






 

 

 

  

  

  

  

  

  

  

  

  

  

  

  

  

 

 

  

  

  

  

  

  



  

  

  

 

 

  

  

  

  

  

  

  

 

 

 

 

  

  

 

 

 

 

 

 

  







▪

▪

▪

▪

▪

▪



 





 

 





 



 



 

 











 





 





≙ ≙ ≙



 





 







 





 









 

 

https://doi.org/10.1039/C7PY01796K


 



 Polymer
 Chemistry

rsc.li/polymers

ISSN 1759-9962

 PAPER 
 Bernhard Rieger  et al.  
 Precise synthesis of thermoresponsive polyvinylphosphonate-biomolecule 
conjugates  via  thiol–ene click chemistry 

Volume 9  Number 3  21 January 2018  Pages 251–390

 



Polymer
Chemistry

PAPER

Cite this: Polym. Chem., 2018, 9, 284

Received 25th October 2017,
Accepted 7th November 2017

DOI: 10.1039/c7py01796k

rsc.li/polymers

Precise synthesis of thermoresponsive
polyvinylphosphonate-biomolecule conjugates
via thiol–ene click chemistry†

Christina Schwarzenböck,a Andreas Schaffer,a Philipp Pahl,a Peter J. Nelson,b

Ralf Hussc and Bernhard Rieger *a

A polymerisation type only recently attracting notice is the rare earth metal-mediated group transfer poly-

merisation (REM-GTP). This living-type polymerisation is able to conquer the limitations faced by classical

anionic and radical polymerisations. REM-GTP enables the synthesis of biocompatible, water-soluble and

thermoresponsive polymers with narrow polydispersities and controlled molecular weights. Furthermore,

this technique renders the introduction of a functional end-group via the initiating molecule. Our group

was able to synthesise a new multi-functional pyridine derivative and apply it as a highly active and

efficient initiator in the polymerisation of diethylvinylphosphonate (DEVP). This novel end-group opens

the door to various post-polymerisation modifications. In the present study, the thiol–ene click reaction,

a fast, selective and well-established coupling method, was applied to link poly-DEVP and a biomolecule.

The incentive for this investigation was to create a polymer platform, that can easily address a multiplicity

of applications through facile alterations of the coupled biomolecule entities. Herein, we present for the

first time the functionalisation of polyvinylphosphonates with biologically relevant motifs, namely chole-

sterol and folic acid.

Introduction

Rare earth metal-mediated group transfer polymerisation
(REM-GTP) is a potent tool towards the precise synthesis of
tailor-made functional materials. This living method succeeds
in the generation of polymers with defined molecular weights
and narrow polydispersities. REM-GTP combines the best
characteristics of living anionic as well as coordinative poly-
merisations and can be used for a variety of Michael-type
acceptor monomers.1 Especially, the phosphorus-containing
vinylphosphonates have attracted interest, because their poly-
mers exhibit water solubility, a tuneable lower critical solution
temperature (LCST) and good biocompatibility. To date,
various vinylphosphonate monomers exist, that allow for the
synthesis of an exceptional spectrum of polymers with unique
characteristics.2–4 For the efficient synthesis of these materials,
a profound understanding of the polymerisation mechanism

is necessary. Rieger et al.5 found the widely used system of
strongly basic, methyl, CH2TMS (TMS = trimethylsilyl) and
hydride initiators to be restricted to the polymerisation of only
certain types of monomers.

For vinylphosphonates, no efficient initiating ligands were
known until 2,4,6-trimethylpyridine (sym-collidine) was evalu-
ated to be a promising candidate for this complex task. sym-
Collidine was reacted with Cp2YCH2TMS(THF), where Cp =
cyclopentadienyl and THF = tetrahydrofuran, via C–H bond
activation to form the most active complex for polymerisation
of diethylvinylphosphonate (DEVP) known to date.6 However,
this initiator carries only two free, but chemically inert, methyl
groups on its aromatic ring. These methyl groups are not
prone to post-polymerisation functionalisation. Therefore, we
aimed at finding a pyridine derivative, which is capable of
initiating the polymerisation of DEVP efficiently and, in
addition, bears a reactive group not interfering with the cata-
lytic process. We found 2-(4-vinylphenyl)pyridine (1) to be the
ideal candidate for detailed examinations. The group of
Mashima7 presented the activation of 1 with an yttrium ene-
diamido complex. The resultant catalyst was used in the poly-
merisation of 2-vinylpyridine (2VP). They also showed, that
sym-collidine in 2VP polymerisation is superior to 1.
Consequently, we decided to not only activate the known sub-
strate 1, but also to synthesise a new molecule 5 carrying the
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advantageous motifs of both sym-collidine and 1 (Scheme 1).
With these two new initiators for the REM-GTP of DEVP, we
established a platform for various end-group functionalisation
reactions.

Herein, we focus on the thiol–ene click chemistry of the
C–C double bond of the pyridine derivatives. The term ‘click’
chemistry was entrenched by Sharpless and co-workers in
2001.8 They defined it as ‘… a set of powerful, highly reliable
and selective reactions for the rapid synthesis of useful new
compounds and combinatorial libraries through heteroatom
links (C–X–C) …’. This definition describes exactly what scien-
tists care about, when finding new coupling strategies.9–11

Fast, modular, high-yielding and stereospecific are the most
important attributes for click chemistry, particularly when it
comes to linking complex structures like polymers and bio-
molecules.12,13 The classic form of click chemistry is the
copper-catalysed azide–yne reaction.14 However, copper is a
toxic metal and in case of using the resulting compounds in
biological applications, avoidance of toxic reagents is favour-
able.15,16 The thiol–ene click reaction is a fast and efficient
conjugation method, bearing all of the positive characteristics
of click reactions without the need for a metal catalyst and at
the same time using naturally occurring biological functional
groups, like thiols and alkenes.17,18 Therefore, we decided to
apply this advantageous strategy for the aspired addition reac-
tion. Thiocholesterol and an activated folic acid were syn-
thesised and efficiently coupled to the polymer end-group of
poly-DEVP (PDEVP), giving access to a new type of PDEVP-
biomolecule conjugate. These two biomolecules were chosen,
due to their opposing properties. Cholesterol is an essential
component of cellular membranes,19–22 while folic acid is
recognised by the corresponding folic acid receptor (FR-α) and
is consequently taken up into the cell via endocytosis.23–27 In
summary the intention was to add varying biological functions
to the polymers via post-polymerisation modifications.

Results and discussion
Complex synthesis

For the end-group functionalisation of PDEVP, it was necessary
to synthesise pyridine derivatives with an additional functional
group. We selected the C–C double bond, because thiol–ene
click chemistry is a very efficient and elegant way to connect
two molecules. Our first choice was the known molecule 1. It

was obtained via a Wittig reaction.28 The subsequent C–H
bond activation at the phenyl ring worked out well (Scheme 2).
The 1H-NMR and the elemental analysis (EA) confirmed the
structure expected from literature known yttrium phenyl
pyridyl complexes.29 Furthermore, we decided to synthesise a
new initiator bearing the two desired motifs of 1 and the very
fast and effective sym-collidine. 2,6-Dimethyl-4-(4-vinylphenyl)
pyridine was successfully synthesised via a five-step route start-
ing from 2,6-dimethylpyridine (Scheme 1). The 3-step synthesis
of 4-iodo-2,6-dimethylpyridine followed literature pro-
cedures30,31 whereof the transhalogenation was published only
recently.32

To obtain 4-(2,6-dimethylpyridin-4-yl)benzaldehyde (4), a
Suzuki coupling of 3 with 4-formylphenylboronic acid was per-
formed in high yields. The final product, 2,6-dimethyl-4-(4-
vinylphenyl)pyridine (5), was obtained through a Wittig reac-
tion and fully characterised by EA, electrospray ionisation
mass spectrometry (ESI-MS), 1H- and 13C-NMR spectroscopy.
Subsequently, the C–H bond activation was studied
(Scheme 2). As expected, immediately after the addition of the
initiator to the dissolved catalyst, the solution turned red. Full
conversion was reached after 90 minutes. With NMR spec-
troscopy and EA, we proved, that one methyl group of 5 was
turned into a methylene group via C–H bond activation and
that the THF molecule was still coordinated to the yttrium.

Kinetic investigations on the new Cp2Y complexes (7 and 8) in
DEVP polymerisation

To evaluate the characteristics of the novel catalysts 7 and 8,
kinetic measurements were performed as the first step. Fig. 1
shows the conversion-time plot for the polymerisation of DEVP
using complex 7 in black. The turn-over frequency (TOF) was
47 900 h−1, which was about 20% lower compared to the value
of 59 400 h−1 of sym-collidine.6 The initiator efficiency (I*) was
found to be only 8% at the beginning and 7% at the end of the
reaction. We assume, that the initiation of the DEVP poly-

Scheme 1 Synthesis of 2,6-dimethyl-4-(4-vinylphenyl)pyridine (5)
starting from 2,6-dimethylpyridine (2).

Scheme 2 C–H bond activation of 1 and 5 followed by polymerisation
of DEVP.
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merisation is more sterically hindered at the phenyl ring com-
pared to the methyl group in case of sym-collidine.
Furthermore, the polymerisation reaction starts hetero-
geneously, since the activated complex precipitated partially
during the activation in toluene. Performing the activation
reaction in dichloromethane and hexane did not improve the
solubility. In tetrahydrofuran and acetone, conversions
remained incomplete and decomposition was observed. The
precipitate was not soluble in any common solvent. A clear
solution is obtained only after the addition of DEVP. This
might lead to a prolonged initiation period which results in a
lower I* and TOF. Mn and the polydispersity indices (PDIs) are
plotted against conversion in Fig. S1† to proof the living char-
acter of the polymerisation.

Subsequently, the novel complex 8 was used for the poly-
merisation of DEVP. Fig. 1 shows the conversion-time plot for
the polymerisation of DEVP catalysed by complex 8 in green.
The living character, as well as the polydispersity indices
(PDIs) as a function of the conversion of this polymerisation
reaction, are presented in Fig. 2. To the best of our knowledge,

the TOF of 69 900 h−1 is the highest TOF reported to date for
the polymerisation of DEVP. The initiator efficiency, especially
at the steepest slope of the reaction, was exceptionally high.
sym-Collidine shows a lower TOF (factor 10 500 h−1) and I*t
(73%) compared to complex 8 (I*t of 94%).6 This indicates, that
the newly developed complex 8 has no initiation period, is
highly active and efficient in the polymerisation of DEVP.
Therefore, it is the perfect candidate for the synthesis of
PDEVP, leading to narrow PDIs and to the desired molecular
weights for subsequent end-group functionalisation. For the
following investigations, 5 was the initiator of choice.

End-group analysis via NMR and ESI-MS

To start with the post-polymerisation functionalisation, the
presence of the end-group had to be proven. The expected
1H-NMR signals of 5 were found and assigned. For the sub-
sequent thiol–ene click reactions, the vinyl group signals are
the most important. These are visible as a doublet of doublets
at 6.80 ppm and as doublets at 5.88 and 5.32 ppm in CD3OD
(Fig. 4 in black). ESI-MS analysis further corroborated the pres-
ence of the covalently bound initiator. Fig. 3 shows a represen-
tative spectrum of oligomeric DEVP proving, that the desired
end-group is attached to the chain. The found m/z values corre-
sponded to initiator 5 ionised with H+ (210 g mol−1) and its
oligomers ionised either with H+ (374, 538 and 702 g mol−1) or
with Na+ (560 and 724 g mol−1). These findings clearly con-
firmed the presence of the initiating group at the chain end.

Synthesis of activated biomolecules

For the coupling of cholesterol and folic acid to the polymers,
activated derivatives had to be synthesised. Thiocholesterol
was obtained via a high-yielding and well-established two step
route starting from the chloro derivative.33

For the coupling of folic acid to the polymer chain, another
route had to be chosen, since thiofolic acid prevented the
radical thiol–ene click reaction. The group of Mukherjee34

demonstrated, that folic acid acts as a scavenger, thereby pre-
venting radical reactions (Scheme 3). Consequently, we
coupled cysteamine to the double bond of initiatior 5 via a

Fig. 1 Conversion–time plot for the polymerisation of DEVP using
complex 7 (black squares) and complex 8 (green diamonds) (21.7 µmol
catalyst, 600 eq. DEVP in 10.0 mL toluene at 30 °C).

Fig. 2 Conversion–dependent plot of Mn and the respective PDI of the
polymer aliquots generated during kinetic investigations using complex
8 (21.7 µmol catalyst, 600 eq. DEVP in 10.0 mL toluene, 30 °C). Fig. 3 ESI-MS of oligomeric DEVP measured in methanol/acetonitrile.
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thiol–ene click reaction. Afterwards, the free amine group was
reacted with a N-hydroxysuccinimide (NHS)-activated folic acid
to form an amide bond (Scheme 4). The synthesis of the NHS-
activated folic acid was performed in accordance to literature
procedures.35,36

Ahead of starting the functionalisation reactions, two poly-
mers with varying chain lengths were produced (Table 1). Mn

and PDI were determined via gel permeation chromatography
multi-angle light scattering (GPC-MALS). The cloud point (Tc)
was defined as the temperature corresponding to a 10%
decrease in optical transmittance. These turbidity measure-
ments were performed on a UV/Vis device with 2.5 mg mL−1 in
water. The data are shown in Fig. S8.†

Thiol–ene click reaction towards PDEVP-biomolecule
conjugates

Adjacently, thiocholesterol was attached to the polymers in a
temperature-induced thiol–ene click reaction started by the
initiator azobisisobutyronitrile (AIBN) (Scheme 4). The reaction
yielded full conversion after 24 hours at 70 °C. Fig. 4 shows
exemplary 1H-NMR excerpts of PDEVP before (black) and after
functionalisation with cholesterol (green). The signals from
the vinyl group of 5 disappear and the singlet of the chole-
sterol double bond comes up at 5.34 ppm. The chemical shifts
of the functionalised polymers are summarised in Table S1†
and the whole spectra are presented in Fig. S9 and S10.†

Table 2 entries 1 and 2 list the polymer data after the suc-
cessful coupling to cholesterol. UV/Vis measurements of the
coupled structures revealed the preservation of the LCST near
the physiological range, similar to those of the homopolymers
(Fig. S11 and S12†). Ensuing, the coupling of cysteamine to
PDEVP was conducted successfully. The amidation reaction
showed full conversion after 48 hours at 50 °C (Scheme 4). The
received polymer-biomolecule conjugates were analysed and

Scheme 3 Radical oxidation of folic acid.34

Scheme 4 Conjugation of the activated biomolecules to polymer.

