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A variety of applications of amphiphilic block copolymers result from the control of their self-assembled
structures. Herein, the synthesis and structure formation of block copolymers (BCPs) consisting of poly(N,N-
dimethylaminoethyl methacrylate) (PDMAEMA) as one segment and poly(methyl methacrylate) (PMMA)
or a statistical copolymer (PDMAEMA-co-PMMA) as a second segment, is described. The BCPs provide
molar masses between 8.9 kg mol™ and 35.6 kg mol™ with low polydispersity index values, B =
1.05-1.13. BCPs are synthesized via sequential anionic polymerization strategies while structure formation
in water is investigated by dynamic light scattering (DLS) and transmission electron microscopy (TEM). The
PDMAEMA-containing micelles in water are loaded with a Ru(i) polypyridyl complex, i.e. [Ru(bipy),-dppz-
7-hydroxymethyl][PFgl, (bipy = 2,2'-bipyridine; dppz = dipyridophenazine), which was previously shown
to act as a potential photosensitizer in photodynamic therapy (PDT). Successful loading of the BCP
micelles is evidenced by TEM measurements after dialysis in water. Stimulus-responsive release of the
Ru(i) complex from the BCP micelles is shown using ultrasound, change of pH or temperature as external
triggers. The quantification and release profiles for the Ru(i) complex are obtained by atomic absorption
spectrometry (AAS). As a result, PDMAEMA-b-PMMA is not capable of releasing the Ru(i) complex in a
controlled manner after application of, for instance, ultrasound or temperature change as external triggers
due to the shielding (stealth effect) of the BCP. On the contrary, micelles made of BCPs featuring
PDMAEMA and PDMAEMA-co-PMMA segments reveal excellent Ru(i) complex release profiles due to the
tailored molecular composition of the underlying block segments as evidenced by temperature-depen-
dent DLS and AAS measurements. Thus, these smart PDMAEMA-containing BCPs pave the way to a
variety of applications for selective triggered release of small molecules.

Introduction

In the last decade stimuli-responsive polymers have proven
their utility for a range of important applications. These
types of polymers can be designed to feature certain chemical
functionalities, which can be changed by invasive or non-inva-
sive external triggers. They are capable of changing their con-
formation, solubility, or even of breaking or forming covalent
bonds upon, for instance, a change of temperature or pH
value, light irradiation, electrochemical stimuli or the presence
of an electrical field, or combinations thereof.* " Polymer-
based nanocontainers filled with payloads are promising

“Chimie ParisTech, PSL Research University, Laboratory for Inorganic Chemical
Biology, F-75005 Paris, France. E-mail: gilles.gasser@chimie-paristech.fr

1 Electronic supplementary information (ESI) available: Data on additional SEC,
DSC, NMR, turbidimetry measurements, TEM, DLS, release mechanism, and
conditions for release studies. See DOI: 10.1039/c6py02026g
iPresent address: Department of Chemical Engineering,
Institute of Technology, Cambridge, MA, 02139, USA.

Massachusetts

890 | Polym. Chem., 2017, 8, 890-900

systems for selective and gated transport in the fields of,
e.g., biomedicine,">™* or anticorrosion.">'® The preparation of
block copolymers (BCPs), ie., polymers consisting of two or
more homogeneous polymer fragments that are covalently
connected, feature the intrinsic capability for microphase
separation yielding fascinating structures in the bulk state or
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in selective solvents. Encapsulation of molecules and oligo-
mers has already been carried out in BCP micelles, vesicles or
BCP capsules featuring even more complex substructures.'”>°
For instance, multicompartment micelles were successfully
prepared from triblock terpolymers and their fascinating self-
assembled structures were studied in different media.*'">*
Furthermore, in our first attempts, the selective release of two
different payloads out of such complex BCP micelles featuring
different compartments has been studied.>> Amongst all
potential external triggers for selective release of payloads,
thermal and pH value changes have been intensively investi-
gated owing to their important role in physiological environ-
ments. Within the field of stimuli-responsive polymers, poly
(N,N-dimethylaminoethyl methacrylate) (PDMAEMA) is one major
player due to its capability for rapid conformational changes
during the change of temperature, pH (or the presence of
CO,), and ionic strength.**>® As another external trigger ultra-
sound is reported to be a potential stimulus for drug release
from polymer micelles.>® The release can occur by diffusion of
the payload or by degradation triggered by ultrasound. For
example, the release of doxorubicin from Pluronic micelles
could be achieved by insonation with low frequency ultra-
sound as reported by Husseini et al.*° or Marin et al.**

