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AB and ABB’
methoxyethylamino-bis(phenolate) yttrium catalyst. 2-Vinylpyridine
and diethylvinylphosphonate were chosen to obtain amphiphilic
blockcopolymers. The obtained tailor made, so far unexplored and
multi-responsive polymers self-assemble to form micelles and show
a pH-sensitivity and a LCST. To tune the LCST other dia-
lkylvinylphosphonates were incorporated leading to a shift of the
LCST.

block copolymers were synthesized with a 2-

The availability of catalysts for precise and efficient synthesis of
polymers with controllable molecular weights and narrow
molar mass distributions is the basic requirement to establish
high-performance polymers for diverse applications. Such
plastics are simply available via rare earth metal-mediated
group transfer polymerisation (REM-GTP). The living char-
acter of GTP and the high activity of rare earth metals in this
polymerisation type allows not only precise molecular-weights
and narrow molecular-weight distributions, but also the
synthesis of block copolymers, thus leading to plenty of possible
combinations by using different kinds of monomers. In the last
years, our group developed highly active metallocene catalysts
for REM-GTP and reported on the application of non
metallocene-catalysts for the homo- and copolymerization of
polar vinyl monomers.** We reported on the homo- and
copolymerization of 2-vinylpyridine (2VP) and dieth-
ylvinylphosphonate  (DEVP) among others with 2-
methoxyethylamino-bis(phenolate)-yttrium  catalysts  and
showed high initiator efficiencies for the polymerization of 2-
vinylpyridine and a living-type polymerization mechanism."*
The accessibility of phosphorus and nitrogen-containing
monomers in REM-GTP, especially, dialkylvinylphosphonates
with their thermoresponsive behaviour and 2-vinylpyridine with

WACKER-Lehrstuhl fiir Makromolekulare Chemie, Technische Universitdt Miinchen,
LichtenbergstrafSe 4, 85747 Garching bei Miinchen, Germany. E-mail: rieger@tum.
de; Web: http://www.makro.ch.tum.de; Fax: +49-89-289-13562; Tel: +49-89-289-13570
(ESI) available. See DOI:

T Electronic  supplementary  information

10.1039/c6ra17160e

78750 | RSC Adv., 2016, 6, 78750-78754

ROYAL SOCIETY
OF CHEMISTRY

View Article Online
View Journal | View Issue,

Multiresponsive micellar block copolymers from 2-
vinylpyridine and dialkylvinylphosphonates with
a tunable lower critical solution temperaturef

F. Adams, P. T. Altenbuchner,* P. D. L. Werz and B. Rieger*

its pH-dependent solubility opens a new field of high perfor-
mance polymers.”**** In addition, micelles from AB-polymeric
material in general show high loading capacity of hydro-
phobic substances, a lower dissociation rate and also unique
disposition characteristics making them highly suitable
systems for drug delivery.'® Therefore, these polar vinyl mono-
mers should be investigated in combination for the first time in
matters of their applicability in drug targeting, since many
pathological processes provoke an increase in temperature or
a pH-value decrease. Within this publication, complex 1 is
employed as a highly active catalyst for the generation of AB
block copolymers from 2VP and DEVP to evaluate the influence
of chain length and composition on stability, thermoresponsive
behaviour and micellation. Furthermore, we investigate the
synthesis of amphiphilic ABB’ block copolymer structures from
2-vinylpyridine and dialkylvinylphosphonates (DEVP, dime-
thylvinylphosphonate (DMVP) and di-n-propylvinylphospho-
nate (DPVP)) to obtain amphiphilic block copolymers with an
accurately and easily tunable lower critical solution temperature
within an expanded temperature range (Fig. 1).

The synthesis of AB and ABB’ blockcopolymers required the
sequential addition of the monomers 2VP (A) and DAVP (B =
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Fig. 1 Sequential REM-GTP of 2VP and DAVP (DEVP, DMVP, DPVP)
with catalyst 1 at room temperature to obtain AB and ABB’ polymers.
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DEVP, B = DMVP and DPVP) on the basis of their intrinsic
coordination strength to each other (DAVP > 2VP).**