Table 1 Molecular weight (Mn), PDI, signals in
1H- and 31P-NMR, initiator efficiency (I*) and cloud point (Tc) of PDEVP in aqueous solutions

[M]0/[Cat]0 Mn [kg mol−1] PDI 1H-NMR (500 MHz, CD3OD, 300K) δ [ppm]

31P-NMR (203 MHz,
CD3OD, 300 K) δ [ppm] I* [%] Tc [°C]

1 100 18.7 1.09 7.75 (qd, J3 = 7.7, 4.0 Hz, 2H, Harom),
7.60–7.39 (m, 4H, Harom),
6.80 (dd, J3 = 17.6, 10.8 Hz, 1H, Hvinyl),
5.88 (d, J3 = 17.6 Hz, 1H, Hvinyl),
5.32 (d, J3 = 10.8 Hz, 1H, Hvinyl),
4.18 (s, POCH2),
3.07–0.97 (m, PDEVP),
1.38 (s, POCH2CH3)

33.2 89 48.0

2 600 158 1.01 7.79–7.70 (m, 2H, Harom),
7.59–7.38 (m, 4H, Harom),
6.80 (dd, J3 = 17.6, 10.9 Hz, 1H, Hvinyl),
5.88 (d, J3 = 17.6 Hz, 1H, Hvinyl),
5.32 (d, J3 = 10.9 Hz, 1H, Hvinyl),
4.18 (s, POCH2), 3.09–0.74 (m, PDEVP),
1.38 (s, POCH2CH3)

33.2 62 43.0
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the resulting data are presented in Table 2 entries 3 and 4.
These new compounds as well exhibited thermal responses
visible in Fig. S13 and S14.† Finally, the cytotoxicity of the
polymers on cells was tested. This is an essential criterion for
future applications in the biomedical field. Two cell lines were
used for this screening: HEK-293 is a human embryonic renal
cell line,37,38 while HMEC-1 are immortalised human micro-
vascular endothelial cells.39,40 Both cell lines were originally
obtained from the American Type Culture Collection, ATCC.

Cytotoxicity screening

The cytotoxicity was measured via the colorimetric 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay. This analysis of the cell metabolic activity represents the
number of viable cells.41–43 For the cell viability assays, cells
were plated on 96 well plates, cultured for 24 hours and then
treated with the polymer samples (dissolved in phosphate-
buffered saline) for varying time periods and at differing con-
centrations. The resulting graphs of the MTT assay are shown
in Fig. 5. Outside of a few instances, all of the measured viabil-
ities were above 50%. This was surprising, since, in certain
cases, very high amounts of polymer were applied to the cells.
Moreover, some data points exist above 100% and were inter-
preted to indicate, that the polymers were beneficial for cell

Table 2 Molecular weight (Mn), PDI, yield and cloud points (Tc) of
cholesterol- (entries 1 and 2) and folic acid-functionalised PDEVP
(entries 3 and 4)

Substrate Mn [kg mol−1] PDI Yield [%] Tc [°C] (H2O)

1 PDEVP (100 eq.) 25.1 1.08 100 40.5
2 PDEVP (600 eq.) 178 1.05 100 40.5
3 PDEVP (100 eq.) 24.8 1.13 100 52.0
4 PDEVP (600 eq.) 184 1.10 100 43.0

Fig. 5 Cell viability of (A) HEK-293 cells after 24 h and (B) 48 h, and (C) HMEC-1 cells after 24 h and (D) 48 h of incubation with polymer samples
(measured in triplicate, standard error of the mean indicated).

Fig. 4 1H-NMR spectra in MeOD of PDEVP (100 eq.) before (black) and
after (green) functionalisation with thiocholesterol.
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growth. To conclude, the toxicity of the polymers towards renal
cells and endothelial cells appears to be low. In most cases,
the two anchor units seem to be advantageous with regards to
the toxicity compared to polymers without functionalisation.

Conclusions

In summary, it was feasible to synthesise a novel initiator for
the REM-GTP of DEVP. The structure contained the beneficial
motifs of sym-collidine and 2-(4-vinylphenyl)pyridine. Using
the C–H bond activated Cp2Y complex, the highest TOF and I*
values in DEVP polymerisation were achieved, to date, result-
ing in an exceptionally fast and efficient catalysis. Via the
thiol–ene click reaction on the new end-group, cholesterol and
folic acid were coupled to the polymer chain. These novel
conjugates are interesting for many applications, because
they are water-soluble, thermoresponsive and biocompatible.
Furthermore, they might have gained a biological function.
Cholesterol is an inalienable constituent of cellular mem-
branes, whereas folic acid is recognised by the folic acid recep-
tor and taken up into the cell. Ongoing studies in our labora-
tory will investigate further the retention of these biological
functions in the conjugates.
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Fluorescent Polyvinylphosphonate Bioconjugates for Selective
Cellular Delivery

Christina Schwarzenbçck,[a] Andreas Schaffer,[a] Elfriede Nçßner,[b] Peter J. Nelson,[c]

Ralf Huss,[d] and Bernhard Rieger*[a]

Abstract: To date, many poly(ethylene glycol) (PEG) and
poly(N-isopropylacrylamide) (PNIPAAm) biomolecule con-

jugates have been described, but they often show long
response times, are not bio-inert, or lose function in bio-

logical fluids. Herein, we present a modular synthetic ap-
proach to generate polyvinylphosphonate biomolecule

conjugates. These conjugates exhibit a sharp phase transi-
tion temperature even under physiological conditions
where few other examples with this property have been

described to date. Furthermore, it was feasible to add bio-
logical functions to the polymers via the conjugation step.

The polyvinylphosphonate cholesterol constructs are at-
tached to the cellular membrane and the folic acid anch-

ored polymers are shuttled into the cells. This is an excep-

tional finding through a straightforward synthetic ap-
proach.

Targeting of therapeutic agents to specific cells, or even to

compartments in the cells, promises the optimization of thera-
peutic efficacy, along with minimizing the systemic side effects.

Two main targeting strategies exist, of which the active target-
ing is mostly preferred to the less specific, passive targeting.

Active targeting can be driven by antibodies, polysaccharides,
biomolecules and manifold other structures.[1] Folic acid is a

widely used ligand for the folic acid receptor alpha (FR-a).[2]

The binding of folic acid to its receptor drives the uptake via

endocytosis and therefore can be used to transport agents
into a cell.[3] In addition, folic acid is essential for the synthesis

of nucleic acids and for the metabolism of amino acids, which

are required for cell division.[4] Consequently FR-a is overex-
pressed on many cancer cells, since they divide rapidly and

have an enormous folic acid consumption.[5, 6] By contrast, the
anchoring of molecules to the cellular membrane represents a

less specific method for cellular engineering. The lipid choles-
terol is an important component of the cell wall.[7] It is required

for the structure of the cellular membrane and modulates its

fluidity.[8] Additionally, a cholesterol homeostasis is maintained
in the blood stream. This is mainly regulated by the lipoprotein

receptors, which govern cholesterol uptake.[9]

In an earlier study we were able to connect these two dispa-

rate biomolecules, via thiol-ene click chemistry, to the water-
soluble, biocompatible and thermoresponsive polyvinyl-
phosphonates.[10] It was shown that the new conjugates have

low toxicities and that the thermoresponsive behavior was
maintained in water. However, at this stage it was not possible

to report on the biological functions of the novel compounds,
since there was no way of monitoring their uptake into cells.
Herein, we present the fluorescent labeling of the conjugates
via the partial transesterification of the polymer side chains. To

accomplish this complex task, a strategy employed by our

group for the hydrolysis of poly(diethyl vinylphosphonate)
(PDEVP) was adapted.[11, 12] The functionalization proceeds via
the trimethylsilyl ether intermediate. The consecutive depro-
tection is rendered by tetra-n-butylammonium fluoride (TBAF)

and followed by the addition of pyrene to the activated posi-
tions (Scheme 1). Functionalization degrees vary from 0.38 to

1.13 % with 2.00 % addressed and are highly dependent on the

Scheme 1. Partial transesterification of side chain groups of poly(diethyl
vinylphosphonates).
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polymer chain length. The reason for this finding can be attrib-
uted to a lower conversion of the side groups in case of long

chain PDEVP during the initial ester cleavage with trimethyl
silyl bromide (TMSBr). This can be explained by a higher hygro-

scopy of the long chain polymer resulting in the degradation
of TMSBr and therefore in a lower conversion.

The thermoresponsive properties were then characterized.
All fluorescent samples and polymers from our recent publica-

tion were measured in water, and in a medium/phosphate

buffer saline solution (DMEM/PBS) containing 1 % antibiotics
(PS) and 10 % fetal bovine serum (FBS) (Table 1).[10] This compo-

sition was used in subsequent cell culture experiments. Intrigu-

ingly, the lower critical solution temperature (LCST) was re-
tained for all tested polymers, even under these complex con-

ditions. And all the more surprising, the three pyrene function-
alized long chain polymers showed no LCST transition in

water, whereas they have a sharp LCST in DMEM/PBS. The

reason why, in case of the 600 equivalents fluorescent poly-
mers no phase transitions in water can be measured are sup-

posedly the p–p stacking interactions between the pyrene
units and the resulting difficulties in the conformation change

necessary for the LCST.[13] The heavy polymers contain more
pyrene per chain and therefore pyrene interactions become

more likely and their influence gets more prominent than for
the lighter polymers. In not presented investigations we could
observe a phase transition already in PBS and also in PBS/
DMEM without PS and FBS, however the sharp reversible
phase transition was only monitored in the presence of FBS.

Consequently the main component affecting the thermores-
ponsive behaviour of the pyrene functionalized polymers is

BSA, which was shown in a study of Xu et al.[14] to bind to

pyrene. Therefore BSA can break up the interactions between
the hydrophobic side groups of the functionalized PDEVPs and

restore the precise thermoresponse that is known from this
polymer class. To the best of our knowledge, the thermores-

ponsive nature of polymers in complex biological solutions has
only been previously investigated by the groups of Kanazawa

and Yang.[15, 16] These groups studied the effect of electrolytes
and serum on the LCST of poly(N-isopropylacrylamide), but

DMEM/PBS with antibiotics and FBS was never used before.
Consequently, the LCST of our PDEVP conjugates was mea-

sured in a fluid that strongly reflects physiological conditions
and is also suitable for UV/Vis measurements.

Adjacent photophysical properties were studied. Figure 1
shows the absorbance spectra of all six fluorescent samples.

The absorbance of short chain polymers is stronger than of

the long ones. This finding is in accordance with the obtained
functionalization degrees, which are higher in case of the poly-

mers with lower molecular weight. The absorbance spanned
from 200 to a maximal 450 nm. Consequently, all excitation ex-

periments were conducted within this UV light range.

The second relevant photophysical property is the emission
followed by irradiation, in this case at a 365 nm wavelength.

The resulting spectra are presented in Figure 2. The first high
peak for most polymers results from the irradiation. Their maxi-

mum emission was measured between 450 and 500 nm, which

corresponds to blue fluorescence.
In the next phase of the study, the location of the polymers

in the treated cells was investigated. To this end, the toxicity of

Table 1. Comparison of cloud points (Tc) of PDEVP substrates in aqueous
solution and DMEM/PBS (2:1)

Entry Substrate TC [8C] (H2O) TC [8C] (DMEM/PBS)

Non-fluorescent polymer substrates
1 100 equiv. DEVP 48.0 48.0
2 600 equiv. DEVP 43.0 40.0
3 100 equiv. DEVP–cholesterol 40.5 40.5
4 600 equiv. DEVP–cholesterol 40.5 39.5
5 100 equiv. DEVP–folic acid 52.0 49.0
6 600 equiv. DEVP–folic acid 43.0 41.0

Fluorescent polymer substrates
7 100 equiv. DEVP 46.0 38.0
8 600 equiv. DEVP n.a 45.0
9 100 equiv. DEVP–cholesterol 50.5 41.0

10 600 equiv. DEVP–cholesterol n.a. 42.5
11 100 equiv. DEVP–folic acid 54.0 45.0
12 600 equiv. DEVP–folic acid n.a 42.5

Figure 1. UV/Vis spectra of the fluorescent polymers in aqueous solution
(2.5 mg mL@1).

Figure 2. Photoluminescence spectra of the fluorescent polymers in aqueous
solution (2.5 mg mL@1).
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the fluorescent samples was first evaluated in comparison to
the probes lacking pyrene. Pyrene and its metabolites are

known to be cytotoxic.[17] The endothelial cell line HMEC-1, and
the renal cell line HEK-293 showed reduced viability after treat-

ment with fluorescent PDEVP for 24 or 48 hours (Figure S5–10).
For cellular localization studies, a concentration of
1.25 mg mL@1 and an incubation time of four hours were se-

lected as optimal conditions reflecting low cytotoxic effects
and high fluorescence signals. The endothelial cells were treat-

ed with the polymers in the localization studies, since the HEK-
293 cells grow in foci and are therefore less suitable for micro-

scopic investigations. The most important localization findings

are presented in Figure 3. Additional images and graphs are
shown in Figures S11–S13.