Like other cationic polymers, PDMAEMA is reported to be
slightly cytotoxic and changes regarding the molecular archi-
tecture (for example copolymers with hydrophobic or hydro-
philic monomers, branched system, chain ends) as well as
the overall molar mass can significantly influence the
cytotoxicity.>> > Moreover, it is reported that the masking
effects of PDMAEMA complexes play a crucial role in the cyto-
toxicity.>* To the best of our knowledge, the use of PDMAEMA
as a multi-stimuli responsive polymer (and BCP thereof) has
not been reported for the selective release of photodynamic
therapy (PDT) photosensitizers. PDT is a medical method used
to treat certain types of cancer and other skin conditions.*®?”
A photodynamic effect is achieved due to the synergistic action
of light, molecular oxygen normally present in tissues (*0,)
and a photosensitizer. In detail, the first step is usually the
intravenous administration of the photosensitizer to the
patient. After 1-3 days, when the photosensitizer has localized
in cancer cells, the photosensitizer is excited by light
irradiation. The photosensitizer reaches its excited state,
which has a triplet character. The excited photosensitizer can
then interact with *0,. Upon energy transfer from the excited
state of the photosensitizer to the ground state of *0,, a very
reactive singlet oxygen species ('0,) is formed. This toxic form
of oxygen is able to rapidly interact and damage the surround-
ing biological substrates, inducing a biological cascade of
events that will eventually lead to cell death. PDT has a very
localized toxic effect since 'O, is produced just at the site of
light irradiation. Moreover, since its lifetime is very short in a
biological environment (40 ns), 'O, will exert its toxic activity
just in the proximity of its site of generation.*® The temporally
and spatially defined formation of these toxic species is
responsible for the low side effects of PDT compared to those
that cancer patients have to usually go through during chemo-
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therapeutic treatment. The characteristics of the photo-
sensitizer are of crucial importance for the medical outcomes.
Nowadays, most of the clinically approved photosensitizers
have a tetrapyrrolic structure (i.e. porphyrins, chlorins).*>*°
This class of molecules is known for their very high 'O, pro-
duction, long wavelength excitation and high cancer tissue
accumulation. However, some drawbacks associated with these
systems (i.e. non-trivial synthesis and purification, scarce water
solubility, systemic accumulation) highlight the importance
for the development of alternative photosensitizers. A great
effort has been made in the last few decades to develop novel
photosensitizers with a non-porphyrin based structure.
Among the different types of compounds investigated, Ru(u)
polypyridyl complexes found to be extremely
promising.’”*'™*> Encouragingly, such a complex will soon
enter into clinical trials as a photosensitizer for the treatment
of non-muscle invasive bladder cancer.’® At our end, we have
focused our attention, over the past few years, in the appli-
cation of metal complexes as photosensitizers in PDT for the
treatment of cancer’ ™ and bacterial infections (aPDT)*° as
well as in photoactivated chemotherapy (PACT).”"** In parti-
cular, some Ru(u) polypyridyl complexes showed very promis-
ing results with, among others, an efficient cellular uptake and
very high phototoxic indexes (PI, the ratio of dark toxicity over
phototoxicity).>” Another important drawback of the tetra-
pyrrolic compounds used as PDT photosensitizers is related to
their poor bioavailability. Porphyrins and porphyrin molecules
are generally characterized by low water solubility and high
lipophilicity, generating problems with regard to medicinal/
biological applications. To overcome these issues, the use of
delivery systems was envisaged to improve the pharmaco-
kinetic properties of the photosensitizers. As mentioned above
for other payloads, a wide variety of carriers for photo-
sensitizers have been applied, ranging from liposomes to
micelles or organic or inorganic nanoparticles or poly-
mers.>>** As an example, FOSLIP®, a water-soluble liposomal
formulation of the photosensitizer FOSCAN® ((m-tetra(hydroxy-
phenyl) chlorin), a PDT photosensitizer approved in Europe)
currently in preclinical tests, displayed rapid biodistribution
and clearance from the bloodstream, together with selective
tumor accumulation and reduced side effects.>*>® Worth
mentioning, although not related to cancer therapy, is the case
of Vysudine®, in which the photosensitizer verteporfin is for-
mulated as a green liposome powder. It was approved by the
FDA as a photosensitizer for the treatment of age-related
macular degeneration in 2000 and for the treatment of patho-
logical myopia in 2001.>* Of note, Lemercier et al. reported the
encapsulation of two Ru(u)-based photosensitizers in poly(p,t-
lactide-co-glycolide) nanoparticles. The free complexes were
characterized by very high dark toxicity, which was strongly
reduced upon encapsulation.’”

Herein, we present the encapsulation of a Ru(u) polypyridyl
complex, ie., [Ru(bipy),-dppz-7-hydroxymethyl][PF¢], (bipy =
2,2"-bipyridine; dppz = dipyridophenazine), which was
previously shown to be a promising PDT photosensitizer by
some of us.”” PDMAEMA-based block copolymers with either
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poly(methyl methacrylate) (PMMA) or a statistical copolymer
(PMMA-co-PDMAEMA) as a second block segment were pre-
pared by sequential anionic polymerization strategies. The
thermo-responsiveness of PDMAEMA-containing block copoly-
mer (BCP) micelles was investigated in detail by temperature-
dependent dynamic light scattering (DLS) measurements in
water. The micelles were loaded with the Ru(u) polypyridyl
complex and the release was triggered by ultrasound, pH and
temperature variations. The Ru(u)complex-loaded and empty
BCP micelles were characterized with respect to structure for-
mation by transmission electron microscopy (TEM) and DLS,
while the release profiles were obtained after dialysis via
atomic absorption spectrometry (AAS).

Results and discussion
Polymer synthesis and characterization

For encapsulation of [Ru(bipy),-dppz-7-hydroxymethyl][PFs].,
block copolymers consisting of PMMA and poly(N,N-dimethyl-
aminoethyl methacrylate) (PDMAEMA) were investigated. The
stimuli-responsive block copolymers PMMA-b-PDMAEMA 4
were synthesized via anionic polymerization in THF with
diphenylhexyllithium (DPHLI) as an initiator — prepared by the
nucleophilic addition of n-butyl lithium to 1,1-diphenylethyl-
ene (DPE) - at low temperatures (see the Experimental
section). The synthesis is depicted in Fig. 1 (top).

