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ABSTRACT: α,ω-Functionalized block copolymers create various
opportunities across myriads of applications such as linkers for
targeted drug delivery systems. Combining them with the
exceptional properties of polyvinyl phosphonates, such as high
control over polymer architecture and biocompatibility, further
reinforces their benefits. This study focuses on synthesizing the α-
allyl-ω-TMSpropargyl-block-co-polymer P(DAlVP-DEVP-
DPrTMSVP) by rare-earth metal-mediated group transfer
polymerization. The monomers involved in this process are
functionalized diallyl vinyl phosphonate (DAlVP) and dipropargyl
vinyl phosphonate (DPrTMSVP), as well as hydrophilic diethyl
vinyl phosphonate (DEVP), enabling the incorporation of diverse
functionalities into the polymer structure. Click chemistry,
including azide-alkyne cycloaddition (AAC) and thiol-ene reactions, facilitates specific and controlled modifications of polymer
side chains. Various model substrates, such as benzyl azide, 3-azido-7-hydroxycoumarin, and cysteamine, show the scope of these
modifications. The potential in (bio)medical applications is proven with the polymer−biomolecule conjugate α-cholesteryl-ω-folate-
block-co-polyvinyl phosphonate, exhibiting remarkable biocompatibility. Our versatile approach also establishes a synthetic platform
for drug delivery systems, for instance, in targeted therapy.

1. INTRODUCTION
Precisely defined and highly functionalized polymers exhibit a
high potential in various applications, including biomedical
administrations and delivery systems.1−3 In addition to
forming amphiphilic block copolymer-based systems such as
micelles and polymersomes, there is great interest in the
surface modification of liposomes and polymersomes using
specially designed polymer substrate conjugates.3−7

One extensively utilized polymer for these purposes is
poly(ethylene glycol) (PEG), which is well established as a
precursor for therapeutic agents and highly valuable in
designing targeted drug delivery systems. PEGylation, the
covalent and noncovalent attachment of PEG to different
biologically relevant motifs, offers several advantages, such as
increasing half-life, reducing immunology, improving solubility,
and enhancing stability.8 PEG also plays a crucial role in site-
specific targeting therapeutics and enables the modification of
nanoparticles.9,10 Functionalized macromolecule conjugates
are often based on precursor polymers with (different)
functional end groups, including both homo (same functional
groups on both chain ends) and hetero bifunctional (different
functional moieties) systems achieved through initiator/
terminating agents or by postpolymerization approaches.11,12

Another option for equipping linear polymers with multi-
functional units is using triblock copolymers of the ABC type,
allowing the incorporation of three different blocks with
distinct functionalities and properties.13 This structure
provides a broad range of synthetic options for the sequential,
orthogonal functionalization of the blocks with varying
functional groups and the potential to access self-assembled
nanostructures.14,15 Achieving precise control over the
distribution and placement of functional moieties along the
macromolecular backbone offers the opportunity for well-
defined polymer conjugates through targeted orthogonal
modification.
“Click” chemistry, introduced by Sharpless and co-workers

in 2001, shows a valuable concept for subsequent functional-
ization of various polymeric materials.15,16 It provides high
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regio- and stereoselectivity, excellent yields under mild reaction
conditions, and the possibility to obtain the final structure in
few simple steps in a high-yield and reasonable time scale.15,17

“Double click reactions” enable the orthogonal functionaliza-
tion of macromolecules by utilizing two chemically and
mechanistically different click reactions to ensure the targeted
modification of the polymer side chains.17−19 One promising
strategy is the combination of a thiol-ene click reaction and
azide-alkyne cycloaddition (AAC).
Polyvinyl phosphonates also provide a versatile platform for

functionalized polymers and enhance properties in new and
smart materials. These macromolecules possess notable
characteristics, including high biocompatibility,20−24 good
solubility in water, and a tunable lower critical solution
temperature (LCST).25 Moreover, the presence of two
functionalizable motifs per monomer unit allows doubling of
the attached molecules per repeating unit, resulting in a higher
loading capacity. Our group has successfully achieved well-
defined, high molecular-weight polyvinyl phosphonates via
living rare-earth metal-mediated group transfer polymerization
(REM-GTP).25−30 This method enables excellent control over
the polymer microstructure in terms of copolymer composition
and the creation of block structures with various functional
monomers while maintaining a narrow polydispersity. Besides,
various modification options are available, including end-group
functionalization with different initiators functionalized with
azides, allyl groups, or other protected reactive groups.21,31−34