The three cellular imaging techniques using confocal micros-
copy are shown in Figure 3. They represent green for the cellu-

lar cytoplasm, red for the cell membrane and grey for the poly-
mer samples. Green staining was achieved with 5-chlorome-

thylfluorescein diacetate (CMFDA)[18, 19] and red with W6/32, a
major histocompatibility complex I specific monoclonal anti-

body[20] and a rhodamine redTM-X (RRX) fluorescent-labeled sec-
ondary antibody. CMFDA enters cells through the plasma

membrane where it is converted into its fluorescent derivative.
W6/32 was chosen as primary antibody, since the group of
Sepp[21] showed expression of MHC I antigens on the surface

of HMEC-1 cells. The graphs on the right side of each image in
Figure 3 are the region of interest (ROI) plots of RRX and the

polymers fluorescence to quantify, and locate, the fluorescence
intensity of the applied polymer samples. Figure 3 A shows

that PDEVP without a targeting molecule can reach the inside

of the cell. This is an important finding, consistent with our
previous observation that micelles from 2-vinylpyridine–DEVP

block copolymers can be taken up by HeLa cells.[22] A crucial
observation was the localization of the cholesterol functional-

ized polymers at the cellular membrane demonstrated by the
fluorescence co-localization of the plasma membrane stain

Figure 3. Confocal microscopy images and region of interest (ROI) analysis of HMEC-1 cells treated with A) polymer without anchor, B) polymer with cholester-
ol and C) polymer with folic acid. Scale bar represents 10 mm.
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W6/32-RRX and the polymer (Figure 3 B, right panel). They are
located to the cell wall and on its inner face of the membrane

(See Figure 3 B, S12, and 13). To the best of our knowledge,
this is the first report of such an anchoring of thermorespon-

sive polymers to the plasma membrane. Many examples exist
where cholesterol is the hydrophobic block of a polymeric mi-

celle,[23–25] or where it has been added to liposomes for en-
hanced stability or uptake,[26–28] whereas our novel fluorescent
PDEVP–cholesterol conjugates could be localized directly in

the cellular membrane. The only studies existing about poly-
mer–cholesterol conjugates are PEG and chitosan based ones,
which are not thermoresponsive.[29–31] In contrast, the folic acid
conjugates showed direct uptake into the cells (Figure 3 C).

Thus, it is possible to regulate the localization of PDEVP
through the conjugation of one single biomolecule to the

polymer chain. Consequently, a diverse potential application

spectrum can be envisioned from targeted drug delivery in
cancer research to the engineering of the cell membrane, in-

cluding the selective addition of chemical functions to cells.
To conclude, it was possible to fluorescently label PDEVP–

cholesterol and folic acid conjugates. The new macromolecules
remained water-soluble and their LCST behavior was retained

in biological fluids. Of capital importance was the observation

that the polymer characteristics depend on their anchor unit.
The attached biomolecules can regulate the localization of the

polymer in the cell. Hence, this modular synthetic strategy
opens the door to manifold applications and a plurality of

functionalization options.
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Synthesis of next generation dual-responsive
cross-linked nanoparticles and their application
to anti-cancer drug delivery†

Christina Schwarzenböck,a Peter J. Nelson,b Ralf Hussc and Bernhard Rieger *a

Rare earth metal-mediated group transfer polymerisation enables the synthesis of previously inaccessible

block copolymers of 2-vinylpyridine, diethyl vinylphosphonate and the new diallyl vinylphosphonate

monomer. This precision polymerisation and the selective cross-linking of allyl side groups via thiol–ene

click chemistry leads to the formation of well-defined dual-responsive nanoparticles. We demonstrate

that these next generation nanocarriers are pH- and temperature-responsive and are capable of efficiently

delivering doxorubicin into the nucleus of cancer cells. High anti-cancer activity could be demonstrated

via cytotoxicity tests on breast cancer (MCF-7) and cervical cancer (HeLa) cells. These results validate this

modular synthesis route as an ideal platform for the development of sophisticated nanocarriers for future

drug delivery applications.

Introduction

Responsive drug delivery vehicles have the potential to revolu-
tionise future anti-cancer therapies. The most potent drugs in
this field still have major issues that include an inefficient sys-
temic distribution, hydrophobicity, low targeting efficiency
and resulting toxicity towards all tissue types.1 The so-called
molecular target therapy approach, which focuses on targeting
specific overexpressed receptors on the tumour cell surface
have yielded less than optimal results in clinical studies.2,3

This has underscored the clinical need for novel carriers that
minimise side effects and maximise dose efficacy of
chemotherapy.4–6 Due to their auspicious characteristics poly-
meric nanoparticles represent a promising platform for tar-
geted and controlled drug delivery.7–11 Multiple reports have
shown that 24 h after intravenous injection, the accumulation
of most macromolecular therapeutics was 10–200 times higher
in malignant as compared to healthy tissues and organs.12–16

Currently, on-going clinical studies have suggested an emer-
ging acceptance of this field of research in the pharma indus-
try. The early studies have demonstrated positive effects from
the application of polymeric nanoparticles as drug delivery

vehicles, e.g., reduced side effects, enhanced drug uptake into
the tumour tissue and prolonged systemic circulation
times.17–19 However, the vehicles tested, comprising non-
responsive polymers like poly(ε-caprolactone), poly(lactide) or
poly(lactide-co-glycolide), lack important properties linked to
stability upon injection and therefore target specific release
behaviours.20,21 Thus far, approved nanotherapeutics, such as
Doxil, DaunoXome, Abraxane and Genexol-PM have exhibited
only limited progress as compared with free drugs.8 While
these nanotherapeutics are capable of reducing adverse thera-
peutical effects, patient survival rates have been only margin-
ally prolonged.22,23 These findings highlight the importance of
developing stimuli-responsive materials for biomedical appli-
cations. There are two general approaches used for stimulating
the release of nanocarrier cargo: the use of either internal or
external stimuli.24 Cancer tissue and therapy methods have
unique properties with regards to temperature and pH
(pH < 6, T = 40–43 °C), which can be exploited for internal or
external stimuli-targeted delivery applications.11,25–28 Thus,
pH- and temperature-responsive systems are of special interest
for the selective delivery of agents, in part, due to the naturally
occurring pH gradients in cancer tissues as well as along the
endocytic pathway (physiological pH = 7.4 and T = 37 °C, endo-
somal pH = 5.5–6.0, lysosomal pH = 3.5–5.5).29–32 For thermo-
responsive polymers used in concert with regional hyperther-
mia, poly(N-isopropylacrylamide) (PNIPAam) represents the
current gold standard in the biomedical field.28,33,34 However,
drawbacks linked to the application of PNIPAam, are seen.
These include their broad range of phase transitions, copoly-
merisation must attain a lower critical solution temperature in

†Electronic supplementary information (ESI) available. See DOI: 10.1039/
c8nr04760j
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the physiological range, and they show functional loss in bio-
logical fluids.35,36 Thermoresponsive materials, with suitable
properties for application under physiological conditions
linked to therapy, have been scarce.37 Thus, the development
of new, water-soluble, thermo-responsive and biocompatible
polymers is crucial for future applications of thermoresponsive
polymer carriers in human medicine. One promising polymer
class, with all these properties, are the polyvinylphosphonates.
In 2016 our group proposed the application of AB block
copolymer micelles, comprising polyvinylphosphonate and
poly(2-vinylpyridine) (P2VP) as next generation nanocarriers.38

The micelles displayed excellent loading and release properties
and were responsive to pH as well as to temperature triggers.
However, micelle formation was concentration dependent,
limiting its application to local administration and rendering
systemic dosing impossible. Therefore, it became important
to develop stable, cross-linked nanoparticles with similar or
improved delivery characteristics as compared to the
micelles. The monomer diallyl vinylphosphonate (DAlVP)
was found to address these complex criteria. This molecule
was previously synthesised by the Micura group and used as
an intermediate in the synthesis of a tRNA molecule on a
solid support.39 DAlVP polymerisation, thus far, has only
been accomplished via undefined, radical cross-linking reac-
tions. However, the vinyl group has never been selectively
polymerised.40,41 Scheme 1 depicts the structure of the three
monomers used in the copolymerisation procedure. Rare earth
metal-mediated group transfer polymerisation (REM-GTP)
was the technique of choice to synthesise polymers with
narrow polydispersities and the desired molecular weights.
Bis(cyclopentadienyl)(4,6-dimethyl-pyridin-2-yl)methyl yttrium
(Cp2Y(CH2(C5H2Me2N))), developed by our group, was
employed as catalyst complex for block copolymerisation.42

The 2,4,6-trimethyl pyridine initiator used is also known as
sym-collidine.

Results and discussion

The analytical data describing the three block copolymers dis-
cussed in this study are presented in Table 1. Monomer
amounts of 100 or 200 eq. 2VP and DEVP in a 1/1 or 1/2 ratio
were chosen. In each copolymerisation, 5 eq. of DAlVP were
added to obtain samples with an appropriate number of
double bonds in the side chains. The GPC traces and NMR
spectra leading to the results presented in Table 1, can be
found in the ESI Fig. S1–S9.† The table shows the success of

the block copolymerisation. Polymers with narrow polydisper-
sities (Đ = 1.10–1.17) and the desired molecular weights (Mn =
4.1–7.9 × 104 g mol−1) were obtained. Most importantly, copo-
lymers with molecular weights above 40 kDa could be pro-
duced, this represents the threshold for renal clearance.
Carriers exceeding a mass of 40 kDa are desirable due to their
selective accumulation and prolonged retention in tumour
tissues.19 These properties lead to prolonged circulation times,
and a slow clearance from the body.43 The disappearance of
the monomer signal in 31P-NMR in the course of polymeris-
ation provided evidence for the full conversion of the new
monomer. Additionally, the signals that referred to the double
bond in the allyl side groups were clearly visible in the
1H-NMRs as presented in Fig. S3, S6 and S9.† Through analysis
of these spectra, the exact monomer composition could be
determined.

The next step, visualised in Scheme 2, involved cross-
linking via a thiol–ene click reaction. The signals from the
double bond should vanish as a response to full conversion.

Scheme 1 Block copolymerisation of 2VP, diethyl vinylphosphonate
(DEVP) and the new DAlVP with Cp2Y(CH2(C5H2Me2N)) as catalyst.

Table 1 Monomer feed, polymer composition, molecular weight (Mn

[×104 g mol−1]) and Đ of block copolymer substrates

Feed Aeq/Beq B′eq
a

Composition A/B
[2VP/DEVP]b

Mn
(A)c

Mn, NMR
(AB)b Đc

AB1 2VP100/DEVP100 DAlVP5 1/1.3 1.3 4.1 1.17
AB2 2VP100/DEVP200 DAlVP5 1/2.2 1.2 5.4 1.12
AB3 2VP200/DEVP200 DAlVP5 1/1.4 2.5 7.9 1.10

a By weighing the monomer, [M]/[cat] = eq. b Calculated from 1H-NMR
spectrum. cDetermined by GPC-MALS.

Scheme 2 Thiol–ene click reaction towards cross-linked
P2VP-PDEVP-PDAlVP nanoparticles.
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As depicted in Fig. 1, the 1H-NMR demonstrates the suc-
cessful completion of the thiol–ene click reaction. Herein the
disappearance of the vinyl proton signals is visible showing
the full conversion of the reaction. However, it remained
unclear if uniform particles were obtained through the
cross-linking reaction. To verify uniformity electron
microscopy and dynamic light scattering (DLS) techniques
were employed.

The data presented in Fig. 2, and Table 2, verify that highly
monodisperse, spherical particles were obtained through the
cross-linking procedure described. Size values, obtained from
microscopy and DLS, are in good accordance with each other.
Depending on the 2VP content, the particle size varied from
35.6 to 66.0 nm in solution. This size range agrees with pre-
vious reports that found that particles of 30 to 100 nm best
accessed tumour tissue through an enhanced permeability
and retention effect, and in contrast, do not appear to pene-
trate normal vessel walls. Within this size range, vehicles can
usually escape non-specific clearance through the reticuloen-
dothelial system (RES) and are also too big for renal
clearance.12,44

Measurements of the zeta potential show that the spheres
obtained have a slight negative charge. A positive charge is
more favourable for optimal cellular uptake, due to the

anionic character of the cellular membrane.45,46 However,
cationic particles tend to exhibit higher cytotoxicity.47

Furthermore, cationic polymers bind to vascular endothelial
cells, as well as other anionic species in the circulation render-
ing them less attractive for in vivo applications. This potential
binding can lead to rapid aggregation, a shorter half-life in the
systemic circulation, and increased accumulation in the lungs,
all of these effects result in a decreased dose efficacy upon
intravenous injection.48–50 For this reason, anionic or neutral
carriers are thought to be more desirable for optimal pharma-
cokinetics. However, previous studies have found that the RES
cleared anionic particles faster as compared with neutral par-
ticles, and therefore, surfaces with a charge near zero are
advantageous for drug delivery applications.51

We performed surface tension measurements to demon-
strate that the particles obtained do not form in a concen-
tration dependent manner, in contrast to what was found in
the micelles used prior to the thiol–ene click reaction
approach. The critical micelle concentration (CMC) was
studied using surface tension measurements. The absence of
an inflexion point for NP1–NP3 verified the formation of stable
particles after the functionalisation step. Fig. 3 shows differ-
ences in surface tension between all six samples over a range
of concentration of 0.025 mg mL−1 to 1.000 mg mL−1.
Subsequent to the full physical characterisation of the newly
synthesised particles, we examined their general loading and
release properties. All six samples were loaded with fluorescein
and their cumulative release was analysed using dialysis under
varying conditions. Fig. 4 illustrates the comparison of
P2VP100-block-PDEVP100-block-PDAlVP5 (AB1) and its cross-
linked nanoparticle (NP1). Particle fluorescein release was
much higher than that seen from micelles. In both cases, a
clear, pH and temperature-based triggering effect is visible

Fig. 1 1H-NMR spectra of AB1 (black) and NP1 (red) in MeOD.

Fig. 2 Size distribution of NP1 determined via DLS measurements at a concentration of 2.5 mg mL−1 in water (left); histogram plot with a Gaussian
regression fit (middle); and a TEM image of NP1 (right) with a scale bar of 200 nm.

Table 2 Diameter, polydispersity and zeta potential ζ of the nanoparticles

d [nm]
(DLS)

PDI
(DLS) ζ [mV]

d [nm]
(TEM)

PDI
(TEM)

NP1 36.39 ± 1.09 0.030 −5.02 ± 0.10 32.54 ± 1.89 0.058
NP2 35.57 ± 2.31 0.065 −5.30 ± 0.35 28.70 ± 1.64 0.057
NP3 65.99 ± 7.65 0.116 −3.97 ± 0.21 53.19 ± 2.70 0.051
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where NP1 exhibited a stronger response to the stimuli as com-
pared to AB1.