The corresponding PMMA-h-PDMAEMA BCPs 4 were ana-
lyzed by size exclusion chromatography (SEC) in dimethyl-
formamide (DMF) and 'H NMR spectroscopy. Exemplarily, the
results on the sequential anionic polymerization of DMAEMA
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Fig. 1 Top: Anionic block copolymerization of methyl methacrylate 1
(MMA) and N,N-dimethylaminoethyl methacrylate 3 (DMAEMA) in THF in
the presence of LiCl at low temperature to yield PMMA-b-PDMAEMA 4.
Bottom: MMA and DMAEMA were copolymerized by means of anionic
polymerization followed by the addition of DMAEMA to generate the
corresponding PMMA-co-PDMAEMA-b-PDMAEMA 6.
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and MMA for the preparation of PMMA;,-b-PDMAEMA,; are
given. In Fig. 2, the molar mass distribution of the PMMA
macro precursor (black) and the corresponding PMMA-b-
PDMAEMA is shown, evidencing the successful BCP formation
without significant termination of the PMMA anionic macro
initiator. Additionally, the corresponding 'H NMR spectrum
for the final BCP with signal assignments is given in Fig. 2
(bottom).

All obtained data for the PMMA homopolymers and block
copolymers - with PDMAEMA or PDMAEMA-co-PMMA as a
second block segment - investigated in this study comprising
M, M,,, and D are compiled in Table 1.

As described in the ensuing sections, structure formation
in water as well as capability for the stimuli-responsive release
of payloads were initially carried out with PMMA-b-PDMAEMA
BCPs. Based on these results, the usability of PDMAEMA
BCPs having a PDMAMEA-co-PMMA segment was taken into
account. For this purpose, the mixtures of MMA and DMAEMA
were used prior to the formation of the PDMAEMA block to
yield polymer 6 (see the Experimental section and Fig. 1).
An exemplary molar mass distribution of (PMMA,;-co-
PDMAEMA,,)-b-PDMAEMA 3, is given as Fig. S1 in the ESIT
while the corresponding "H NMR spectrum is given as
Fig. S2.1 Data on SEC and 'H NMR spectroscopy proved the
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Fig. 2 Molar mass distributions (top) obtained by SEC measurements
vs. PMMA standards in DMF obtained for the PMMAs, precursor (black
line) and PMMAg4-b-PDMAEMAgs (red line). The *H NMR spectrum of
PMMAGs,-b-PDMAEMAgs in CDCls (bottom).
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Table 1 Characterization data on homopolymers and block copoly-
mers investigated in this study

M,“ My, *

Polymer (kg mol™) (kg mol™) b
PMMAg; © 6.3 6.4 1.02
PMMAg;-b-PDMAEMA,; 8.5 8.9 1.15
PMMAs, * 5.4 5.8 1.08
PMMAs,-b-PDMAEMA,; 10.0 10.4 1.03
PMMA, g-co-PDMAEMA,, © 5.4 6.0 1.11
(PMMA, 4-co-PDMAEMA,,)-b- 31.8 35.8 1.13
PDMAEMA, o, ©

PMMA, ;-co-PDMAEMA,, © 4.7 5.3 1.11
(PMMA, 3-co-PDMAEMA,,)-b- 26.9 29.6 1.10
PDMAEMA, ;, ”

“Molecular weight determined by SEC in kg mol '(PMMA standards,
DMEF). ” Molecular weight in kg mol ™ determined by SEC in DMF and
the relative composition for PDMAEMA and PMMA determined by
"H NMR spectroscopy in CDCl;.

successful synthesis of the PDMAEMA-containing BCP (see
also Table 1), which will be investigated in the following sec-
tions. Additionally, thermal phase behavior of the BCPs was
investigated by DSC measurements revealing glass transition
temperatures of approx. 30 °C and 90-100 °C which could be
assigned to PDMAEMA or PDMAEMA-co-PMMA segments,
respectively.”®*® All data on SEC, NMR spectroscopy and DSC
measurements for the investigated BCPs and BCPs with a stat-
istical segment are given in the ESI as Fig. S3-510.F

As the thermo-responsiveness of the PDMAEMA-containing
segment was of major interest, the ratio of MMA and
DMAEMA was varied in order to tailor the LCSTs. For this
purpose, the weight content of MMA was varied from 4.5 wt%,
over 17 wt% to 26.9 wt% and UV-Vis spectroscopy measure-
ments were carried out to determine the LCST (Fig. S117). As
can be concluded from these experiments, the LCST for the
statistical PDMAEMA-co-PMMA could be tailored in the range
of 17 °C to approximately 35 °C. A rough trend for the relation-
ship of the LCST with the increasing MMA content is given as
Fig. S12 in the ESL.{ All data on glass transition temperatures
and LCSTs for the investigated BCPs in this study are compiled
in Table S1 of the ESL. ¥

Structure formation of PDMAEMA-containing block
copolymers in water

Before the stimulus-induced release of a PDT agent payload is
studied in more detail, structure formation of the PDMAEMA-
based diblock copolymers in a block-selective solvent for
PDMAEMA, i.e. water, was investigated. In general, due to their
amphiphilic nature, the BCPs are capable of self-assembling
into micelles in aqueous solution.®®®> We investigated the
micellation in the presence or absence of [Ru(bipy),-dppz-7-
hydroxymethyl][PFs], complex 7 as depicted in Scheme 1 and
as described in the Experimental section. In brief, BCPs
(and complex 7) were diluted in a small amount of acetone
followed by dropwise addition of water (Milli-Q) and dialysis.
In Fig. S13,f a photograph of the BCP micelles in water is

This journal is © The Royal Society of Chemistry 2017

View Article Online

Paper

LN NN ——————— P

(PMMA-co-PDMAEMA)-b-PDMAEMA

Scheme 1 Simplified illustration of BCP micelle formation for PMMA-
b-PDMAEMA and (PMMA-co-PDMAEMA)-b-PDMAEMA BCPs in water.
The micelles were directly compared by using TEM measurements in the
presence of [Ru(bipy),-dppz-7-hydroxymethyl][PF¢l, complex 7 (see the
text).

given. In the case of BCP micelles loaded with [Ru(bipy),-dppz-
7-hydroxymethyl|[PFs], complex 7, a slightly yellow to orange
color could be observed after dialysis, while in the case of the
unloaded micelles, no turbidity or color was observed. This
was a first hint that entrapment of Ru(u) complex 7 was
successful.