After dissolving the calculated amount of catalyst in
dichloromethane, the respective equivalents of 2VP were added
in one portion. The polymerization is quantitative after a short
period of time (90 min) at room temperature. Before addition of
monomer B (and B') an aliquot sample is taken from the solu-
tion and quenched by the addition of CD;OD (calculation of
conversion of 2-vinylpyridine via "H-NMR and for GPC analysis).
The advantage of GTP compared to other polymerization types
is the synthesis of homopolymer with an exact adjustable mass
and a very low polydispersity. The monomer addition for the
vinylphosphonates  (BB'-random-copolymer) is achieved
through simple pre-addition mixing of DEVP and DMVP/DPVP
and subsequent addition to the reaction mixture making GTP
a suitable method for generating blockcopolymers effortlessly.
The desired block copolymers were isolated through precipita-
tion from n-pentane. All polymer samples show atactic micro-
structures, monomodal distributions and very narrow
molecular weight distributions (P < 1.15) (Table 1). As a benefit,
no fraction of P2VP-homopolymer is observed in the block-
copolymer as found for anionic polymerization when perform-
ing blockcopolymerizations with P2VP."” In addition, no
homopolymer of PDAVP is formed due to an initiator efficiency
of 99% for catalyst 1 for the 2VP polymerization avoiding
unreacted catalyst in the reaction mixture.'? This advantage is of
great interest for drug delivery systems leading to unimodal
blockcopolymers all with the same composition to form iden-
tical micelles without further purification of the polymers.
Molecular-weights and molecular-weight distributions of block
A is measured via GPC-MALS analysis of the first aliquot. The
molecular-weight of the blockcopolymer is determined through
the ratio of A/B and the molecular weight of the first block (A).
Composition A/B [2VP/DAVP] is calculated via "H-NMR-
spectroscopy of the dried blockcopolymer. For AB polymers
the CH,-signal of the phosphate-ester is compared with an
aromatic proton of the P2VP-side chain (Fig. S7t). For ABB/
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polymers the combined CH;-signals of the phosphate-esters are
used (Fig. 2). Blockcopolymers with a monomer feed of A/B1: 1
all show a similar ratio of A/B in the polymer regardless of
whether AB or ABB' blockcopolymers are obtained (A/B = 1/0.7-
1/0.8; Table 1, entry 1, 2, 5-7). In all blockcopolymers, roughly
80% of the respective dialkylvinylphosphonate is converted and
incorporated in the polymer chain, independent from the used
amount of monomer. For the composition of B/B' [DEVP/DPVP,
DMVP] in case of PDMVP A(BB')” the proportion of PDEVP and
PDMVP-signals in the *'P-NMR-spectrum can be used, as the
calculation is consistent both for calculation via "H-NMR and
via *'P-NMR-spectra. Due to overlapping of PDEVP and
PDPVP-*'P-signals, the composition in A(BB')" is calculated
solely via '"H-NMR-spectroscopy of the CHj;-signals (Fig. 2).**
Due to a perfect regulation of the polymer composition by the
monomer feed, it is possible to incorporate only small amounts
of DPVP/DMVP in the ABB' polymers. For A(BB')" 5% of block B
consists of DPVP. Almost 10% of DMVP is contained in block-
copolymer A(BB')>. The obtained amphiphilic polymers have
a critical micelle concentration (CMC) above which they self-
assemble to micelle structures. The CMC was determined by
a dialysis method using nile red, a water insoluble and fluo-
rescent dye and was found to be at 0.13 mg mL™" (Fig. 3). In
general, a lower CMC is observed for polymeric micelles in
contrast to other surfactants (ca. 4-10 mg mL™ ') leading to
a higher thermodynamic stability of the system.'®'* TEM
measurements image the unimodal size distribution of these
polymers (Fig. 3). Because the hydrophilic chain is longer or the
same as the hydrophobic one, core-shell-type spherical micelles
are observed, in which the hydrophobic core (P2VP) is shielded
from the aqueous milieu by the hydrophilic segments (PDAVP).
For the application of micelles in the human body a diameter of
10-100 nm is necessary, which is near to other natural vehicles,
to avoid renal excretion and filtration and to ensure the cellular
uptake without the recognition by the immune system."®'#°
Via REM-GTP it is possible to exactly tune the composition of
the micelle structure through the monomer feed. Different feed

Table 1 AB and ABB'-block copolymers with different compositions produced with catalyst 1

Composition A/B” M,(A) x 10* M(AB), nmr X 10 LCST (H,0)

Entry Polymer Feed” A.q./Beq [2VP/DEVP] [g mol™] [g mol™] 2 [°C] Dyf [nm]
1 AB! 2VP;40/DEVP; 0 1/0.8 2.5 5.6 1.06  43.5 46 +3