Fig. 5 illustrates the cumulative release behaviour of the
cross-linked nanoparticles made from P2VP100-block-PDEVP200-
block-PDAlVP5 (NP2) and P2VP200-block-PDEVP200-block-
PDAlVP5 (NP3). In this regard, NP3 represents a promising
therapeutic delivery candidate as there is a very clear distinc-
tion between the curves seen for room temperature, 37 °C,
42 °C and 44 °C. Only acidic pH conditions featured faster
hydrophobic cargo release from the carriers.

After evaluation of the general release characteristics, two
human cancer cell lines, HeLa and MCF-7, were treated with
particles for 24 h to monitor toxicity and release in vitro.
Unloaded control carriers were compared to carriers loaded
with doxorubicin (Dox) in vitro. The left graph in Fig. 6 indi-
cates that NP2 is the most toxic construct for the breast cancer
cells tested. Conversely, NP3 showed only minor toxicity even
at very high polymer concentrations. The right graph presents
the cell viability after incubation with loaded carrier samples
for 24 h. The results fit very well with the earlier data pre-
sented. NP2 exhibited a higher level of toxicity than that seen
with the same amount of doxorubicin, because the particles
themselves were also found to be harmful to the cells. NP1
and NP3 exhibited similar profiles, suggesting that NP3
releases Dox more efficiently as compared to NP2, as NP2 is
more toxic. The viability results for the rather robust HeLa
cells, and for an incubation time of only 3 h are presented in
the ESI.† The results described here can be indirectly com-
pared to those reported for micelles. For example, through
analysing the amount of time required for Dox to reach the
nucleus after incubation with the loaded vehicles. Dox exhibits
its cytotoxic effect when it reaches the nucleus, as it needs to
intercalate into DNA where it inhibits topoisomerase II,
leading to a suppression of replication and the subsequent
death of tumour cells.1,52,53 In micelles, it was described to
take approximately 6 h to show the co-localisation of a nuclear
dye and Dox.38

As illustrated in Fig. 7, using the nuclear dye DAPI, and
fluorescence microscopy imaging, Dox was found to reach the
nucleus of the MCF-7 cells for all tested samples after only 1 h.
This result was also obtained with HeLa cells and after 3 h
incubation equal images were taken, in case of both cell lines,
as presented in the ESI.†

To obtain a complete picture of this new drug delivery
vehicle, a more statistical approach was adopted. To this end,
flow cytometry experiments were conducted to characterise the
Dox uptake profile. Fig. 8 depicts the mean fluorescence inten-
sities measured after 10 min of incubation of 500 000 MCF-7
cells treated with either the loaded carrier particles, free Dox
or PBS. After 10 min an initial shift in fluorescence was seen
as compared to the reference sample. Interestingly, the shift

Fig. 6 MCF-7 cell viability after 24 h of incubation with unloaded (left,
0.08–5.00 mg mL−1) and doxorubicin loaded nanoparticle samples
(right, 0.09–6.00 µg mL−1) (measured in triplicate, standard error of the
mean indicated).

Fig. 3 Surface tension plot of the polymers (AB1, AB2, AB3) and the
particles (NP1, NP2, NP3) (measured in triplicate, standard deviation
indicated).

Fig. 5 Cumulative fluorescein release from NP2 (left) and NP3 (right)
under varying conditions.

Fig. 4 Cumulative fluorescein release from AB1 (left) and NP1 (right)
under varying conditions.
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caused by NP3 was higher than that seen for free Dox treated
cells, suggesting that Dox uptake is more efficient following
encapsulation into NP3 particles. Similar effects have been
observed in other settings. Tumour cells are able to actively
pump small molecules, like Dox, out of the cells after their
uptake in a process linked to their general sensitivity to toxic
reagents.54–56 When used to deliver chemotherapeutic agents,
nanoparticles have been shown to generally exhibit better
uptake dynamics than those seen with free chemotherapeutic
agents, in part, because reagents loaded in nanoparticles are

less available to the transporters that underlie this biology.57

The results presented here show that our drug delivery vehicles
exhibit a higher fluorescence intensity than that measured for
free Dox treated cells. The right graph of Fig. 8 demonstrates
that the same trend was seen for HeLa cells.

A second set of flow cytometry experiments were conducted
using longer incubation times to determine if elevated uptake
levels could be detected. Fig. 9 exhibits, that after a prolonged
incubation time, increased Dox fluorescence was recorded and
that free Dox has slightly higher or similar values to those
measured with particles. This finding suggests that after a
period of time, the effects influencing free Dox uptake, and its
egress from cells, equal the processes underlying the nano-
particle uptake dynamics.

Conclusions

In the present study, three novel drug delivery vehicles were
synthesised and characterised. The copolymers prepared
exhibited narrow polydispersities, and the expected molecular
weights. The particles are spherical, highly monodisperse and
did not form concentration dependently. The carriers exhibi-
ted promising loading and release profiles, and their cyto-
toxicity appeared to depend on the monomer ratio of the
cross-linked block copolymer. The three types of particles each
showed a rapid and efficient release of their cargo in vitro. As
these agents progress in their development, as a next step they
will be evaluated in preclinical in vivo testing to empirically
determine their systemic circulation time, renal clearance,
target specificity and dose efficacy. Currently, we are working
in parallel on more complex delivery vehicles with surficial tar-
geting ligands (e.g. folic acid). These modifications will lead to
more sophisticated and more specific nanocarriers for future
drug delivery applications.
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Fig. 7 Fluorescence microscopic images of MCF-7 cells incubated with
NP1, NP2, NP3 and doxorubicin for 1 h at 37 °C (scale bar = 50 µm).

Fig. 8 Mean fluorescence intensities (MFIs) of MCF-7 cells incubated
with PBS (black), NP1 (blue), NP2 (green), NP3 (orange) and doxorubicin
(red) for 10 min at 37 °C (left). Comparison of MFIs of HeLa and MCF-7
cells after the same incubation conditions (right).

Fig. 9 Mean fluorescence intensities of MCF-7 cells incubated with
PBS (black), NP1 (blue), NP2 (green), NP3 (orange) and doxorubicin (red)
for 3 h at 37 °C (left) and comparison of 10 min and 3 h Dox uptake
(right).
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1. Material and methods 

 

General Information 

All reactions were carried out under argon atmosphere using standard Schlenk or glovebox techniques. All glassware was 

heat dried under vacuum prior to use. Unless otherwise stated, all chemicals were purchased from Sigma-Aldrich, ABCR, 

Acros Organics or TCI Europe and used as received. Toluene, THF and diethyl ether were dried using a MBraun SPS-800 

solvent purification system. HPLC grade acetonitrile was purchased from VWR Chemicals and dried prior to use. The 

precursor complexes Y(CH2Si(CH3)3)3(THF)2 and LiCH2TMS and the catalyst Cp2Y(CH2TMS)(THF) (6) are prepared 

according to literature procedures.[1-4] Diethyl vinyl phosphonate (DEVP) is synthesised according to literature procedures 

and dried over calcium hydride and distilled prior to use.[5] 

Nuclear Magnetic Resonance Spectroscopy 

NMR spectra were recorded on a Bruker AVIII-300, AV-500HD and AVIII-500 Cryo spectrometer. 1H- and 13C-NMR 

spectroscopic chemical shifts δ are reported in ppm relative to the residual proton signal of the solvent. δ (1H) is calibrated 

to the residual proton signal, δ (13C) to the carbon signal of the solvent. Unless otherwise stated, coupling constants J are 

averaged values and refer to couplings between two protons. Deuterated solvents were obtained from Sigma-Aldrich and 

dried over 3 Å molecular sieves. 

Mass Spectrometry (ESI-MS) 

ESI mass spectra were measured on a Varian 500-MS spectrometer in acetonitrile and methanol. 

Elemental Analysis (EA) 

Elemental analyses were measured on a Vario EL (Elementar) at the Laboratory for Microanalysis at the Institute of 

Inorganic Chemistry at the Technische Universität München. 

Thin-Layer Chromatography (TLC) 

Thin-layer chromatography was performed on either silica coated aluminium plates (0.2 mm, F254) from Macherey-Nagel 

or aluminium oxide coated aluminium plates (0.2 mm, F254) from Macherey-Nagel. The compounds were detected by 

UV-light (λ = 254 nm, 366 nm) and by staining with a potassium permanganate solution or ninhydrin solution followed by 

heat treatment (100-150 °C).  

KMnO4-staining solution: 0.50 wt% KMnO4 in 1 M sodium hydroxide solution. 

Column Chromatography 

Purification via column chromatography was performed on silica gel (grain size: 60-200 µm) from Acros Organics or 

aluminium oxide (activated, neutral; grain size: 50-150 µm) from Sigma-Aldrich. The eluent ratios are given for the 

corresponding procedures. 

Flash Chromatography 

Flash chromatography was performed on a chromatography system IntelliFlash 310 from Varian with PuriFlash cartridges 

from Interchim filled with silica gel (grain size: 50 µm). Prior to purification the crude product was dry loaded on silica 
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gel. Gradients of the eluents hexane and ethyl acetate are given for the corresponding procedures. The compounds were 

detected by UV-light at a wavelength of 254 nm.  

Gel Permeation Chromatography 

Gel Permeation Chromatography was performed on a Varian LC-920 equipped with two PL Polargel M columns with 

samples of 5 mg/mL. A mixture of 50% THF, 50% water, 9 g/L tetrabutylammonium bromide (TBAB) and 340 mg/L 3,5-

Di-tert-butyl-4-hydroxytoluene (BHT) as stabilising agent was used as eluent. Absolute molecular weights have been 

determined by multiangle light scattering (MALS) analysis using a Wyatt Dawn Heleos II in combination with a Wyatt 

Optilab rEX as concentration source. 

Additionally, GPC measurements were carried out on a PL-GPC 50 System (Agilent Technologies) equipped with two 

PLgel columns with samples of 5 mg/mL. A mixture of 50% THF, 50% water, 9 g/L TBAB and 340 mg/L BHT as 

stabilising agent was used as eluent. Absolute molecular weights have been determined by a dual-angle light scattering 

detector in combination with an integrated RI detection unit as concentration source. 

Turbidity Measurements 

Turbidity measurements were performed on a Cary 50 UV-vis spectrophotometer (Varian). The cloud point of the aqueous 

polymer solutions was determined by spectrophotometric detection of the changes in transmittance at λ = 500 nm. The 

samples were heated/cooled at a rate of 1.0 K/min in steps of 1 K followed by a five minutes long period of constant 

temperature to ensure equilibration. The cloud point was defined as the temperature corresponding to a 10% decrease in 

optical transmittance. 

Centrifugation 

Separation of solids via centrifugation was carried out with the ultracentrifuge Sorvall MX Plus (Thermo Fisher Scientific) 

as well as the centrifuges Sorvall RC 6 Plus and Heraeus Megafuge 40 centrifuge series from Thermo Fisher Scientific.  

Dialysis 

Purification via dialysis was performed with a Spectra/Por 1 dialysis tubing (regenerated cellulose) with a molecular weight 

cut-off (MWCO) of 6-8 kDa (Spectrumlabs). Before use the membranes were treated with deionised water over night and 

then rinsed with deionised water. A 100:1 ratio of dialysis fluid to sample volume was applied. Specific solvents used as 

dialysis fluid are given for the corresponding procedures. 
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2. Syntheses 

2.1 Initiator synthesis 

2-(4-Vinylphenyl)pyridine (1)[6] 

 

 

 

A solution of 4.00 equivalents KOtBu (6.12 g, 54.5 mmol) in tetrahydrofuran (55.0 mL) was added dropwise to a 

suspension of methyl triphenylphosphonium bromide (9.72 g, 27.2 mmol, 2.00 eq.) in diethyl ether (250 mL) giving a 

yellow colored solution and indicating the ylide formation. After stirring for 30 minutes at 0 °C a solution of 4-(pyridin-2-

yl)benzaldehyde (2.50 g, 13.6 mmol, 1.00 eq.) in tetrahydrofuran (38.0 mL) was added dropwise. The reaction mixture 

was stirred over night in the absence of light and then mixed with deionised water (125 mL). After extraction with diethyl 

ether (three times) the combined organic layers were dried over MgSO4, filtrated and the solvent was removed in vacuo. 

The residue was dissolved in toluene (100 mL), warmed to 40 °C and MgCl2 was added to remove triphenylphosphine 

oxide. After six hours of stirring the precipitate was removed via filtration and the solvent was removed in vacuo. The 

crude product was purified via column chromatography (SiO2, H/EtOAc = 20/1  6/1) and lyophilised yielding in a light-

yellow oil (1.36 g, 7.53 mmol, 55%).  

 

TLC: Rf = 0.40 (H/Et2O = 20/1) [UV]. 

1H-NMR (300 MHz, CDCl3, 300 K): δ (ppm) = 8.70 (d, J3 = 4.7 Hz, 1H, Harom), 7.98 (d, J3 = 8.3 Hz, 2H, Harom), 7.83 – 

7.69 (m, 2H, Harom), 7.52 (d, J3 = 8.3 Hz, 2H, Harom), 7.23 (ddd, J = 5.7, 4.8, 2.6 Hz, 1H, Harom), 6.77 (dd, J3 = 17.9, 10.9 Hz, 

1H, Hvinyl), 5.83 (d, J3 = 17.9 Hz, 1H, Hvinyl), 5.31 (d, J3 = 10.9 Hz, 1H, Hvinyl). 

13C-NMR (76 MHz, CDCl3, 300 K): δ (ppm) = 156.8 (s), 149.5 (s), 138.4 (s), 138.2 (s), 136.9 (s), 136.3 (s), 127.0 (s), 

126.6 (s), 122.1 (s), 120.4 (s), 114.5 (s). 

ESI-MS: calculated: 182.10 [M-H]+, found: 182.06 [M-H]+. 