In order to confirm these findings, comparative TEM
measurements of the empty BCP micelles, which were formed
by the polymer (PMMA;-co-PDMAEMA,,)-b-PDMAEMA, ;,, and
BCP micelles loaded with Ru(u) complex 7 were carried out
(Fig. 3). For TEM measurements, one drop of the resulting
micellar solution was deposited on a carbon-coated copper
grid, and the solvent was removed in vacuo. Interestingly, the
empty BCP micelles could not be observed during TEM
measurements, potentially due to the weak electron contrast of
the micelles compared to the carbon background of the coated
TEM copper grids. However, after staining with iodine the
empty micelles of the statistical block copolymer (PMMA, ;-co-

Fig. 3 TEM images of Ru(i) complex 7 loaded BCP micelles PMMAg,-b-
PDMAEMAgs (A and B), (PMMAjy-co-PDMAEMA,,)-b-PDMAEMA o
(C and D) and (PMMA;3-co-PDMAEMA,,)-b-PDMAEMA;3, (E and F)
obtained after dialysis, drop-casting on carbon-coated copper grids and
without staining.

Polym. Chem., 2017, 8, 890-900 | 893


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6py02026g

Open Access Article. Published on 20 December 2016. Downloaded on 3/5/2026 1:45:41 PM.

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

(cc)

Paper

PDMAEMA,,)-b-PDMAEMA 3,, which will be important for the
thorough DLS measurements in the ensuing section, could be
observed using TEM (Fig. S14t). The average diameter of the
stained spherical micelles was determined to be 8-9 nm.
Compared to this, the corresponding TEM images for the
loaded micelles of PMMA;,-b-PDMAEMAy; (Fig. 3A and B) and
both BCPs featuring a statistical PDMAEMA-co-PMMA as
the second block segment, i.e., (PMMA;qo-co-PDMAEMA,,)-b-
PDMAEMA, 4, (Fig. 3C and D) and (PMMA,;-co-PDMAEMA,,)-
b-PDMAEMA 3, (Fig. 3E and F) are shown. In this case, for the
loaded BCP micelles, no further treatment was necessary to
increase the contrast due to the high electron density of Ru()
complex 7.

The TEM images PMMA;,-b-PDMAEMAy; clearly
revealed a core-shell structure for the BCP micelles. The dark
appearing core was attributed to the presence of Ru(u) complex
7 (Fig. 3A and B). Compared to this, both BCPs with a statistical
PDMAEMA-co-PMMA segment did not feature an observable
core-shell structure and homogeneous micelles could be
observed (Fig. 3C-F). Summarizing the results of TEM measure-
ments on the loaded BCP micelles, the herein investigated
PDMAEMA-containing BCPs are capable of encapsulating the
photosensitizer in the interior of the micellar structure in an
aqueous environment. Before we turn to the Ru(u) complex 7
release, temperature-dependent dynamic light scattering (DLS)
experiments are performed and discussed below.

for

Thermoresponsive behaviour of BCP micelles by dynamic light
scattering (DLS) measurements

The temperature-responsiveness of the BCP micelles in water
was followed using temperature-dependent dynamic light scat-
tering (DLS) measurements. It is worth mentioning that
the focus was on investigating the polymer (PMMA,;-co-
PDMAEMA,,)-b-PDMAEMA, 3, as the model system, which has
the highest ratio of PDMAEMA in the statistical block segment
(as compared for all polymers in Table S2t) in this study. As
will be described in the ensuing section, the polymer PMMAs;,-
b-PDMAEMA,; was not able to release a significant amount of
Ru(u) complex 7 after 90 min of ultrasound, while (PMMA;-co-
PDMAEMA,,)-b-PDMAEMA 3, featured a reasonable leakage of
the Ru(n) complex already at room temperature. Compared to
this, the polymer (PMMA;q-co-PDMAEMA,,)-b-PDMAEMA,q,
having a lower ratio of PDMAEMA in the statistical block
segment (as compared for all polymers in Table S27) featured
the best properties with respect to the payload release applying
external triggers, i.e., by applying ultrasound, changing the pH
value and temperature variation. We started studying the
thermo-responsive behaviour of (PMMA;;-co-PDMAEMA,,)-b-
PDMAEMA, 3, in more detail in order to clarify the leakage
occurring already at room temperature. All detailed measure-
ment conditions for the DLS experiments are given in Table S3
of the ESLT Fig. 4 illustrates two examples of the measured
intensity autocorrelation functions for the micelles at 20 °C
and 6 °C. Note that the decay of the correlation functions
shows clearly two steps. The faster process corresponds to the
translation dynamics of uniform micelles formed from

894 | Polym. Chem., 2017, 8, 890-900

View Article Online

Polymer Chemistry

T T T T T
10 e S0
= 60°
A 70°
0.8} v 80° 4
¢ 90°
< 100°
- 06 > 110°7
& e 120°
*  130°
04 20°C —
02}
0.0
10* 10° 10? 10" 10° 10’ 10°
t/ms
1.0
0.8 |
~ 06
o
04|
02|
0.0
1 1 1l 1 1
10" 10° 10? 10" 10° 10’ 10°
t/ms
Fig. 4 Intensity autocorrelation functions for BCP micelles formed

from (PMMA;3-co-PDMAEMA,;,)-b-PDMAEMA;3, in  water at 20:
50°-130°, measured at 20 °C (top) and 6 °C (bottom). The solid lines
represent a fit using a squared sum of two exponential decays.