Moreover, modifying polymers through postpolymerization
functionalization or incorporating diverse functional monomer
units is feasible.35,36 Furthermore, amphiphilic block copoly-
mers containing polyvinyl phosphonates have been studied for
their micellar formation, loading and release behavior, and
modification options.20,23,37−39 Postpolymerization functional-
ization also allows the attachment of different biologically

active substrates to the polymer. The successful synthesis of a
polymer−biomolecule conjugate involving folic acid or
cholesterol has been achieved via thiol-ene click chemistry
on a vinyl-containing polymer end group, followed by
investigations on the localization of these polyvinyl phospho-
nate conjugates in HMEC-1 cells.21,40

This study capitalizes on the advantages of precision
polymerization via REM-GTP for the selective introduction
of allyl and propargyl moieties into terpolymers, which serve as
flexible anchors for the selective incorporation of (biological)
substrates.41 To this end, monomers containing functional
groups, such as diallyl vinyl phosphonate (DAlVP, 1) and di
trimethylsilyl propargyl vinyl phosphonate (DPrTMSVP, 3),
are chosen. By combining these monomers with diethyl vinyl
phosphonate (DEVP, 2), which contributes to the enhanced
water solubility of the final polymer structure, the block-co-
polyvinyl phosphonate P(DAlVP-DEVP-DPrTMSVP) P3 is
synthesized.
These α,ω-block copolymers enable orthogonal functional-

ization through AAC followed by a thiol-ene click reaction,
opening the pathway for site-specific introduction of different
model substrates. The postpolymerization functionalization
and sequential modification of the propargyl groups containing
polyvinyl phosphonate P4 is tested using aromatic benzyl azide
and the dye 3-azido-7-hydroxycoumarin as model substrates.
Furthermore, the functionalization of the allyl groups with
cysteamine is confirmed. To advance toward a biological
application of these polymers, modification with cholesterol, an
essential compound of the cell membrane,42,43 and folic acid,
which specifically targets the folic-acid receptor (FR-α) and is
a well-known drug-delivery targeting group, are investi-
gated.44−46

Figure 1. Sequential REM-GTP of DAlVP, DEVP, and DPrTMSVP with the CH-bond activated species of Cp2YCH2TMS(thf) at room
temperature (A). Comparison of 1H NMR spectra (B) for P(DAlVP) P1, P(DAlVP-DEVP) P2, and P(DAlVP-DEVP-DPrTMSVP) P3. 1H NMR
signals of monomers DAlVP (blue), DEVP (green), and DPrTMSVP (orange) are highlighted.
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2. RESULTS AND DISCUSSION
2.1. Synthesis of α-Allyl-ω-TMSpropargyl-block-co-

polyvinyl Phosphonate P(DAlVP-DEVP-DPrTMSVP). The
controlled incorporation of allyl and propargyl functionalized
monomers to form the hetero terpolymer is facilitated by the
living character of REM-GTP, allowing a sequential addition of
different monomers due to the constant coordination of the
growing polymer chain at the catalyst center. After quantitative
C−H bond activation of Cp2YCH2TMS(thf) with 2,4,6-
trimethylpyridine in toluene is confirmed via nuclear magnetic
resonance (NMR) spectroscopy, the initial monomer DAlVP is
introduced.47 A limited number of five monomer units is
employed to maintain the water solubility of the final polymer.
Consequently, the hydrophilic DEVP core is polymerized
before introducing the newly developed vinyl phosphonate
DPrTMSVP (Figure 1A). To avoid catalyst decomposition by
the acidic proton of the propargyl group upon polymerization,
the monomer is previously protected with a trimethylsilyl
(TMS) group. This enables the polymerization of a third short
polymer block, consisting of propargyl-functionalized vinyl
phosphonate 3, thereby introducing a second modification
handle and, finally, the synthesis of α-allyl-ω-TMSpropargyl-
block-co-polymer P3.
To verify the block structure of polymer P3, the conversion