EA: calculated: C 86.15 H 6.12 N 7.73 

 found: C 86.03 H 6.23 N 7.87 
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2,6-Dimethylpyridine-N-oxide[7] 

 

 

 

2,6-Dimethylpyridine (2) (73.7 mL, 636 mmol, 1.00 eq.) was dissolved in chloroform (250 mL) and then cooled to 0 °C. 

At this temperature 3-chloroperbenzoic acid (143 g, 636 mmol, 1.00 eq.) was added to the solution and stirred over night 

at room temperature. The mixture was diluted in chloroform (2000 mL) and K2CO3 (352 g, 2.55 mol, 4.00 eq.) was added 

under vigorous stirring. After 10 minutes, a white solid was separated via filtration and washed with 500 mL chloroform. 

The filtrate was dried over Na2SO4, filtrated and the solvent was removed in vacuo. The product was obtained as a colorless 

solid (68.9 g, 559 mmol, 88%).  

 
1H-NMR (500 MHz, CDCl3, 300 K): δ (ppm) = 7.12 (d, J3 = 7.6 Hz, 2H, Harom), 7.08 – 7.01 (m, 1H, Harom), 2.51 (s, 6H, 

CH3). 

13C-NMR (126 MHz, CDCl3, 300 K): δ (ppm) = 149.1 (s), 124.8 (s), 124.0 (s), 18.4 (s). 

 

4-Chloro-2,6-dimethylpyridine[8] 

 

 

 

At 0 °C 12 M hydrochloric acid (51.1 mL, 614 mmol, 1.10 eq.) was added dropwise to 2,6-dimethyl-pyridine-N-oxide 

(68.7 g, 558 mmol, 1.00 eq.) and stirred for ten minutes. The solid was separated via filtration and washed with iso-

propanol. The solvent of the yellowish filtrate was removed in vacuo and the resulting solid was again washed with iso-

propanol. Drying of the combined salts yielded in a colorless solid (78.1 g, 489 mmol, 88%), which was used without 

further purification for the chlorination reaction. 

A suspension of 2,6-dimethylpyridine-N-oxide hydrochloride (78.0 g, 489 mmol, 1.00 eq.) in 2.50 equivalents of 

phosphoryl chloride (116 mL, 1.22 mol) was refluxed for 16 hours. Removal of the excess of phosphoryl chloride in vacuo 

resulted in a brown, viscous residue. This residue was slowly added to a mixture of ice and K2CO3 at 0 °C under vigorous 

stirring. By addition of further K2CO3 and ice the temperature and an alkaline pH was kept up. The resulting liquid was 

extracted five times with chloroform and the solvent removed in vacuo resulting in a brown oil. The residue was dissolved 

in ethanol (375 mL), triethylamine (57 mL) was added and the mixture was refluxed for 24 hours. Solvents were removed 
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in vacuo resulting in a brown oil again. Diethyl ether (250 mL) and water (250 mL) were added to the residue and the 

aqueous layer was extracted two times with diethyl ether. The combined organic layers were dried over Na2SO4, filtrated 

and the solvent was removed in vacuo. Purification of the crude product was performed via vacuum distillation (86-88 °C, 

54 mbar) yielding in a colorless liquid (41.6 g, 294 mmol, 60%). 

 

1H-NMR (500 MHz, CDCl3, 300 K): δ (ppm) = 6.96 (s, 2H, Harom), 2.47 (s, 6H, CH3). 

13C-NMR (126 MHz, CDCl3, 300 K): δ (ppm) = 159.3 (s), 144.3 (s), 120.6 (s), 24.4 (s). 

 

4-Iodo-2,6-dimethylpyridine (3)[9] 

 

 

 

Sodium iodide (19.1 g, 127 mmol, 6.00 eq.) was suspended in a solution of 4-chloro-2,6-dimethylpyridine (3.00 g, 

21.2 mmol, 1.00 eq.) in acetonitrile (50.0 mL) in an autoclave (stainless steel). To this suspension 1.50 equivalents of acetyl 

chloride (2.27 mL, 31.8 mmol) were added dropwise and the mixture was heated to 140 °C and stirred over night. After 

cooling to room temperature aqueous solutions of K2CO3 (25.0 mL, 10.0 wt%), K2SO3 (25.0 mL, 5.00 wt%) and K2S2O3 

(20.0 mL, concentrated solution) were added and ethyl acetate was added until phase separation could be observed. The 

aqueous phase was extracted with ethyl acetate and the combined organic phase was dried over Na2SO4. After filtration, 

the solvent was removed in vacuo giving a brown solid. The combined crude products of four experiments were purified 

via flash chromatography (H  H/EtOAc = 10/1) and yielded in light green crystals (7.82 g, 33.6 mmol, 40%). 

 

TLC: Rf = 0.42 (H/EtOAc = 5/1) [UV]. 

1H-NMR (500 MHz, CDCl3, 300 K): δ (ppm) = 7.37 (s, 2H, Harom), 2.46 (s, 6H, CH3). 

13C-NMR (126 MHz, CDCl3, 300 K): δ (ppm) = 158.7 (s), 129.6 (s), 106.4 (s), 24.1 (s). 

ESI-MS: calculated: 233.98 [M-H]+, found: 233.95 [M-H]+. 

EA:  calculated: C 36.08 H 3.46 N 5.74 I 54.45 

 found: C 36.62 H 3.43 N 6.01 I 52.60 
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4-(2,6-Dimethylpyridin-4-yl)benzaldehyde (4) 

 

 

 

A solution of 4-iodo-2,6-dimethylpyridine (3) (3.70 g, 15.9 mmol, 1.00 eq.) in toluene (130 mL) was added to a solution 

of 4-formylphenylboronic acid (2.62 g, 17.5 mmol, 1.10 eq.) in ethanol (30.0 mL) The solution was degassed via drawing 

vacuum and filling with argon (15 iterations). Afterwards catalytic amounts of Pd(PPh3)4 (730 mg, 640 µmol, 4.00 mol%) 

were added and the suspension was heated to 80 °C and stirred for 72 hours. After cooling to room temperature decomposed 

catalyst residues were removed via filtration, the mixture was extracted three times against ethyl acetate, the combined 

organic layers were dried over MgSO4, filtrated and the solvent was removed in vacuo. The crude product was purified via 

column chromatography (Alox, H/EtOAc = 10/1  H/EtOAc = 2/1) yielding in a colorless solid (2.58 g, 12.2 mmol, 77%).  

 

TLC: Rf = 0.34 (H/EtOAc = 5/1) [UV]. 

1H-NMR (500 MHz, CDCl3, 300 K): δ (ppm) = 10.08 (s, 1H, Haldehyde), 8.07 – 7.90 (m, 2H, Harom), 7.80 – 7.71 (m, 2H, 

Harom), 7.21 (s, 2H, Harom), 2.61 (s, 6H, CH3). 

13C-NMR (126 MHz, CDCl3, 300 K): δ (ppm) = 191.9 (s), 158.7 (s), 144.8 (s), 136.7 (s), 130.5 (s), 127.9 (s), 118.6 (s), 

24.8 (s). 

ESI-MS: calculated: 212.11 [M-H]+, found: 212.07 [M-H]+. 

EA:  calculated: C 79.59 H 6.20 N 6.63 

 found: C 79.42 H 6.25 N 6.49 

 

2,6-Dimethyl-4-(4-vinylphenyl)pyridine (5) 

 

 

 

A solution of 4.00 equivalents KOtBu (11.5 g, 102 mmol) in tetrahydrofuran (103 mL) was added dropwise to a suspension 

of methyl triphenylphosphonium bromide (18.3 g, 51.2 mmol, 2.00 eq.) in diethyl ether (470 mL) giving a yellow colored 
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solution and indicating the ylide formation. After stirring for 30 minutes at 0 °C a solution of 4-(2,6-dimethylpyridin-4-

yl)benzaldehyde (4) (5.40 g, 25.6 mmol, 1.00 eq.) in tetrahydrofuran (70.0 mL) was added dropwise. The reaction mixture 

was stirred over night in the absence of light and mixed with deionised water (235 mL). After extraction with diethyl ether 

(three times), the combined organic layers were dried over MgSO4, filtrated and the solvent was removed in vacuo. The 

crude product was purified via column chromatography (Alox, H/EtOAc = 10/1) yielding in a colorless solid (3.76 g, 

18.0 mmol, 70%).  

 

TLC: Rf = 0.57 (H/EtOAc =5/1) [UV]. 

1H-NMR (300 MHz, C6D6, 300 K): δ (ppm) = 7.38 – 7.25 (m, 4H, Harom), 6.94 (s, 2H, Harom), 6.63 (dd, J3 = 17.6 Hz, 10.9 

Hz, 1H, Hvinyl), 5.68 (dd, J3 = 17.6 Hz, J2 = 0.9 Hz, 1H, Hvinyl), 5.14 (dd, J3 = 10.9 Hz, J2 = 0.9 Hz, 1H, Hvinyl), 2.52 (s, 6H, 

CH3). 

13C-NMR (76 MHz, C6D6, 300 K): δ (ppm) = 158.6 (s), 148.3 (s), 138.7 (s), 138.2 (s), 136.7 (s), 127.5 (s), 127.1 (s), 118.1 

(s), 114.5 (s), 24.7 (s). 

ESI-MS: calculated: 210.13 [M-H]+, found: 210.13 [M-H]+. 

EA:  calculated: C 86.08 H 7.22 N 6.69 

 found: C 86.22 H 7.42 N 6.58 

 

2.2 Complex synthesis 

Cp2YC13H10N (7) 

 

 

 

2-(4-Vinylphenyl)pyridine (1) (4.78 mg, 26.4 µmol, 1.00 eq.) was dissolved in C6D6 (0.50 mL) and added to 

Cp2YCH2TMS(THF) (6) (10.0 mg, 26.4 µmol, 1.00 eq.) at room temperature. The solution showed an instant orange 

coloring. After three hours 1H-NMR spectroscopy showed quantitative conversion. The pure compound (100%) was 

received after removal of the solvent in vacuo as an orange solid. 

 

1H-NMR (500 MHz, C6D6, 300 K): δ (ppm) = 8.58 – 8.50 (m, 1H, Harom), 8.05 (d, J3 = 8.3 Hz, 2H, Harom), 7.30 (dd, J3 = 8.3, 

3.7 Hz, 3H, Harom), 6.83 – 6.50 (m, 2H, Harom, Hvinyl), 6.18 (s, 10H, Cp-H), 5.63 (m, J3 = 18.5 Hz, 1H, Hvinyl), 5.10 (d, J3 = 

11.8 Hz, 1H, Hvinyl). 

EA: calculated: C 69.18 H 5.05 N 3.51 

 found: C 68.31 H 5.22 N 3.37 
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Cp2YC15H14N(THF) (8) 

 

 

 

2,6-Dimethyl-4-(4-vinylphenyl)pyridine (5) (5.53 mg, 26.4 µmol, 1.00 eq.) was dissolved in C6D6 (0.50 mL) and added to 

Cp2YCH2TMS(THF) (6) (10.0 mg, 26.4 µmol, 1.00 eq) at room temperature. The solution showed an instant orange 

coloring. After two hours 1H-NMR spectroscopy showed quantitative conversion. The pure compound (100%) was 

received after removal of the solvent in vacuo as an orange solid.  

 

1H NMR (500 MHz, C6D6, 300 K): δ (ppm) = 7.46 (d, J3 = 8.3 Hz, 2H, Harom), 7.27 (d, J3 = 8.3 Hz, 2H, Harom), 6.87 (s, 1H, 

Harom), 6.62 (dd, J3 = 17.6, 10.9 Hz, 1H, Hvinyl), 6.34 (s, 1H, Harom), 6.06 (s, 10H, Cp-H), 5.65 (dd, J3 = 17.6 Hz, J2 = 1.0 

Hz, 1H, Hvinyl), 5.12 (dd, J3 = 10.9 Hz, J2 = 1.0 Hz, 1H, Hvinyl), 3.48 – 3.37 (m, 4H, THF), 2.41 (s, 2H, CH2), 2.14 (s, 2H, 

CH3), 1.37 – 1.16 (m, 4H, THF). 

13C-NMR (126 MHz, C6D6, 300 K) δ (ppm) =167.4 (s, Carom), 157.5 (s, Carom), 148.5 (s, Carom), 139.4 (s, Carom), 138.1 (s, 

Carom), 136.8 (s, Cvinyl), 127.4 (s, Carom), 127.0 (s, Carom), 114.0 (s, Cvinyl), 110.8 (s, Carom), 110.3 (s, Cp-C), 108.1 (s, Carom), 

70.2 (s, THF), 42.7 (d, JCY = 10.7 Hz. CH2), 25.6 (s, THF), 24.1 (s, CH3). 

EA:  calculated: C 69.88 H 6.27 N 2.81 

 found: C 69.83 H 6.36 N 2.82 

 

2.3 Synthesis of functionalised biomolecules 

Cholesteryl thiocyanate[10] 

 

 

 

Cholesteryl chloride (12.5 g, 31.0 mmol, 1.00 eq.) was added to a solution of NaSCN (9.40 g, 1.16 mol, 37.4 eq.) in ethanol 

(600 mL) and was refluxed at 100 °C for 48 hours. Solids were removed via hot filtration and washed with warm ethanol. 

After the product had precipitated from the filtrate it was recrystallised from a 1:1 mixture of ethyl acetate and ethanol and 

was obtained as light-yellow solid (11.3 g, 26.4 mmol, 85%).  
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1H-NMR (300 MHz, CDCl3, 300 K): δ (ppm) = 5.41 (d, J3 = 5.1 Hz, 1H, Hvinyl), 3.08 (tt, J3 = 12.3, 4.2 Hz, 1H, CHSCN), 

2.61 – 2.36 (m, 2H, chol), 2.09 – 1.74 (m, 6H, chol), 1.62 – 0.98 (m, 23H, chol, CH3), 0.91 (d, J3 = 6.5 Hz, 3H, CH3), 0.87 

(s, 3H, CH3), 0.85 (s, 3H, CH3), 0.68 (s, 3H, CH3). 