(PMMA;3-c0-PDMAEMA,,)-b-PDMAEMA,;, chains in water,
while the slower process belongs to the dynamics of some
micellar aggregates. For a direct comparison, the drop-cast
and dried micelles were investigated by TEM as already
described in the section above (Fig. S13f). From the TEM
images it was concluded that the spherical micelles featured
an average diameter of approximately 8-9 nm. For DLS
measurements, both processes are well separated on the time
scale and it is therefore possible to analyse these two dynamics
in detail. To analyse the temperature-responsiveness of the
hydrodynamic radii of the micelles it is necessary to calculate
the correlation time 7 for every process.

The intensity autocorrelation functions can be described by
a squared sum of two exponential decays (see Fig. 4):

22— 1= (A1 exp(—(t/71)"") + Ay exp(—(t/7:)*))*.

A; and A, describe the amplitudes of the processes, with
A, + A, = 1, 7; and 7, are the correlation times and $1 and f2
are stretching parameters. These parameters correspond to the
polydispersity of the micelles and aggregates. For example if
f is equal to 1, the micelles are ideally monodisperse. This is
the case for the faster process which can be assigned to the
uniform (PMMA,;-co-PDMAEMA,,)-b-PDMAEMA,;, micelles.

This journal is © The Royal Society of Chemistry 2017
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Compared to this, the micellar aggregates have a stretching
parameter 0.7 < # < 0.85 independent of 7. The correlation
time 7 is related to the translational diffusion coefficient D by
D = 1/(<z>¢%). The scattering vector ¢ can be calculated by g =
4nn sin(d)/A. In our case n is the refractive index of water
and 26 is the scattering angle. The averaged correlation time is
<> = 7/f x I'(1/p), while I' is the gamma function.

The expected linear variation of 1/<z> with ¢* was nicely ful-
filled by our data (Fig. 5 and S15%), for both motions and at
every measured temperature. By using the Stokes-Einstein
relation, a hydrodynamic radius R}, = kgT/6nnD can be calcu-
lated, with kg, T, and 5 as the Boltzmann constant, the absol-
ute temperature, and the solvent viscosity at the used tempera-
ture, respectively. Note that the hydrodynamic radius of the
uniform PDMAEMA-containing micelles is a factor 30 smaller
than that of the aggregates at 20 °C (Fig. 5 and S147).

To investigate the temperature-responsiveness of the BCP
micelles formed from (PMMA, 3-co-PDMAEMA,,)-h-PDMAEMA, 3,,
the temperature was varied between 50 °C and 6 °C. Fig. S167
shows the behaviour of the inverse relaxation times scaled
with the temperature dependent viscosity of the water®® and
the temperature versus the squared scattering vector for
different temperatures. The hydrodynamic radius of the aggre-
gates at 40 °C was approximately 117 + 40 nm (Fig. S15,7 left).
Compared to this, the uniform spherical micelles revealed a
value of Ry, of 4 + 0.1 nm. When the solution was cooled down
to 20 °C, the hydrodynamic radius, Ry, continuously increased
by 10%. For temperatures below 20 °C and above 10 °C the
radius was nearly constant and ~18% larger than before at
40 °C. At 6 °C the radius of the aggregates shrank again
(Fig. S57). Although this repeated shrinkage of the aggregates
could not be fully interpreted yet, for the proposed release
studies the presence of a significant increase of the uniform
micelles while decreasing the temperature below 30-35 °C is
of utmost importance. It is noteworthy that for temperatures
above 40 °C, the radius of the micelles increased dramatically
and the polymers precipitated. Almost the same temperature-

T
D =53.75*10" m’/s
30000 | R, =4.0nm .
20°C
B:1

20000 E

<> /s

10000 | [ g

0 1 1 1
0 200 400 600

q°/10% m?

Fig. 5 g° dependence of inverse relaxation times to determine the
diffusion coefficient and the resulting hydrodynamic radii for the fast
process of the uniform micelle motions measured at 20 °C.
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Fig. 6 Temperature dependence of the hydrodynamic radii of the BCP
micelles in water for the polymer (PMMA;3-co-PDMAEMA,,)-b-
PDMAEMA3,.

responsiveness of the micelles was found for the micellar
aggregates. The chain radius grew by a factor of approximately
30%, when cooling the temperature from 40 °C to 30 °C. After
that growth, the radius was constant until 15 °C and shrank
again at lower temperatures. Fig. 6 shows and summarizes the
temperature behaviour of the hydrodynamic radii for the fast
process (BCP micelles) while the thermo-responsiveness of the
aggregates is given as Fig. S17.f The observed temperature
variation of the hydrodynamic radii was fully reversible.

As a summary of the DLS results, it can be concluded from
Fig. 6 and S161 that the BCP aggregates as well as the uniform
BCP micelles grow and shrink as a function of temperature. At
temperatures above 20 °C there is a change in the solubility of
polymers in water because it is above the first lower critical
solution temperature. Between 20 °C and 10 °C it is a homo-
geneous solution and the polymer chains and the micelles are
capable of swelling in water. This proves the suitability of the
BCP micelle for further investigation as a thermo-responsive
release platform, which will be described in the ensuing
section.