2 AB? 2VPs5,/DEVPs, 1/0.8 1.3 2.9 1.04 — —

3 AB® 2VP5,/DEVP,, 1/1.5 1.3 4.5 1.09 43.5 40+5

4 AB* 2VPs5o/DEVP;50 1/1.9 0.9 3.6 1.15 43.0 48 + 4

5 AB® 2VP,06/DEVP,00 1/0.8 41 9.3 1.05 43.0 156 + 16

Composition A/BB?  My(A) x 10%  M(ABB), nmr X 10%¢ LCST

Entry  Polymer  Feed” Acq/Beq./Beq. [2VP/DAVP] [g mol™] [g mol ™ b* (H,0Y [°C]  Dyf [nm]
6 A(BB)!  2VP,(0/DEVP,,/DPVP, 1/0.8 2.4 4.8 1.07 385 62 +5

7 A(BB)? 2VP;00/DEVPoo/DMVP;,  1/0.7 2.0 3.7 1.05 485 48+ 4

“ By weighing the monomer, [M]/[cat.] = eq., [cat.] = 41.7 umol in 2.5 mL CH,Cl,. ” Calculated from *H NMR spectroscopy. © Determined by GPC-
MALS (M,,/M, of the blockcopolymers). ¢ Determined by “H NMR spectroscopy. ° Polydispersity index.” Determined by temperature dependent UV/
VIS measurements at transmittance decrease of 10%. ¥ Measured by DLS. The micelle size is given as the average hydrodynamic diameter.
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Fig. 2 H- and *P-NMR spectrum of ABB'* (2VP;0o/DEVPs;/DPVPs; Table 1, entry 6, left) and ABB'? (2VP;00/DEVPeo/DMVPyq; Table 1; entry 7;
right) in MeOD at 298 K. Assignment of the protons according to Rieger et al. overlapping of PDEVP and PDPVP-*'P-signal.t®

compositions were set to vary the chain length of the hydro-
phobic P2VP block and also the hydrophilic PDEVP block length
was changed to analyze the differences in micelle formation
(Table 1). The size of the micelles was determined by dynamic
light scattering (DLS).

The measurements of all synthesized polymers (Table 1,
entry 1-7) show that a minimum P2VP and PDEVP length is
required to sustain the micelle formation in H,O. At 2.5 wt%,
fifty repeating units of 2VP and DEVP did not suffice for the
formation of stable micelles in water (Table 1, entry 2). Upon
increasing the chain length to 100/100 ratio between P2VP and
PDEVP stable and perfectly sized (~50 nm) micelles can be
observed (Table 1, entry 1).

The DLS-measurements underline the unimodal shape and
the narrow size distribution of the AB-polymer (Fig. 3). Further
increased chain length to 200/200 (P2VP/PDEVP, Table 1, entry
5) also resulted in stable micelles, but gave micelles with
diameters of >100 nm and are therefore not suitable for tar-
geting approaches. Whereas P2VP is insoluble in water under
neutral conditions, a decrease of the pH-value to 5 in P2VP-PEO
vehicles led to a protonation of the P2VP-block and in conse-
quence to a dissociation of the membrane with subsequent

100+

Light intensity [%]
2

release of the encapsulated substance.”* These systems can be
used for applications in drug delivery, because some cellular
compartments (e.g. endosomal vesicles) show lower pH-values
(5-6) than the one of normal blood (7.4). The pH-value is also
effected by diseases as tumour cells are more acidic (pH =
6.5).18’20