13C-NMR (75 MHz, CDCl3, 300 K): δ (ppm) = 140.1 (s), 123.3 (s), 111.4 (s), 56.8 (s), 56.3 (s), 50.2 (s), 48.2 (s), 42.4 (s), 

39.9 (s), 39.8 (s), 39.7 (s), 39.5 (s), 36.6 (s), 36.3 (s), 35.9 (s), 31.9 (s), 31.8 (s), 30.1 (s), 28.4 (s), 28.2 (s), 24.4 (s), 23.9 

(s), 22.9 (s), 22.7 (s), 21.0 (s), 19.3 (s), 18.9 (s), 12.0 (s). 

EA:  calculated: C 78.63 H 10.60 N 3.27 S 7.50 

 found: C 78.73 H 10.86 N 3.17 S 7.29 

 

Thiocholesterol[10] 

 

 

 

Over a period of two hours a solution of cholesteryl thiocyanate (5.00 g, 11.7 mmol, 1.00 eq.) in toluene (50.0 mL) was 

added dropwise to a suspension of LiAlH4 (1.00 g, 26.4 mmol, 2.30 eq.) in 100 mL diethyl ether. The suspension was 

stirred for 24 hours at room temperature and the reaction quenched by slow addition of 50.0 mL 6 N HCl. The organic 

phase was washed three times with water (150 mL), dried over MgSO4 and filtrated. The solvent was removed in vacuo, 

the crude product was recrystallised from a 3:1 mixture of ethanol and ethyl acetate and thiocholesterol (3.47 g, 8.60 mmol, 

74%) was obtained as colorless solid. 

1H-NMR (300 MHz, CDCl3, 300 K): δ (ppm) = 5.32 (dd, J3 = 5.2, 1.6 Hz, 1H, Hvinyl), 2.76 – 2.60 (m, 1H, CHSH), 2.35 – 

2.23 (m, 2H, CH2CHSH), 2.08 – 1.74 (m, 5H, chol), 1.64 – 1.02 (m, 22H, chol), 1.00 (s, 3H, CH3), 0.91 (d, J = 6.5 Hz, 3H, 

CH3), 0.86 (d, J3 = 6.6 Hz, 3H, CH3), 0.86 (d, J3 = 6.6 Hz, 3H, CH3), 0.67 (s, 3H, CH3). 

13C-NMR (75 MHz, CDCl3, 300 K): δ (ppm) = 142.1 (s), 121.2 (s), 56.9 (s), 56.3 (s), 50.4 (s), 44.3 (s), 42.5 (s), 40.1 (s), 

39.9 (s), 39.7 (s), 39.6 (s), 36.5 (s), 36.3 (s), 35.9 (s), 34.2 (s), 31.9 (s), 28.4 (s), 28.2 (s), 24.4 (s), 24.0 (s), 22.9 (s), 22.7 

(s), 21.0 (s), 19.4 (s), 18.9 (s), 12.0 (s). 

EA:  calculated: C 80.53 H 11.51 S 7.96 

 found: C 80.44 H 11.74 S 7.63 
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Folate-(γ)-NHS[11, 12] 

 

 

 

Folic acid (3.00 g, 6.80 mmol,1.00 eq.) was dissolved in dimethyl sulfoxide (50.0 mL) by light heating. After complete 

dissolution 2.10 g dicyclohexylcarbodiimide (10.2 mmol, 1.50 eq.) and 1.17 g N-hydroxysuccinimide (10.2 mmol, 

1.50 eq.) were added successively and the mixture was stirred for 16 hours at room temperature. The resulting urea was 

removed by filtration, the folate derivative was obtained via precipitation with excess acetone under vigorous stirring and 

washed with diethyl ether four times. After drying folate-NHS (3.15 g, 5.85 mmol, 86%) was obtained as a yellow solid. 

1H-NMR (400 MHz, DMSO-d6, 300 K): δ (ppm) = 8.65 (s, 1H, CHpteridine), 7.79 – 7.53 (m, 2H, Harom), 7.04 – 6.83 (br s, 

3H, CH2NH), 6.71 – 6.53 (m, 2H, Harom), 4.88 (dd, J3 = 7.3 Hz, 1H, CHNH(C=O)), 4.49 (d, J3 = 6.2 Hz, 2H, CH2NH), 3.11 

– 2.66 (m, 2H, CH2CH2CHNH), 2.81 (s, 4H, CH2CH2), 2.36 – 1.85 (m, 2H, CH2CH2CHNH). 

13C-NMR (126 MHz, DMSO-d6, 300 K): δ (ppm) = 172.8 (s, C=O), 170.2 (s, C =O), 170.1 (s, C =O), 166.8 (s, C=O), 

160.9 (s, C=Opteridine), 153.8 (s), 150.9 (s), 148.7(s, CHpteridine), 129.1 (s), 128.0 (s), 121.2 (s), 111.2 (s), 51.5 (s, CH2CH2CH), 

45.0 (s, CH2NH), 30.5 (s, CH2CH2CH), 27.5 (s, CH2CH2CH), 25.8 (s, C. 

3. Polymerisation investigations 

3.1 Kinetic measurements of DEVP polymerisations 

A solution of the corresponding initiator (21.7 µmol, 1.00 eq.) in 5.00 mL toluene was added to a solution of 21.7 μmol 

catalyst (1.00 eq.) in 5.00 mL toluene at room temperature and showed an instant orange coloring. The mixture was stirred 

over night and quantitative conversion was confirmed by 1H-NMR spectroscopy. DEVP (13.0 mmol, 600 eq.) was added 

in one portion and aliquots were taken from the reaction solution at regular time intervals and quenched by pouring the 

sample into MeOH. The conversion of DEVP of each aliquot was determined by 31P-NMR spectroscopy. The molecular 

weight of the polymer samples was determined by GPC-MALS analysis after removal of the solvent via drying at ambient 

temperature. 
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Figure S1: Conversion-dependent plot of Mn and the respective PDI of the polymer aliquots generated during kinetic 

investigations using in situ generated Cp2YC13H10N, (21.7 µmol catalyst, 600 eq. DEVP in 10.0 mL toluene, 30 °C). 

 

3.2 Polymerisation procedure and analysis 

A solution of 2,6-dimethyl-4-(4-vinylphenyl)pyridine (65.1 µmol, 1.00 eq.) in 5.00 mL toluene was added to a solution of 

65.1 µmol Cp2Y(C2TMS)(THF) (1.00 eq.) in toluene (5.00 mL). After quantitative conversion was shown by 1H-NMR 

spectroscopy, DEVP (6.51 mmol, 100 eq.) was added in one portion and the conversion of DEVP was determined by 31P-

NMR spectroscopy after three hours. The reaction was quenched by addition of methanol (0.50 mL) and the polymer was 

precipitated by pouring the reaction mixture into pentane (150 mL). The clear solution was decanted of, residual solvent 

was removed by drying at ambient temperature and the polymer was dissolved in water and lyophilised. Molecular weights 

of the obtained polymers were determined by GPC-MALS and the determination of the cloud points was carried out via 

turbidity measurements. 
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Figure S2: GPC-traces of PDEVP (100 eq. DEVP; entry 1, table 1). 

 
Figure S3: Distribution plot of PDEVP (100 eq. DEVP). 
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Figure S4: GPC-traces of PDEVP (600 eq. DEVP; entry 2, table 1).  

 

 

Figure S5: Distribution plot of PDEVP (600 eq. DEVP). 

 

Define Peaks

LS dRI     

time (min)

10.0 15.0 20.0 25.0 30.0

R
e
la

ti
v
e
 S

ca
le

0.0

0.5

1.0

Distribution Analysis

cumulative molar mass linear differential molar mass

Molar Mass (g/mol)

5
1.0x10        

5
2.0x10        

5
3.0x10        

5
4.0x10        

5
5.0x10        

5
6.0x10        

5
7.0x10        

cu
m

u
la

ti
v
e
 w

e
ig

h
t 

fr
a
ct

io
n

0.2

0.4

0.6

0.8

d
iffe

re
n

tia
l w

e
ig

h
t fra

ctio
n

 (m
o

l/g
)

1.0x10
-6

2.0x10
-6

3.0x10
-6

4.0x10
-6

5.0x10
-6



15 

 

 

Figure S6: 1H-NMR spectrum of PDEVP (100 eq. DEVP; entry 1, table 1) in MeOD. 

 

Figure S7: 1H-NMR spectrum of PDEVP (600 eq. DEVP; entry 2, table 1) in MeOD.  
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Figure S8: Determination of the LCST of short-chain PDEVP (100 eq.) and long-chain PDEVP (600 eq.). The cloud point 

was determined at 10% decrease of transmittance for aqueous solutions of PDEVP (2.50 mg/mL). 

4. End-group analysis via ESI-MS and NMR 

 

For the elucidation of the polymerisation mechanism via end-group analysis oligomeric PDEVP was generated: 122 µmol 

of Cp2Y(CH2TMS)(THF) was dissolved in 2.50 mL toluene and was mixed with a solution of the corresponding initiator 

(122 µmol). After quantitative conversion was confirmed by 1H-NMR spectroscopy 5.00 equivalents of DEVP were added 

and conversion was determined after two hours via 31P-NMR spectroscopy. The signals found by ESI-MS analysis can be 

attributed to MInitiator + n x MDEVP with either H+ or Na+ as charge carrier. 

5. Thiol-ene click reactions 

 

General procedure: Thiol-ene coupling of thiocholesterol to poly(diethyl vinylphosphonates) 

 

 

 

Thiocholesterol (5.00 eq.) and catalytic amounts of azobisisobutyronitrile (0.33 eq.) were added to a solution of 

1.00 equivalent of poly(diethyl vinylphosphonate) in tetrahydrofuran (10.0 mL per 1.00 g polymer) in a pressuriseable 

schlenk flask. The mixture was degassed via evacuation and filling with argon (20 iterations) and stirred for 24 hours at 
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70 °C. After this time period 1H-NMR spectroscopy showed quantitative conversion of the vinyl group. The polymer was 

purified by precipitation from the reaction solution with excess pentane. The polymeric residue was dissolved in toluene, 

precipitated with pentane two more times, was dried to remove pentane, dissolved in water and lyophilised. 

 

Table S1: Chemical shifts in 1H- und 31P-NMR of cholesterol-functionalised PDEVP 

 

Substrate 1H-NMR (500 MHz, CD3OD, 300 K) δ [ppm] 
31P-NMR (203 MHz, 

CD3OD, 300 K) δ [ppm] 

1 
PDEVP 

(100 eq.) 

7.79 – 7.66 (m, Harom), 7.62 – 7.44 (m, Harom), 7.39 (d, J = 6.3 Hz, 

Harom), 5.34 (s, chol), 4.20 (s, POCH2), 2.89 – 2.85 (m, chol), 2.89 

– 1.18 (m, PDEVP), 1.40 (m, POCH2CH3), 1.02 (s, CH3,Chol), 0.96 

(d, J3 = 6.5 Hz, CH3,Chol), 0.91 (d, J = 6.6 Hz, CH3,Chol), 0.90 (d, 

J3 = 6.6 Hz, CH3,Chol), 0.73 (s, CH3,Chol). 

33.1 

2 
PDEVP 

(600 eq.) 

8.09 – 7.21 (m, Harom), 5.36 (s, chol), 4.21 (m, POCH2), 3.60 (d, 

J3 = 7.4 Hz, chol), 2.89 – 1.13 (m, PDEVP), 1.40 (m, 

POCH2CH3), 1.05 (s, CH3,chol), 0.94 (s, CH3,chol), 0.91 (s, CH3,chol), 

0.90 (s, CH3,chol), 0.74 (s, CH3,chol). 

33.2 

 

 

Figure S9: 1H-NMR of PDEVP (100 eq.) after functionalisation with thiocholesterol in MeOD. 
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Figure S10: 1H-NMR of PDEVP (600 eq.) after functionalisation with thiocholesterol in MeOD. 

 

Figure S11: Determination of the LCST of cholesterol-functionalised PDEVP (100 eq.) and the corresponding short-chain 

PDEVP (100 eq.). The cloud point was determined at 10% decrease of transmittance for aqueous solutions of the polymer 

substrates (2.50 mg/mL). 
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Figure S12: Determination of the LCST of cholesterol-functionalised PDEVP (600 eq.) and the corresponding short-chain 

PDEVP (600 eq.). The cloud point was determined at 10% decrease of transmittance for aqueous solutions of the polymer 

substrates (2.50 mg/mL). 

 

General procedure: Thiol-ene coupling of cysteamine hydrochloride to poly(diethyl vinylphosphonates) 

 

 

 

Cysteamine hydrochloride (5.00 eq.) and catalytic amounts of azobisisobutyronitrile (0.33 eq.) were added to a solution of 

1.00 equivalent of poly(diethyl vinylphosphonate) in tetrahydrofuran and methanol (10:1, 10.0 mL per 1.00 g polymer) in 

a pressuriseable schlenk flask. The mixture was degassed via drawing vacuum and filling with argon (20 iterations) and 

stirred for 24 hours at 70 °C. After this time period 1H-NMR spectroscopy showed quantitative conversion of the vinyl 

group. The polymer was purified via dialysis against deionised water. After replacing the dialysate after two and four hours 

the mixture was dialysed over night and the resulting solution lyophilised. 
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Table S2: Chemical shifts in 1H- und 31P-NMR of PDEVP after reaction with cysteamine hydrochloride 

 

Substrate 1H-NMR (500 MHz, CD3OD, 300K) δ [ppm] 
31P-NMR (121 MHz, 

CD3OD, 300 K) δ [ppm] 
Yield [%] 

1 
PDEVP 

(100 eq.) 

7.76 – 7.37 (m, Harom), 7.31 – 7.17 (m, Harom), 4.18 

(s, POCH2), 2.98 (t, J3 = 7.5 Hz, CH2,aliphatic), 2.88 

(t, J3 = 5.4 Hz, CH2,aliphatic), 2.83 – 1.20 (m, 

PDEVP), 1.38 (s, POCH2CH3). 

33.2 100 

2 
PDEVP 

(600 eq.) 

7.86 – 7.43 (m, Harom), 7.30 – 7.12 (m, Harom), 4.18 

(s, POCH2), 2.98 (t, J3 = 7.1 Hz, CH2,aliphatic), 2.93 

– 2.87 (m, CH2,aliphatic), 2.85 – 1.20 (m, PDEVP), 

1.38 (s, POCH2CH3). 