Stimuli-responsive release of the Ru(u) complex by external
triggers

The stimuli-induced release of [Ru(bipy),-dppz-7-hydroxy-
methyl|[PF¢], was determined by atomic absorption spec-
trometry (AAS) for the purified micelles (see the
Instrumentation section for detailed sample treatment). The
micelles were loaded with the Ru(u) complex as already
described above. Importantly, dialysis of the loaded micelles
was carried out using the dialysis membranes Spectra/Por®
Biotech CE. In our first attempts with other dialysis mem-
branes, there was an observable color change of the dialysis
tube due to the interaction of the released Ru(u) complex with
the membrane material. Three different external triggers were
applied in order to study the release capabilities of the herein
investigated PDMAEMA-based BCPs. In Scheme S1 of the ESIL,{
the simplified mechanism for releasing the encapsulated
Ru(u) complex is given. In our first attempts, the BCPs PMMA-
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b-PDMAEMA were used for encapsulation. As shown in Fig. 3A
and B in the previous section, the incorporation could be con-
firmed by TEM measurements. However, it turned out that,
even with using ultrasound for about 45 min, the BCP micelles
did not release a detectable amount of ruthenium species
(Fig. S187). Only after a prolonged ultrasound time of 90 min,
a tiny amount of Ru(u) complex was released to the aqueous
environment. It has to be mentioned that the detection limit
of the AAS setup was about 0.5 pM ruthenium.

In order to study the influence on release properties, the
molecular compositions of the BCPs were changed and MMA
was copolymerized with DMAEMA in order to obtain (PMMA-
co-PDMAEMA)-b-PDMAEMA. For simplification, we renamed
(PMMA,o-c0-PDMAEMA,,)-b-PDMAEMA,5; to Copol and
(PMMA; 3-c0-PDMAEMA,,)-b-PDMAEMA,;, to Copo2. As a
result, Copo2, which has a higher content of DMAEMA
moieties in the copolymer segment, already showed a signifi-
cant release of the Ru(i) complex at room temperature without
an external stimulus (Fig. 7A, blank test). The explanation for
this behaviour is as follows: Copo2 features a second LCST
(compared to the pure PDMAEMA segment) approximately at
room temperature. Therefore, a release of the Ru(i) complex

pH =1

A 100

80

- released
- not released

blank test ultrasound

60 4

24 h at 3-4°C|
40

Release Ru / [%]

20

B 100

80+

24hat34°C

(I reteasea
- not released

60

blank test

401

Release Ru /(%)

20

0

Fig. 7 Release profiles for BCP micelles loaded with Ru(i) complex 7
based on Copo2 (A) and Copol (B) by using ultrasound, pH value
change or storage at 3 °C as external triggers (see the Experimental
section). The amount of the released ruthenium was determined by AAS.
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occurred already at room temperature due to the more diluted
chain segments. Compared to this, Copol features the second
LCST at a lower temperature, .e., at room temperature the core
of the BCP micelle is collapsed hindering a significant release
of the Ru(u) complex. Only by further decreasing the tempera-
ture below the LCST of Copo1l, the statistical block segment
PDMAEMA-co-PMMA is capable of releasing the payload.
While lowering the temperature down to 3 °C, lowering the pH
value of the aqueous environment or by application of ultra-
sound, an almost full release of the encapsulated Ru(u)
complex was found. The absolute values for the Ru(u) complex
loading are compiled in Table S4 in the ESIt nicely reflecting
the release capabilities of the herein investigated BCP micelles
upon treatment with the external stimuli.

Compared to this, Copol with a lower amount of DMAEMA
moieties in the copolymer segment revealed much less leakage
of the BCP micelle and hence a significantly reduced amount
of Ru(u) complex was released (Fig. 7B). BCP micelles based on
Copo1l and after dialysis were subjected to ultrasound for 1 h.
As a result, a residual amount of about 20% of the initial Ru(u)
complex content was found, while about 80% could be
released by ultrasound treatment. Micelles from the same
batch loaded with exactly the same amount of Ru(u) complex
showed an almost full release while changing the pH value to
1. Additionally, a full release of the payload could be accom-
plished by lowering the temperature down to 3 °C.

Conclusions

In the current work we present an efficient protocol for the
preparation of poly(N,N-dimethylaminoethyl methacrylate)
(PDMAEMA) based multi-stimuli responsive block copolymers
(BCPs) with poly(methyl methacrylate) (PMMA) via anionic
polymerization protocols. The block copolymers
capable of micellation in water and used for the incorporation
of a Ru(u) polypyridyl i.e., [Ru(bipy),-dppz-7-
hydroxymethyl|[PF],, which was previously shown to act as a
potential photosensitizer in photodynamic therapy. The hydro-
phobic block segment was built by copolymerizing MMA with
DMAEMA in order to enhance the Ru(u) complex release pro-
perties and to tailor the lower critical solution temperature
(LCST) of the micelles. The thermo-responsiveness of the pre-
pared BCP micelles and single polymer chains was investigated
by temperature-dependent dynamic light scattering (DLS)
experiments. These experiments revealed an increase of the
hydrodynamic radii of the BCP micelles below a temperature
of 25-30 °C. While loaded micelles derived from PMMA-b-
PDMAEMA showed an excellent shielding effect upon ultra-
sound, Ze., no ruthenium release was accomplished, a good
switchability for (PMMA,y-co-PDMAEMA,,)-b-PDMAEMA o,
(Copo1) was observed. This strong shielding effect of BCPs fea-
turing a pure PMMA segment was attributed to the distinct
core/shell structure of the loaded BCP micelles compared to
more homogeneous BCP micelles as shown by TEM investi-
gations. The latter micelles feature the capability to efficiently

were

complex,
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release the Ru(un) complex upon ultrasound, by lowering the
pH value, and by decreasing the temperature as determined
and quantified by atomic absorption spectrometry (AAS) after
applying external triggers and dialysis. This study will pave the
way to addressable and highly functional polymer-based nano-
carrier systems with unprecedented properties that are stable
and can be employed in water. Potential applications are fore-
seen in a variety of disciplines, in particular in biomedicine
and smart delivery systems.