of each monomer is assessed via NMR after every polymer-
ization step (Figure 1B). The disappearance of the vinyl group
in the 1H NMR spectra and the absence of the monomer signal
in the 31P NMR spectra indicate complete monomer
conversion (Figure S5). This allows for the addition of the
following monomer. While the first monomers, DAlVP and
DEVP, exhibit living character and achieve full conversion, the
polymerization of DPrTMSVP does not proceed to full
conversion. It is assumed that although the polymerization is
the preferred reaction, the trimethylsilyl-1-proparyl side chain
of DPrTMSVP can also interact with the catalyst through C−
H activation at the CH2-position, thereby terminating the
polymerization process.48 Nonetheless, incorporating an
adequate amount of propargylic-modified monomer 3 into
the terpolymer P3 is possible. The 1H NMR spectra display
signals indicative of the allylic side groups in the range of 5.04
to 5.87 ppm (DAlVP), as well as the trimethylsilyl protecting
group at 0.13 ppm (DPrTMSVP). Furthermore, the CH2
group of the respective monomers in P3 can be observed at
4.08 (DEVP), 4.49 (DAlVP), and 4.79 ppm (DPrTMSVP),
enabling the precise determination of the exact monomer
composition.
By correlating the above signals with those from the

trimethylpyridine initiator, it becomes feasible to determine
the monomer composition of DAlVP/DEVP/DPrTMSVP =
5:110:2 through spectral analysis. Additionally, successful
polymerization toward P3 and the absence of homopolymers
are confirmed using diffusion-ordered NMR spectroscopy
(DOSY-NMR) (Figure S6). Furthermore, the determination
of the number-average molecular weight (Mn) and narrow
polydispersity (PDI) for the polymers P2 and P3 is carried out
via size-exclusion chromatography multiangle light scattering
(SEC-MALS) (Figures S7 and S8). Dynamic light scattering
(DLS) determines that terpolymer P3 undergoes self-
aggregation into micelles due to the hydrophobic nature of
the trimethylsilyl group (Figure S9). Comparing DLS
measurements between polymers P2 and P3 reveals that the
diblock copolymer P2 does not exhibit self-assembly behavior,

whereas P3 forms micelles with an approximate size of 100 nm
(Figure 2B).

2.2. Deprotection. Before functionalization, the removal
of the trimethylsilyl group from the PDPrTMSVP block is
required to give access to the desired polymer−substrate
conjugates. For the deprotection of the propargyl groups, P3 is
dissolved in methanol, followed by the addition of potassium
carbonate. The reaction mixture is stirred at room temperature
overnight. The reaction demonstrates full conversion, as
confirmed by 1H NMR analysis, where the signals of the
TMS group at 0.13 ppm and the CH2 group at 4.79 ppm
disappear entirely (Figures 2C and S10). The SEC-MALS
analysis of polymer P4 provides evidence that the polymer
backbone remains unaffected by the reaction conditions and is
fully preserved (Figure S13). The DLS measurements confirm
no micelle formation in polyvinyl phosphonate P4 (Figure
2B). To sum up, the results indicate the successful and
complete deprotection of the propargyl groups.
2.3. Orthogonal Functionalization of α-Allyl-ω-prop-

argyl-block-co-polyvinyl Phosphonate. After successfully
synthesizing polyvinyl phosphonate P4 as an unmodified
polymer with well-defined quantities of functionalized
monomers, the subsequent step involves testing the orthogonal
functionalization of P4. To ensure the targeted introduction of
diverse substrates, modifying the propargyl groups through
AAC is beneficial before performing thiol-ene click reactions
on the allyl groups (Figure 3). This approach prevents
unwanted thiolyne click reactions between the propargyl
groups and the utilized thiols. To screen the AAC, benzyl azide
(4) is employed as a model substrate due to its distinct
aromatic signals in 1H NMR spectroscopy.
The modification of the alkyne groups of the polymer P4

through AAC is achieved via thermal activation following the
Huisgen method.49 The thermal activation approach success-
fully eliminates the need to deal with potential metal catalyst
contaminations, which would be particularly crucial for later