33.2 100 

 

General procedure: Conversion of polymer-bound cysteamine linker with activated folate species 

 

 

5.00 equivalents of folate-NHS and 6.00 equivalents of triethylamine were added to a solution of 1.00 equivalent of the 

stated cysteamine-containing poly(diethyl vinylphosphonate) in dimethyl sulfoxide (20.0 mL solvent per 1.00 g polymer). 

The mixture was stirred for 48 hours at 50 °C and after this period purified via dialysis against deionised water. After 

replacing the dialysate after two and four hours the mixture was dialysed over night and the resulting solution lyophilised. 

 

Table S3: Chemical shifts of folate-containing PDEVP in 1H- und 31P-NMR  

 

Substrate 1H-NMR (500 MHz, CD3OD, 300K) δ [ppm] 
31P-NMR (203 MHz, 

CD3OD, 300 K) δ [ppm] 

1 
PDEVP  

(100 eq.) 

8.68 (s, pteridine), 7.84 – 6.99 (m, folate, Harom), 6.80 – 6.56 (m, 

Harom), 4.67 (s, CH2NH2), 4.54 (s, CH2HN), 4.18 (s, POCH2), 3.14 

– 1.06 (m, PDEVP), 1.38 (s, POCH2CH3). 

33.2 

2 
PDEVP  

(600 eq.) 

8.71 (s, pteridine), 7.77 – 7.51 (m, folate, Harom), 7.55 – 6.98 (m, 

Harom), 6.79 – 6.60 (m, Harom), 4.60 (s, CH2NH2), 4.49 (s, CH2NH), 

4.18 (s, POCH2), 2.86 – 1.17 (m, PDEVP), 1.38 (s, POCH2CH3). 

33.2 
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Figure S13: Determination of the LCST of folate-functionalised PDEVP (100 eq.) and the corresponding short-chain 

PDEVP (100 eq.). The cloud point was determined at 10% decrease of transmittance for aqueous solutions of the polymer 

substrates (2.50 mg/mL). 

 

Figure S14: Determination of the LCST of folate-functionalised PDEVP (600 eq.) and the corresponding long-chain 

PDEVP (600 eq.). The cloud point was determined at 10% decrease of transmittance for aqueous solutions of the polymer 

substrates (2.50 mg/mL). 

6. Cell viability assay 

 

6.1 Cell culture 

In vitro studies on polymer samples were performed in HEK and HMEC cells. Cells were cultured in Dulbecco’s Modified 

Eagle Medium (Life Technologies) equipped with 10% (v/v) Fetal Bovine Serum (Biochrom) and 1% 
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Penicillin/Streptomycin 10000 U/mL /10000 µg/mL (Biochrom) at 37 °C in a humidified atmosphere containing 5% CO2. 

For splitting and sub-culturing of cells Trypsin 0.05%/EDTA 0.02% in PBS (PAN Biotech) was used.  

 

6.2 Cell viability studies 

The growth inhibition of the polymer samples on HEK and HMEC cells, was determined by analysing their cell viability 

of in presence of increasing polymer concentrations (0.078 mg/mL to 5.00 mg/mL). Prior to the addition of the polymers 

the cells were cultured for 24 h in 96 well flat bottom plates (TPP) with a density of 20000 cells/well or 10000 cells/well 

(for 48 h). After 24 or 48 hours of incubation at 37 °C in a humidified atmosphere with 5% CO2, the cell viability of the 

treated cells was determined using the MTT reagent (Sigma Aldrich). Therefore, MTT was dissolved at a concentration of 

5 mg/mL in RPMI-1640 without phenol red (Life Technologies). PBS treated cells were used as positive control (100% 

viability). DMSO treated cells were used as negative control (0% viability). After 3 h of incubation with 50 µL of MTT 

per well at 37 °C, the blue formazan crystals were dissolved for 15 min on a plate shaker at 550 min-1 with 100 µL 0.04 N 

HCl in isopropanol and exclusion of light. Following the absorbance of each well was measured at 570 nm with 690 nm as 

background wavelength at a Tecan Genios Plus plate reader. 

Shown are mean values of at least three independent biological replicates and the respective standard deviations are 

indicated. 
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1. Material and methods 

 
General Information 

All reactions were carried out under argon atmosphere using standard Schlenk or glovebox techniques. All glassware was 

heat dried under vacuum prior to use. Unless otherwise stated, all chemicals were purchased from Sigma-Aldrich, Acros 

Organics or TCI Europe and used as received. Toluene, THF and dichloromethane were dried using a MBraun SPS-800 

solvent purification system. The precursor complexes Y(CH2Si(CH3)3)3(THF)2 and LiCH2TMS and the catalyst 

Cp2Y(CH2TMS)(THF) are prepared according to literature procedures.[1-4] Diethyl vinylphosphonate (DEVP) is synthesized 

according to literature procedures, dried over calcium hydride and distilled prior to use.[5] 

 

Nuclear Magnetic Resonance Spectroscopy 

NMR spectra were recorded on a Bruker AV-500HD and AVIII-500 Cryo spectrometer. 1H-NMR spectroscopic chemical shifts 

δ are reported in ppm relative to the residual proton signal of the solvent. δ (1H) is calibrated to the residual proton signal of 

the solvent. Unless otherwise stated, coupling constants J are averaged values and refer to couplings between two protons. 

Deuterated solvents were obtained from Sigma-Aldrich and dried over 3 Å molecular sieves. 

 

Gel Permeation Chromatography 

Gel Permeation Chromatography was performed on a Varian LC-920 equipped with two PL Polargel M columns with samples 

of 5 mg/mL. A mixture of 50% THF, 50% water, 9 g/L tetrabutylammonium bromide (TBAB) and 340 mg/L 3,5-Di-tert-butyl-4-

hydroxytoluene (BHT) as stabilizing agent was used as eluent. Absolute molecular weights have been determined by 

multiangle light scattering (MALS) analysis using a Wyatt Dawn Heleos II in combination with a Wyatt Optilab rEX as 

concentration source. 

Additionally, GPC measurements were carried out on a PL-GPC 50 System (Agilent Technologies) equipped with two PLgel 

columns with samples of 5 mg/mL. A mixture of 50% THF, 50% water, 9 g/L TBAB and 340 mg/L BHT as stabilizing agent 

was used as eluent. Absolute molecular weights have been determined by a dual-angle light scattering detector in 

combination with an integrated RI detection unit as concentration source. 

 

Turbidity Measurements 

Turbidity measurements were performed on a Cary 50 UV/Vis spectrophotometer (Varian). The cloud point of the samples 

was determined by spectrophotometric detection of the changes in transmittance at λ = 500 nm in aqueous solution and 

λ = 650 nm in mixtures of DMEM (+10% FBS + 1% Penecillin/Streptomycin):PBS (2:1). The samples were heated/cooled at a 

rate of 1.0 K/min in steps of 1 K followed by a five minutes long period of constant temperature to ensure equilibration. The 

cloud point was defined as the temperature corresponding to a 10% decrease in optical transmittance. 

 

Centrifugation 

Separation of solids via centrifugation was carried out with the ultracentrifuge Sorvall MX Plus (Thermo Fisher Scientific) as 

well as the centrifuges Sorvall RC 6 Plus and Heraeus Megafuge 40 centrifuge series from Thermo Fisher Scientific. 
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Dialysis 

Purification via dialysis was performed with a Spectra/Por 1 dialysis tubing (regenerated cellulose) with a molecular weight 

cut-off (MWCO) of 6-8 kDa (Spectrumlabs). Before use the membranes were treated with deionized water over night and then 

rinsed with fresh deionized water. A 100:1 ratio of dialysis fluid to sample volume was applied. Specific solvents used as 

dialysis fluid are given for the corresponding procedures. 

 

UV/Vis Measurements 

UV/Vis spectra were recorded on a Varian Cary 50 UV/Vis spectrophotometer in 40 mm × 10 mm × 2 mm quartz glass 

cuvettes. Deionized water was used as solvent. 

 

Photoluminescence Measurements 

Photoluminescence spectra were recorded on a AVA-Spec 2048 spectrometer (AVANTES) with a current controller as 

365 nm light source (Prizmatix). A 90° cuvette holder and a 40 mm × 10 mm × 2 mm quartz glass cuvette were used for the 

measurements. The samples were dissolved in deionized water. Intensity calibration of the spectrometer was performed by 

an AVANTES DH-Cal calibration light source using the halogen lamp.  

2. Polymerization procedure and analysis 

 

A solution of 2,6-dimethyl-4-(4-vinylphenyl)pyridine (65.1 µmol, 1.00 eq.) in 5.00 mL toluene was added to a solution of 

65.1 µmol Cp2Y(C2TMS)(THF) (1.00 eq.) in toluene (5.00 mL). After quantitative conversion was shown by 1H-NMR 

spectroscopy, DEVP (6.51 mmol, 100 eq.) was added in one portion and the conversion of DEVP was determined by 

31P-NMR spectroscopy after three hours. The reaction was quenched by addition of methanol (0.50 mL) and the polymer was 

precipitated by pouring the reaction mixture into pentane (150 mL). The clear solution was decanted of, residual solvent was 

removed by drying at ambient temperature and the polymer was dissolved in water and lyophilized (Vaco 5-II-D from Zirbus 

technology GmbH). Molecular weights of the obtained polymers were determined by GPC-MALS and the determination of the 

cloud points was carried out via turbidity measurements. 

 

Table S1. Signals of PDEVP substrates in 1H- und 31P-NMRs 

 
[M]0/[Cat]0 

1H-NMR (500 MHz, CD3OD, 300K) δ [ppm] 
31P-NMR (203 MHz, CD3OD, 300 K) 

δ [ppm] 

1 100 
7.75 (qd, J3 = 7.7, 4.0 Hz, 2H, Harom), 7.60 – 7.39 (m, 4H, Harom), 6.80 (dd, J3 = 
17.6, 10.8 Hz, 1H, Hvinyl), 5.88 (d, J3 = 17.6 Hz, 1H, Hvinyl), 5.32 (d, J3 = 10.8 
Hz, 1H, Hviynl), 4.18 (s, POCH2), 3.07 – 0.97 (m, PDEVP), 1.38 (s, POCH2CH3) 

33.2 

2 600 
7.79 – 7.70 (m, 2H, Harom), 7.59 – 7.38 (m, 4H, Harom), 6.80 (dd, J3 = 17.6, 10.9 
Hz, 1H, Hvinyl), 5.88 (d, J3 = 17.6 Hz, 1H, Hvinyl), 5.32 (d, J3 = 10.9 Hz, 1H, 
Hvinyl), 4.18 (s, POCH2), 3.09 – 0.74 (m, PDEVP), 1.38 (s, POCH2CH3) 

33.2 
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Table S2. Molecular weight Mn, PDI and initiator efficiency I* of PDEVP 

 [M]0/[Cat]0 Mn [kg/mol] PDI I* [%] 

1 100 18.7 1.09 89 

2 600 158 1.01 62 

3. Functionalization of polyvinylphosphonates 

3.1 Introduction of fluorescence to poly(diethyl vinylphosphonates) 

 
General procedure: Partial transesterification of the side-chain groups of poly(diethyl vinylphosphonates) 

 

 

 

Poly(diethyl vinylphosphonate) was dissolved in absolute dichloromethane (20.0 mL per 1.00 g) and bromotrimethylsilane 

(2.00 mol-% of corresponding repeating units, 1.00 eq.) was added. The reaction mixture was refluxed for 24 hours, all 

volatiles were removed in vacuo and the residue was dissolved in absolute tetrahydrofuran. 1-(Bromomethyl)pyrene (2.00 eq.) 

and tetrabutylammonium fluoride (1 M in THF, 2.00 eq.) was added and the mixture was again refluxed for 24 hours. After 

cooling to room temperature, the solution was concentrated in vacuo and the residue was dialyzed against deionized water 

overnight. The precipitate was removed via ultracentrifugation, the supernatant polymer solution was dialyzed against 

deionized water over night and freeze-dried afterwards. 

 

Table S3. Chemical shifts in 1H- und 31P-NMRs of the fluorescent PDEVP substrates  

 
Substrate 1H-NMR (500 MHz, CD3OD, 300K) δ [ppm] 

31P-NMR (203 MHz, CD3OD, 
300 K) δ [ppm] 

1 PDEVP (100 eq.) 

8.42 (d, J3 = 9.2 Hz, pyrene), 8.29 – 7.95 (m, pyrene), 7.95 – 7.40 (m, 
pyrene, Harom), 6.81 (dd, J3 = 17.7, 11.0 Hz, Hvinyl), 5.90 (dd, J = 17.7 Hz, J2 
= 4.0 Hz, Hvinyl), 5.36 (s, POCH2-pyrene), 4.18 (s, POCH2), 2.91 – 1.13 (m, 
PDEVP), 1.38 (s, POCH2CH3) 

33.2, 32.0 

2 PDEVP (600 eq.) 

8.42 (d, J3 = 9.3 Hz, pyrene), 8.28 – 7.94 (m, pyrene), 7.82 – 7.37 (m, 
Harom), 6.80 (dd, J3 = 17.7, 10.8 Hz, Hvinyl), 5.88 (d, J3 = 17.7 Hz, Hvinyl), 5.36 
(s, POCH2-pyrene), 4.19 (s, POCH2), 2.89 – 1.17 (m, PDEVP), 1.38 (m, 
POCH2CH3) 

33.2 
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Table S4. PDI and degree of pyrene-incorporation of fluorescent PDEVP  

 Substrate PDI Pyrene-Incorporation [%] 

1 PDEVP (100 eq.) 1.07 1.13 

2 PDEVP (600 eq.) 1.01 0.38 

 

3.2 Thiol-ene click reactions 

 
General procedure: Thiol-ene coupling of thiocholesterol to poly(diethyl vinylphosphonates)[6] 

 

 

 

Thiocholesterol (5.00 eq.) and catalytic amounts of azobisisobutyronitrile (0.33 eq.) were added to a solution of 

1.00 equivalent of the fluorescent poly(diethyl vinylphosphonate) in tetrahydrofuran (10.0 mL per 1.00 g polymer) in a 

pressurizeable schlenk flask. The mixture was degassed via evacuation and filling with argon (20 iterations) and stirred for 

24 hours at 70 °C. After this time period 1H-NMR spectroscopy showed quantitative conversion of the vinyl group. The 

polymer was purified by precipitation from the reaction solution with excess pentane. The polymeric residue was dissolved in 

toluene, precipitated with pentane two more times, was dried to remove pentane, dissolved in water and lyophilized.  