Experimental
Reagents

All solvents and reagents were purchased from Alfa Aesar,
Sigma Aldrich, Fisher Scientific, ABCR and used as received
unless stated otherwise. Deuterated solvents were additionally
purchased from Deutero GmbH, Kastellaun, Germany.
Tetrahydrofuran (THF) was distilled from sodium/benzo-
phenone under reduced pressure (cryo-transfer) prior to the
addition of 1,1-diphenylethylene and n-butyllithium (n-BuLi)
followed by a second cryo-transfer. MMA and DMAEMA were
first dried by stirring over calcium hydride (CaH,), distilled,
followed by drying over trioctylaluminium and a second cryo-
transfer prior to use. Lithium chloride (LiCl) was dissolved in
a small amount of purified THF and placed into an ampule.
After removing THF in a vacuum, the ampule was carefully
heated out under high vacuum, refilled with nitrogen, and
then stored in a glovebox. All syntheses were carried out under
an atmosphere of nitrogen using Schlenk techniques or a
glovebox equipped with a Coldwell apparatus. The Ru(u)
complex was synthesized as reported previously.*’

Instrumentation

NMR spectra were recorded with a Bruker DRX 500 NMR or
with a Bruker DRX 300 spectrometer working at 500 MHz or
300 MHz ("H NMR). NMR chemical shifts are referenced rela-
tive to tetramethylsilane. SEC measurements were performed
with DMF as the mobile phase (flow rate 1 mL min~') on a
GRAM column set from PSS (GRAM 30, GRAM 1000, GRAM
1000) at 50 °C. Calibration was carried out using PMMA stan-
dards (from Polymer Standard Service, Mainz).

For determining the thermal properties of the polymers
differential scanning calorimetry (DSC) was performed with a
Mettler Toledo DSC-1 in the temperature range from 0 °C to
140 °C with a heating rate of 10 K min™". TEM experiments
were carried out on a Zeiss EM 10 electron microscope operat-
ing at 60 kV. All shown images were recorded with a slow-scan
CCD camera obtained from TRS (Trondle) in bright field
mode. Camera control was computer-aided using the ImageSP
software from TRS. Dynamic light scattering (DLS) experiments
were carried out with a setup based on a He-Ne laser (4 =
632.8 nm) as the light source at different temperatures.
Polarization of the primary beam is determined by using a
Glan-Thomson prism. The scattered beam polarization is
analyzed in vertical-vertical geometry. The scattered intensity
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was detected with an optical fiber coupled to two avalanche
photodiodes. The intensity autocorrelation functions, calcu-
lated with ALV 5000 software for both photodiodes, were
measured in angular steps of 10°. All measurements were per-
formed by using cylindrical cuvettes (Hellma) for the samples
in a temperature-controlled index matching bath. The corre-
lation time 7 is related to the translational diffusion coefficient
D and the scattering vector ¢ as D = 1/(zq). The expected linear
variation of 1/z with ¢* is very nicely fulfilled by our data.
By using the Stokes-Einstein relation, a hydrodynamic radius
Ry, = kgT/6nnD can be calculated, with kg, T, and 7 as the
Boltzmann constant, absolute temperature, and solvent vis-
cosity. Dialysis experiments were performed using dialysis
membranes (Spectra/Por® Biotech CE) against an excess of
water (1500 mL for approx. 6 mL of Ru-loaded block copolymer
micelles). After 24 hours the water is changed, which is
repeated overall three times.

For ultrasound experiments, a Hielscher UP50H operating
at 30 kHz and 50 W equipped with a Hielscher MS1 titanium
sonotrode was used while cooling the samples. For determin-
ing the Ru content, atomic absorption spectrometry (AAS) was
performed. For additional DLS and zetapotential measure-
ments a Zetasizer Nano ZS90 equipped with a 4 mW 633 nm
He-Ne laser was used.

For AAS measurements a contrAA 700 high-resolution conti-
nuum-source atomic absorption spectrometer (Analytik Jena
AG) was used. Pure samples of the respective complex were
used for preparing the standards and calibration was done in
a matrix-matched manner (meaning all samples and standards
were adjusted to the same polymer concentration by dilution
with distilled water if necessary). Triton-X 100 (1%, 10 pL) as
well as nitric acid (13%, 10 pL) were added to all probes
(100 pL) as modifiers. The samples were injected (25 pL) into
coated standard graphite tubes (Analytik Jena AG) and ther-
mally processed as previously described in more detail.®* Ru
was quantified at a wavelength of 349.90 nm.®> The mean inte-
grated absorbances of triplicate injections were used through-
out the study.

Anionic block copolymerization of methyl methacrylate and
N,N-dimethylaminoethyl methacrylate

Exemplary synthesis of (PMMA,y-co-PDMAEMA,,)-b-
PDMAEMA,4;. In an ampule equipped with a stirring bar
13 mg LiCl (0.3 mmol, 10 eq.), 87 mg MMA (0.87 mmol, 27
eq.) and 223 mg DMAEMA (1.4 mmol, 44 eq.) are dissolved in
30 mL THF. The solution is cooled to —78 °C. The polymeriz-
ation is started by quickly adding DPHLi solution, which is
prepared by mixing 11.5 uL DPE (0.06, 2 eq.) and 20 pL n-BuLi
(1.6 M in hexane, 0.03 mmol, 1 eq.) in 1 mL THF. After 1 h, an
aliquot of the solution is taken from the ampule for character-
ization of the PMMA-co-PDMAEMA segment and terminated
by adding methanol. Then, 1600 mg DMAEMA (10.2 mmol,
318 eq.) is added to the active macro-anions. After 1 h of reac-
tion time, 0.1 mL methanol is added to terminate the polymer-
ization. The polymer solution is added to 250 mL water and
stirred at 70 °C to precipitate the polymer. The polymer is
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collected by filtration and dried in vacuo. Yield: 1.50 g (85%).
The first block segment features 46 mol% MMA as determined
by "H NMR spectroscopy.