The pH-dependent solubility of our systems was investigated
by titration with 0.1 M hydrogenchloride solution (Fig. S117).
The titration curve shows a high decrease to pH-value 4.5 after
adding small amounts of HCI. In consequence, stable micelles
are present at pH > 4.5. This value of pH = 4.5 for dissolution of
a P2VP-blockcopolymer is in agreement with other P2VP con-
taining micelles where the dissolution occurs between pH = 4
and 5.7%'>* To obtain multiresponsive micelles that are
controllable not only via the pH-value, but also by temperature
vinylphosphonates were introduced into the polymer. The
suitability of phosphorous containing polymers for medical
applications is well known, because of their high water solu-
bility, thermal stability and non-toxicity.'>** Therefore we per-
formed temperature-dependent LCST-DLS measurements to
show the reversible formation of micelles under hyperthermia.
Below the LCST polymeric micelles are observed. When the
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Fig.3 Left: TEM-image of micelles from AB* (preparation see ESIf). Middle: dynamic light-scattering of micelles from AB* (2.5 mg mL™) in H,O.
Right: determination of critical micelle concentration (CMC) with Nile red. All figures for AB? (2VP;00/DEVP100; Table 1, entry 1).
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temperature is above the LCST a loaded drug can be released
due to aggregation of the polymer. In the human body the drug
would be released e.g. by a hyperthermic stimuli to the disease
area.”® The cloud points of PDEVP homopolymers (230 kg
mol ") was found to remain constant at low concentrations
(0.1-2.5 wt%; 42 °C), but increases to 71 °C at high concentra-
tions 67 wt%."** The influence of P2VP on the LCST and the
limits of adequate vinylphosphonate content within the poly-
mer was tested in this study. These thermoresponsive
measurements of the AB blockcopolymers (2.5 wt%) in H,O
show that the presence of P2VP and also the variation of chain
length of PDEVP (ratio: P2VP/PDEVP 1/0.8-2.0; Table 1) have no
measureable effect on the cloud points (43-43.5 °C) under the
evaluated conditions. This is remarkable and can be used as an
advantage over other thermoresponsive copolymers (poly-N-
isopropylacrylamide (PNIPAm) or polyethyleneglycol (PEG)) as
they show a significant influence of both, hydrophilic and
hydrophobic, blocks on their LCST-behaviour.”** The inde-
pendence of the LCST in P2VP-PDAVP polymers on the chain
lengths and the P2VP-block in our study allows higher variation
possibilities regarding the hydrophilic and hydrophobic chain
segment as well as a better predictability and adjustability of the
LCST. To test the influence of salts and buffer solutions on the
LCST the cloud point of AB' was measured in PBS (phosphate
buffered saline) (Fig. S131). Due to a salting-out effect of the
phosphate salt in PBS, which leads to a dehydration of the
polymers, a decrease in the LCST of about 4 °C is observable.
This decrease is lower than the ones of other stimuli responsive
polymers e.g. PEG or PNIPAm resulting in a better applicability
of our novel micelles in biomedical usage due to a lower impact
of environmental conditions.**?**

As a drawback, a release temperature of 44 °C which must be
used for this micelles with an LCST at around 43 °C is not in the
normal body temperature range which is between 36.2 and 37.5
°C.” Therefore our investigation was directed to the evaluation
of ABB' blockcopolymers to proof the suitability of vinyl-
phosphonates as substrates to tune the LCST in micellar
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Fig. 4 Determination of the cloud points of AB (squares), A(BB')!
(circles) and A(BB')? (triangles) block copolymers. The cloud point was
determined at 10% decrease of transmittance for 2.5 wt% aqueous
polymer solution.
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systems within a physiologically relevant temperature range for
potential medical application. The introduction of small
amounts of DMVP or DPVP (3-10 eq.) statistically incorporated
into the DEVP block has distinct influence and makes it
possible to shift the cloud point of the copolymers (Fig. 4). The
incorporation of at least 10 equivalents of hydrophobic DMVP
suffice to increase the LCST up to 48.5 °C, while maintaining
perfect control of the micellar architecture and without
affecting the hysteresis upon cooling (Table 1, entry 7). Like-
wise, DPVP (even only 3 eq.) with its hydrophilic properties
successfully decreases the LCST of ABB' block copolymers to
38.5 °C (Table 1, entry 6). For application in drug delivery
a temperature of around 39 °C can be used which is near the
normal body temperature range.

Conclusions

In summary, AB-blockcopolymers from 2VP and DAVP can be
produced via REM-GTP with narrow molecular weight distri-
bution and precise molecular-weight through variation of the
monomer feed. These tailor-made blockcopolymers self-
assemble into unimodal micelles at a low CMC, indicating
a high thermodynamic stability. This stability in combination
with the multiresponsive amphiphilic properties (pH-
dependent solubility and LCST) of the micelles, which are
investigated for the first time, making them adequate for tar-
geting approaches. These micelles show several advantages over
other micelle systems in matters of precise synthesis and exact
control over the micelle structure. To use the lower critical
solution temperature for release in the human body, the LCST
has to be tuned to the physiologically relevant temperature
range. In our study we showed, that only the vinylphosphonate
block has influence on the thermoresponsive behaviour and can
selectively be utilized to tune the LCST through the monomer
feed. The observed a-P2VP-b,,,d0m-(PDEVP-co-PDMVP/PDPVP)-
polymers in which small amounts of DMVP or DPVP are
incorporated into the polymer chain shift the LCST of the
micelles. Hydrophobic DMVP increases the LCST, whereas
DPVP with its hydrophilic properties successfully decreases the
LCST by maintaining perfect micelle structures. The possibility
to tune the micelle structure via monomer feed, to generate
desired properties, opens a new field for the application of
amphiphilic micelles.
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