The non-fluorescent polymer samples were prepared accordingly and their characterization can be found in the corresponding 

literature.[6] 

 

Table S5. Chemical shifts in 1H- und 31P-NMR of fluorescent, cholesterol-functionalized PDEVP 

 

Substrate 1H-NMR (500 MHz, CD3OD, 300 K) δ [ppm] 
31P-NMR (203 MHz, CD3OD, 

300 K) δ [ppm] 

1 
Pyrene-PDEVP 

(100 eq.) 

8.42 (d, J3 = 9.2 Hz, pyrene), 8.29 – 7.98 (m, pyrene), 7.96 – 7.40 (m, 
Harom), 5.36 (s, POCH2-pyrene), 5.34 (s, Hvinyl,chol), 4.18 (s, POCH2), 2.96 – 
1.13 (m, PDEVP), 1.38 (s, POCH2CH3), 1.03 (s, CH3,chol), 0.95 (d, J = 5.8 
Hz, CH3,chol), 0.89 (s, CH3,chol), 0.88 (s, CH3,chol), 0.72 (s, CH3,chol) 

33.2, 32.0 

2 
Pyrene-PDEVP 

(600 eq.) 

8.42 (d, J3 = 9.3 Hz, pyrene), 8.33 – 7.98 (m, pyrene), 7.97 – 7.50 (m, 
Harom), 5.36 (s, POCH2-pyrene), 4.18 (s, POCH2), 2.94 – 1.15 (m, PDEVP), 
1.38 (s, POCH2CH3), 0.96 (s, CH3,chol), 0.92 (s, CH3,chol), 0.90 (s, CH3,chol), 
0.72 (s, CH3,chol) 

33.1 

 

 

 

 

 



SUPPORTING INFORMATION          

7 

 

 
Table S6. PDI and yield of fluorescent, cholesterol-functionalized PDEVP 

 
Substrate PDI Yield [%] 

1 
Pyrene-PDEVP 

(100 eq.) 
1.11 100 

2 
Pyrene-PDEVP 

(600 eq.) 
1.14 100 

 

General procedure: Thiol-ene coupling of cysteamine hydrochloride to poly(diethyl vinylphosphonates)[6] 

 

 

 

Cysteamine hydrochloride (5.00 eq.) and catalytic amounts of azobisisobutyronitrile (0.33 eq.) were added to a solution of 

1.00 equivalent of fluorescent poly(diethyl vinylphosphonate) in tetrahydrofuran and methanol (10:1, 10.0 mL per 1.00 g 

polymer) in a pressurizeable schlenk flask. The mixture was degassed via drawing vacuum and filling with argon (20 

iterations) and stirred for 24 hours at 70 °C. After this time period 1H-NMR spectroscopy showed quantitative conversion of 

the vinyl group. The polymer was purified via dialysis against deionized water. The dialysate was replaced after two and four 

hours. Subsequently, the mixture was dialyzed over night and the resulting solution was lyophilized. 

The non-fluorescent polymer samples were prepared accordingly and their characterization can be found in the corresponding 

literature.[6] 

 

Table S7. Chemical shifts in 1H- und 31P-NMR of PDEVP after reaction with cysteamine hydrochloride 

 

Substrate 1H-NMR (500 MHz, CD3OD, 300K) δ [ppm] 
31P-NMR (121 MHz, 

CD3OD, 300 K) δ [ppm] 
Yield [%] 

1 
Pyrene-PDEVP 

(100 eq.) 

8.44 (d, J3 = 9.5 Hz, pyrene), 8.32 – 7.70 (m, pyrene, 
Harom), 7.63 – 7.35 (m, Harom), 5.36 (s, POCH2-pyrene), 
4.20 (s, POCH2), 3.00 (t, J3 = 7.5 Hz, CH2,aliphatic), 2.91 (t, J3 
= 7.5 Hz, CH2,aliphatic), 2.88 – 1.17 (m, PDEVP), 1.40 (s, 
POCH2CH3) 

33.2, 32.0 100 

2 
Pyrene-PDEVP 

(600 eq.) 

8.48 – 7.69 (m, pyrene, Harom), 7.64 – 7.35 (m, Harom), 5.35 
(s, POCH2-pyrene), 4.18 (s, POCH2), 2.88 – 1.19 (m, 
PDEVP), 1.38 (s, POCH2CH3) 

33.2 100 
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General procedure: Conversion of polymer-bound cysteamine linker with activated folate species[6] 

 

 

 

5.00 equivalents of folate-NHS and 6.00 equivalents of triethylamine were added to a solution of 1.00 equivalent of the stated 

cysteamine-containing poly(diethyl vinylphosphonate) in dimethyl sulfoxide (20.0 mL solvent per 1.00 g polymer). The mixture 

was stirred for 48 hours at 50 °C and subsequently purified via dialysis against deionized water. The dialysate was replaced 

after two and four hours. Following, the mixture was dialyzed over night and the resulting solution was lyophilized. The non-

fluorescent polymer samples were prepared accordingly and their characterization can be found in the corresponding 

literature.[6] 

 

Table S8. Chemical shifts of fluorescent, folate-containing PDEVP in 1H- und 31P-NMR  

 

Substrate 1H-NMR (500 MHz, CD3OD, 300K) δ [ppm] 
31P-NMR (203 MHz, CD3OD, 

300 K) δ [ppm] 

1 
Pyrene-PDEVP 

(100 eq.) 

8.70 (s, pteridine), 8.42 – 7.24 (m, pyrene, folic acid, Harom), 6.78 – 6.63 (m, 
Harom), 5.39 – 5.31 (m, POCH2-pyrene), 4.66 (s, CH2NH2), 4.43 (s, CH2NH), 
4.18 (s, POCH2), 3.10 – 1.02 (m, PDEVP), 1.41 – 1.35 (m, POCH2CH3) 

33.2, 32.3 

2 
Pyrene-PDEVP 

(600 eq.) 

8.70 (s, pteridine), 8.62 – 7.82 (m, pyrene, folic acid, Harom), 7.76 – 7.41 (m, 
pyrene, folic acid, Harom), 6.79 – 6.64 (m, Harom), 5.38 – 5.31 (m, POCH2-
pyrene), 4.60 (s, CH2NH2), 4.42 (s, CH2NH), 4.18 (s, POCH2), 3.18 – 1.18 
(m, PDEVP), 1.38 (s, POCH2CH3) 

33.2 

 

Table S9. PDI and yield of fluorescent, folate-containing PDEVP 

 
Substrate PDI Yield [%] 

1 
Pyrene-PDEVP 

(100 eq.) 
1.11 74 

2 
Pyrene-PDEVP 

(600 eq.) 
1.11 73 
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3.3 Investigation of thermoresponsive behavior of the polymer substrates 

In the following the LCST measurements in aqueous solution of the non-fluorescent (Figure S1) and the fluorescent 

substrates (Figure S2) are shown. The corresponding measurements of the fluorescent and non-fluorescent polymer samples 

in DMEM/PBS (2:1) are illustrated analogously in figures S3 and S4. In all cases the short-chain substrates (100 eq.) are 

compared to the analogous long-chain polymers (600 eq.). 

 

Figure S1. Determination of the cloud points of the non-fluorescent PDEVP samples in aqueous solution. The cloud point was determined at 
10% decrease of transmittance for aqueous solutions of the polymer substrates (2.50 mg/mL). 



SUPPORTING INFORMATION          

10 

 

 

Figure S2. Determination of the cloud points of the fluorescent PDEVP samples in aqueous solution. The cloud point was determined at 10% 
decrease of transmittance for aqueous solutions of the polymer substrates (2.50 mg/mL). 

 
Figure S3. Determination of the cloud points of the non-fluorescent PDEVP samples in DMEM/PBS (2:1). The cloud point was determined at 
10% decrease of transmittance for DMEM/PBS solutions of the polymer substrates (2.50 mg/mL). 
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Figure S4. Determination of the cloud points of the fluorescent PDEVP samples in DMEM/PBS (2:1). The cloud point was determined at 10% 
decrease of transmittance for DMEM/PBS solutions of the polymer substrates (2.50 mg/mL). 

4. In vitro experiments 

4.1 Cell culture 

 
In vitro studies on polymer samples were performed in HEK-293 and HMEC cells (ATCC). Cells were cultured in Dulbecco’s 

Modified Eagle Medium (Life Technologies) equipped with 10% (v/v) Fetal Bovine Serum (Biochrom) and 1% 

Penicillin/Streptomycin 10000 U/mL /10000 µg/mL (Biochrom) at 37 °C in a humidified atmosphere containing 5% CO2. For 

splitting and sub-culturing of cells Trypsin 0.05%/EDTA 0.02% in PBS (PAN Biotech) was used.  

4.2 Cell viability studies 

 
The growth inhibition of the polymer samples on HEK-293 and HMEC cells, was determined by analyzing their cell viability in 

presence of increasing polymer concentrations (0.078 mg/mL to 5.00 mg/mL). Prior to the addition of the polymers, the cells 

were cultured for 24 h in 96 well flat bottom plates (TPP) with a density of 20000 cells/well or 10000 cells/well (for 48 h). After 

24 or 48 hours of incubation at 37 °C in a humidified atmosphere with 5% CO2, the cell viability of the treated cells was 

determined using the 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide reagent (MTT) (Sigma Aldrich). 

Therefore, MTT was dissolved at a concentration of 5 mg/mL in RPMI-1640 without phenol red (Life Technologies). PBS 

treated cells were used as positive control (100% viability). DMSO treated cells were used as negative control (0% viability). 

After 3 h of incubation with 50 µL of MTT per well at 37 °C, the blue formazan crystals were dissolved for 15 min on a plate 

shaker at 550 min-1 with 100 µL 0.04 N HCl in isopropanol and exclusion of light. Following the absorbance of each well was 

measured at 570 nm with 690 nm as background wavelength at a Tecan Genios Plus plate reader. Shown are mean values of 

at least three independent biological replicates and the respective standard deviations are indicated. 
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Figure S5. Cell viability of HEK-293 cells after 24 h (left) and 48 h (right) of incubation with fluorescent polymer samples. 
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Figure S6. Cell viability of HMEC cells after 24 h (left) and 48 h (right) of incubation with fluorescent polymer samples. 

4.3 Viability studies on the impact of heat shock treatment with LCST polymers on cells 

In preparation for the MTT assay, the cells were treated as mentioned under 6.2. After the incubation for 24 h with the 

polymer samples, the cells were heated to 42 °C for 1.5 h. Half of the plates were then measured as described before and the 

second half was cooled and stored at 37 °C for regeneration for 24 h. After these 24 h, the MTT assay was performed as 

usual.  
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Figure S7. Cell viability of HEK-293 cells after 24 h incubation with polymer samples, followed by 1.5 h heat shock (left) and 1.5 h heat shock 
with 24 h regeneration at 37 °C (right). 
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Figure S8. Cell viability of HMEC cells after 24 h incubation with polymer samples, followed by 1.5 h heat shock (left) and 1.5 h heat shock 
with 24 h regeneration at 37 °C (right). 
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Figure S9. Cell viability of HEK cells after 24 h incubation with fluorescent polymer samples, followed by 1.5 h heat shock (left) and 1.5 h heat 
shock with 24 h regeneration at 37 °C (right).   
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Figure S10. Cell viability of HMEC cells after 24 h incubation with fluorescent polymer samples, followed by 1.5 h heat shock (left) and 1.5 h 
heat shock with 24 h regeneration at 37 °C (right). 
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4.4 Confocal microscopy 

 
For microscopic studies, the HMEC-1 cells were cultured for 24 h in 8-well glass chamber slides (Nunc). Subsequently, they 

were treated with a total concentration of 1.25 mg/mL of fluorescent polymer sample, dissolved in PBS, for 4 h at 37 °C. After 

this incubation time the polymers were removed, the cells were washed with PBS and fixed with 4% Paraformaldehyd in PBS 

for 10 min. Thereafter, the cells were washed with DMEM/FBS for 10 min for blocking and twice with PBS. The first staining 

step was 30 min CMFDA (Molecular Probes) leading to global cytoplasma staining and mouse anti-human HLA-class I 

antibody W6/32 (Professor Nößner’s lab) leading to plasma membrane staining, dissolved in serum-free medium at 37 °C. To 

remove free stain and antibody three PBS washing steps were conducted, followed by the addition of the rhodamine redTM-x-

conjugated goat anti-mouse IgG antibody (RRX from Jackson Immuno Research Laboratories, INC.) for 30 min in serum-free 

medium at 37 °C. After three more washing steps, the chambers were removed, Vectashield (Vector Laboratories, Inc.) and 

the cover slip were put on top of the microscope slide. The measurements were performed on a Leica TCS SP5 confocal 

microscope with 63x magnification, using the sequential acquisition mode for CMFDA and RRX.  

 

            

Figure S11. Confocal microscopy images of CMFDA only without W6/32 antibody (left), and CMFDA plus W6/32 antibody with RRX (right) 
stained HMEC-1 cells all without polymer addition as control samples. The four panels show the CMFDA (top left), the RRX (top right), the 
polymer channel (bottom left) and the merge of all three detection channels (bottom right). 
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Figure S12. Confocal microscopy images of whole cell region of interest analysis (ROI) (left) and of single cell wall ROI analysis (right). 
HMEC-1 cells were stained with CMFDA, anti-HLA-class I antibody (RRX) and cholesterol-anchored fluorescent PDEVP.  

 

        
Figure S13. Fluorescence intensity of the ROI analysis shown in Figure S12 (CMFDA was omitted for clarity). 
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