Figure 2. Overview of deprotection of DPrTMSVP in terpolymer P3.
Conditions (A): (a) K2CO3, rt, and overnight [MeOH]. DLS
measurements (B) of the polymers P2 (light blue), P3 (dark blue),
and P4 (orange) and the extract of the 1H NMR spectra (C) of P3
and P4.
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biomedical applications. Consequently, the polymer and azide
derivative 4 are heated overnight to facilitate the reaction.
Upon purification, the 1H NMR spectrum reveals a signal
ranging from 7.24 to 7.69 ppm, indicating the presence of
aromatic protons from the conjugated benzylic group.
Furthermore, the effectiveness of the postpolymerization
functionalization can be assessed by the weak signal at 8.57
ppm, corresponding to the newly formed triazole (Figure S19).
However, due to the low proportion of substrate molecules
attached to the polymer and their weak signals, a quantitative
analysis of the reaction is not feasible. Nevertheless, the
confirmation of successful side-chain functionalization can be
inferred based on additional evidence from DOSY-NMR
experiments (Figure 4A). It can also be shown that modifying
the polymer by the method above did not lead to
decomposition of the parent block copolymer (Figures S20−
S22). Additionally, the cycloaddition of propargyl groups in
polyvinyl phosphonate is confirmed by coupling a water-
soluble azide-containing dye, specifically 3-azido-7-hydroxy-
coumarin (5). This verification is conducted under reaction
conditions identical to those of the previous Huisgen click
reaction with benzyl azide 4, and the resulting product is
purified via dialysis against water. The successful synthesis of
polyvinyl phosphonate P6 is demonstrated using 1H NMR
spectroscopy, wherein the spectrum exhibited aromatic signals
ranging from 6.62 to 7.79 ppm, as well as the newly formed
triazole signal around 8.47 ppm (Figure S23). Additionally, the
DOSY-NMR spectrum confirms the successful conjugation by
presenting identical diffusion coefficients for the signals
corresponding to the polymer and substrate 5 (Figure 4B).
Furthermore, the dye-functionalized polymer P6 is subjected
to absorption (Figure 4C) and fluorescence (Figure 4D)
spectroscopy. The absorption spectrum unveils an absorption
band at approximately 250 nm and another band at 320 nm,
which indicates the conjugate dye 5. The emission spectrum
exhibits a prominent fluorescence band at 490 nm.

Collectively, these spectra provide further evidence supporting
the presence of the dye within the polymer. To conclude, the
functionalization of the propargyl group via Huisgen cyclo-
addition is achieved on the block copolymer backbone.
Following the introduction of substrates through azide-

alkyne cycloaddition, the allyl groups undergo targeted
modification by a second structural motif via the thiol-ene
click reaction. For this purpose, the amino acid L-cysteine (6)
is chosen as a thiol, which can also be used for coupling
different modified amino acid sequences and thus opens the
possibility of peptide functionalization of polyvinyl phospho-
nates.50,51 For the modification, the radical reaction of
polyvinyl phosphonate P5 and substrate 6 is initiated by the
water-soluble initiator 4,4′-azobis(4-cyanopentanoic acid)
(ACPA). In contrast to previous studies,35 only 1.2 equiv of
cysteine is used for each allyl group present in the polymer to
prevent thiol-yne click side reactions with unreacted propargyl
groups. The success of the synthesis is determined by the
NMR analysis of the purified polymer after dialysis. In the 1H
NMR spectrum, the signals assigned to the allyl groups at 4.60,
5.46−5.20, and 6.01 ppm have disappeared completely,
suggesting quantitative conversion of the allyl groups (Figure
S10).
2.4. Application-Oriented Approach�α-Cholesteryl-

ω-folate-block-co-polyvinyl Phosphonate. Drawing inspi-
ration from the successful end-group postpolymerization
functionalization of PDEVP with folic acid (FA) and
cholesterol and considering the diverse applications of PEG-
modified biomolecules, we synthesize an α-cholesteryl-ω-
folate-block-co-polyvinyl phosphonate (Figure 5).21,52,53 This
novel copolymer confirms the sequential functionalization
strategy based on orthogonal click reactions for the creation of
biologically active systems. In this context, coupling of folic
acid to the polymer through the radical thiol-ene click reaction
is not possible due to the role of FA as a free radical
scavenger.54 Alternatively, attachment of the folic acid