SEC: PMMA, g-co-PDMAEMA,,:

M, = 5400 g mol™; M,, = 6000 g mol™; P = 1.11.

(PMMA, y-c0-PDMAEMA,,)-h-PDMAEMA , o,:

M, =31800 g mol™; M,, = 35800 g mol™"; P =1.13.

'H-NMR (300 MHz, CDCl;, 300 K): 6 = 0.90-1.05 (m, H, s);
1.81-2.01 (m, H,4); 2.28 (m, Hg); 2.55 (m, Hy); 3.58 (m, Hs);
4.05 (m, Hg) ppm.

Exemplary synthesis of (PMMA,;-co-PDMAEMA,,)-b-
PDMAEMA,;,. In an ampule equipped with a stirring bar
13 mg LiCl (0.3 mmol, 10 eq.), 76 mg MMA (0.76 mmol,
24 eq.) and 239 mg DMAEMA (1.5 mmol, 47 eq.) are dissolved
in 30 mL THF. The solution is cooled to —78 °C. The polymer-
ization is started by quickly adding DPHLI solution, which is
prepared by mixing 11.5 pL DPE (0.06, 2 eq.) and 20 pL n-BuLi
(1.6 M in hexane, 0.03 mmol, 1 eq.) in 1 mL THF. After 1 h of
reaction time, an aliquot of the solution is taken from the
ampule for characterization of the PMMA-co-PDMAEMA
segment and terminated by adding methanol. Then, 1600 mg
DMAEMA (10.2 mmol, 318 eq.) is added to the macro-anions.
After 1 h of reaction time, 0.1 mL methanol is added to termi-
nate the polymerization. The polymer solution is added to
250 mL water stirred at 70 °C to precipitate the polymer. The
polymer is collected by filtration and dried in vacuo. Yield:
1.58 g (86%).

SEC: PMMA, ;-c0-PDMAEMA,,:

M, = 4700 g mol™; M,, = 5300 g mol™; P = 1.11.

(PMMA, ;-c0-PDMAEMA,,)-h-PDMAEMA, 3,

M, = 26900 g mol™"; M,, =29 600 g mol™; P = 1.10.

'H-NMR (300 MHz, CDCl,, 300 K): § = 0.90-1.05 (m, H2,5);
1.82-1.98 (m, H1,4); 2.28 (m, H8); 2.56 (m, H7); 3.58 (m, H3);
4.05 (m, H6) ppm.

TEM sample preparation for (PMMA-co-PDMAEMA)-b-
PDMAEMA and micelle loading with [Ru(bipy),-dppz-7-
hydroxymethyl|[PF],

The corresponding PMMA-co-PDMAEMA-b-PDMAEMA samples
(50 mg) are dissolved in filtered (0.45 pm cut-off) acetone
(0.5 mL) and water (5 mL, Milli-Q water) is added dropwise
during constant and moderate stirring. For TEM investi-
gations, the micellar solution is diluted with the 10-fold
volume of filtered water and the solution is drop-cast on a
carbon-coated copper grid, followed by drying under ambient
conditions. For block copolymer micelle loading, the corres-
ponding PMMA-co-PDMAEMA-b-PDMAEMA samples (50 mg)
and [Ru(bipy),-dppz-7-hydroxymethyl][PF¢], (5 mg) are dis-
solved in filtered acetone (1 mL). In the next step, water (5 mL)
is added dropwise during moderate stirring. An orange and
stable solution is obtained. For TEM investigations, the micel-
lar solution is diluted with the 10-fold volume of filtered water
and the resulting solution is drop-cast on a carbon-coated
copper grid, followed by drying under ambient conditions.
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Ruthenium release from (PDMAEMA-co-PMMA)-b-PDMAEMA
micelles by external triggers

Temperature. The micellar block copolymer solution (1 mL)
containing [Ru(bipy),-dppz-7-hydroxymethyl |[PF¢], is cooled at
3 °C for 24 hours before dialyzing (dialysis membranes:
Spectra/Por® Biotech CE) against water (300 mL) for 3 days.
The aqueous phase and the volume of the dialysis membrane
are evaporated and the residue is characterized by atomic
absorption spectrometry (AAS).

pH variation. The micellar block copolymer solution
(1 mL) containing [Ru(bipy),-dppz-7-hydroxymethyl|[PF¢], is
acidified with HCl to a pH value of 1 before it is
dialyzed (dialysis membranes: Spectra/Por® Biotech CE)
against water (300 mL) for 3 days. The aqueous phase and the
volume of the dialysis membrane are evaporated and the
residue is characterized by atomic absorption spectrometry
(AAS).

Ultrasound. The micellar block copolymer solution (1 mL)
containing [Ru(bipy),-dppz-7-hydroxymethyl]|[PF¢], is
cated for 1 hour before dialysis (dialysis membranes: Spectra/
Por® Biotech CE) against water (300 mL) for 3 days. The
aqueous phase and the volume of the dialysis membrane are
evaporated and the residue is characterized by atomic absorp-
tion spectrometry (AAS).

Blank samples. The micellar block copolymer solution
(1 mL) containing [Ru(bipy),-dppz-7-hydroxymethyl|[PF¢], is
dialyzed (dialysis membranes: Spectra/Por® Biotech CE)
against water (300 mL) for 3 days. The aqueous phase and the
volume of the dialysis membrane are evaporated and the
residue is characterized by atomic absorption spectrometry
(AAS).
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