrophobic dye, but almost similar quenching be-
havior of all four micelles might also indicate that the dye is
only infiltrating the surface of the core, especially in the case
of P6. The detailed investigation of this effect, however,
requires further studies, which are currently ongoing.
Nevertheless, all measurements ended up with a relative fluo-
rescence intensity of below 1%, indicating the quantitative
degradation of the micelles and a complete change of the
thioether moieties.

Conclusion and outlook

The presented work not only demonstrates that polymeriz-
ation-induced self-assembly can be combined with highly reac-
tive monomers to create block copolymers using a one-pot
approach circumventing tedious purification steps, but also
provides convenient access to tunable oxidation-responsive
micelles for targeted drug delivery. The monomer NAM
enables a fast and efficient preparation of the first hydrophilic
block with high chain-end retention in the RAFT process at
quantitative conversion and guarantees an excellent biocom-
patibility for the final micellar structures. The structurally
similar and water-soluble monomer NAT features a similar
high reactivity in the aqueous polymerization but results in
the formation of a hydrophobic block, which makes it an excel-
lent candidate for the PISA process. Due to the near quantitat-
ive conversions in both reactions and the PISA process we were
able to prepare micelles consisting of the amphiphilic block
copolymer P(NAM-bH-NAT) without any intermediate purifi-
cation steps. Moreover, we were able to tune the size of the
resulting micelles by varying the size of the overall polymer or
the composition of the polymer, which mainly affects the size
of the micelle core. The characterization by DLS and cryo-TEM
revealed spherical shapes in all examined compositions,
despite the hydrophobic contents being more than 50 wt%.

This journal is © The Royal Society of Chemistry 2018
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In addition, the thioether moiety in PNAT can be oxidized
to a very hydrophilic sulfoxide by common ROS species such
as hydrogen peroxide yielding in the disassembly of the
micelles. Kinetic studies of the oxidation-induced degradation
process by DLS measurements revealed complete micelle
degradation for all selected systems even at low H,0, concen-
trations of 10 mM. The degradation kinetics were described as
an auto-accelerating process, which was mainly dependent on
the length of the hydrophobic block. Moreover, spectroscopy
studies on the fluorescence quenching of Nile red, which was
encapsulated in the micelles, further confirm the oxidation of
the hydrophobic PNAT in the presence of hydrogen peroxide
and the resulting disintegration of the micelles.

As all materials, including the oxidized polymer, reveal no
cytotoxicity, we are convinced that the presented system rep-
resents an interesting and versatile new platform for the selec-
tive delivery of drugs to sites of high oxidative stress. Further
research is certainly required to investigate reversible cross-
linking methods or possibilities to vary the shape of the nano-
structures, but the here reported effective preparation of the
final structures within less than 8 hours starting from the
monomers will facilitate further developments on this oxi-
dation-responsive carrier material.
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