Figure 3. Overview of the synthetic pathway of postpolymerization functionalization of polyvinyl phosphonate P4. (a) Benzyl azide (4), 110 °C,
overnight [DMF], (b) 3-azido-7-hydroxycoumarin (5), 110 °C, overnight [DMF], and (c) cysteine (6), ACPA, 70 °C, overnight [THF/MeOH].
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derivative to the polymer does not exhibit a modification of the
allyl groups with a second substrate in subsequent thiol-ene
click reactions due to the above-mentioned reasons.
Therefore, we initiated the functionalization process by

modifying the protected terpolymer P3 through a thiol-ene
click reaction with thiocholesterol (Chol-SH, 7). To prevent
thiol-ene click reactions with the propargyl groups present in
the polymer, we apply the protected terpolymer P3, in which
TMS groups still shield the mentioned functional groups.55−57

Deprotection of these moieties is performed after functional-
ization of the allyl bonds. Additionally, we use only 0.9 equiv of
cholesterol 7 relative to the allylic groups in the polyvinyl
phosphonate during the thiol-ene click reaction. This approach
avoids excessive thiols that can react with the alkyne groups.
Moreover, a high degree of functionalization negatively affects
the solubility of the polymer−biomolecule conjugate and
hinders further applications. In the experiment, terpolymer P3
reacts with thiocholesterol in the presence of the photoinitiator
2,2-dimethoxy-2-phenylacetophenone (DMPA). 1H NMR
spectroscopy of polyvinyl phosphonate P8 demonstrates 75%

conversion of the allylic side groups by comparing the
spectrum with polymer P3. This conversion is confirmed by
the decrease in signals corresponding to the allyl groups in the
range of 5.04 to 5.87 ppm and the prominent signals of the
cholesterol methyl groups from 0.81 to 0.99 ppm (Figure 6).
Additionally, DOSY-NMR investigations of polyvinyl

phosphonate P8 demonstrate that the cholesterol moiety, as
well as the polymer signals, exhibits the same diffusion
coefficient (Figure S38). The cholesterol-functionalized
polyvinyl phosphonate P8 is not soluble in water due to the
presence of two hydrophobic functionalized polymer chain
ends, namely, the TMS groups on one side and the lipophilic
cholesterol conjugates on the other.
Before the modification with folic acid, the propargyl groups

of the polymer P8 are subjected to deprotection of the TMS
groups, following the same procedure as that for polyvinyl
phosphonate P3. The complete conversion is confirmed for
polymer P9 via 1H NMR spectroscopy (Figure 6). Addition-
ally, the DLS analysis demonstrated that upon the removal of
the hydrophobic TMS groups, the polyvinyl phosphonate

Figure 4. DOSY-NMR spectra of polyvinyl phosphonate P5 (A) and P6 (B). Polyvinyl phosphonate (blue) and substrates (orange) are
highlighted. UV−vis (C) and fluorescence (D) spectra of P6 (blue) and 3-azido-7-hydroxycoumarin (orange).
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regained its amphiphilic nature, forming micelles. Notably, the
core of the micelles is constituted by the cholesterol-modified

block of the polymer (Figure S18). Following the deprotection
of the propargyl groups, azido folate 8 needs to be attached to

Figure 5. Overview of the synthetic pathway of orthogonal functionalization of terpolymer P3. (a) Thiocholesterol (7), DMPA, rt, λ = 365 nm,
overnight [THF/MeOH], (b) K2CO3, rt, overnight [MeOH], and (c) folic acid azide (8), 110 °C, overnight [DMF].

Figure 6. Comparison of 1H NMR spectra of the polymers P3, P8, and P9. Monomers DAlVP (blue), DEVP (light green), DPrTMSVP (orange),
as well as cholesterol (dark green), are highlighted.
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them in a manner orthogonal to the cholesterol moieties.
Considering the previously mentioned reasons, the terminally
initiated Huisgen cycloaddition is selected as the preferred
method and executes under the same reaction conditions as
those used for P5 and P6. The synthesis of the azido-
functionalized folic acid derivative 8 follows an established
procedure described in the literature.45 After complete
purification of the polymer−biomolecule conjugate P10,
confirmation of the successful coupling of the folic acid is
achieved through meticulous 1H NMR analysis. In the
aromatic region of the NMR spectrum, distinct signals are
observed at chemical shifts between 6.64 and 8.37 ppm,
corresponding to characteristic resonances of folic acid. A
signal attributed to the triazole moiety formed during the
cycloaddition reaction is also identified at 7.56 ppm (Figure
S28). However, owing to the relatively low proportion of folic
acid within the polymer conjugate P10 and the significantly
reduced signal intensity of the functional groups in the NMR
spectrum, a quantitative analysis of the functionalization
degree is impossible. The covalent incorporation of the folic
acid derivative 8 into the polymer is further confirmed by
DOSY-NMR, as evidenced by its similar diffusion coefficient to
that of the polyvinyl phosphonate (Figure S30). This
observation not only indicates successful integration but also
ensures the purity of the sample. Moreover, the polymer−
biomolecule conjugate P10 is analyzed using UV−vis and
fluorescence spectroscopy. The UV−vis spectrum revealed two
characteristic absorption bands in the range of 250−300 and
300−400 nm, corresponding to the π−π* and n−π* electronic
transitions, respectively, of the pterin and p-amino benzoyl acid
moieties of the folic acid (Figure 7A).58 Moreover, the
fluorescence spectra displayed an emission maximum at 465
nm, exhibiting a noticeable shift compared with the pure folic
acid (λmax ≈ 451 nm) (Figure 7B). Notably, the exclusively
cholesterol-functionalized polyvinyl phosphonate P9 shows no
signals in the fluorescence and UV−vis spectra. Furthermore,
DLS determines that the polymer is capable of self-assembly
and forms micelles with a cholesterol core (Figure S32).
Finally, the cytotoxicity of the unmodified polymers P3 and

P4, along with the cholesterol and folic acid-functionalized
polyvinyl phosphonates P9 and P10, is examined on cells. This
assessment stands as a crucial determinant for the potential
biomedical applications of these materials. Cell viability assays
are performed using a spontaneously immortalized human
Müller cell line (MIO-M1) by exposing the cells to different
concentrations of the polymers (ranging from 5 to 1750 μg/

mL) after 24 h. The resulting values of the assay are presented
in Figure 7C. Up to a 500 μg/mL concentration, a cell viability
of over 90% is observed for all polymers. Results show that
TMS-protected terpolymer P3 has a higher viability than
100%, but the cell viability decreases as the polymer
concentration increases. Upon deprotection, the resulting
polymer P(DAlVP-DEVP-DPrVP) P4 demonstrates a signifi-
cantly higher viability level of around 100% compared to P3,
indicating the absence of toxicity. The cell viability of the
cholesterol-functionalized polyvinyl phosphonate P9 remains
above 100% across the tested concentration range, indicating
high biocompatibility. However, the addition of folic acid
(P10) as an additional functionalized compound slightly
decreases the obtained viability values. From a concentration
of 1000 μg/mL onward, there is a noticeable decrease in the
cell viability across all polymers. This decline is observed to be
more dynamic in the case of polymers P4 and P10 compared
to P3 and P9. This can probably be attributed to the fact that
higher molecular masses lead to an increase in cell membrane
damage.59 Nevertheless, it is evident that both deprotection
from P3 to P4 and the functionalization of P9 with folic acid
to generate P10 leads to a marked reduction in the cell viability
in their respective cell tests (Figure S39). Preceding tests of
polyvinyl phosphonates yielded promising results, with cell
viability surpassing 50% in MTT assays.21 However, the recent
findings show that all four polymers exhibited a minimum of
78% cell viability following a 24 h treatment with a polymer
concentration of 1 mg/mL. This finding provides valuable
insights into subsequent cellular experiments. This further
emphasizes the positive potential of these materials for
biomedical applications. Additionally, a noteworthy observa-
tion emerges where data points surpassed 100%. These
instances are construed as compelling evidence showcasing
the favorable influence of the polymers on cell growth,
imparting an intriguing dimension to their potential utility in
the field of biomedicine. Overall, it can be concluded that all
evaluated polyvinyl phosphonates (P3, P4, P9, and P10)
display low toxicity. These findings suggest that these polymers
are promising platforms for biological and medical applica-
tions.

3. CONCLUSIONS
In summary, the presented study reports the successful
synthesis of α-allyl-ω-TMSpropargyl-block-co-polyvinyl phos-
phonate P(DAlVP-DEVP-DPrTMSVP) P3, employing the
newly developed vinyl phosphonate DPrTMSVP via REM-

Figure 7. UV−vis (A) and fluorescence (B) spectra of polyvinyl phosphonate P9 (dark blue), P10 (light blue), and folic acid (orange). Cell
viability (C) of MIO-M1 cells after 24 h with the polymers P3 (green), P4 (orange), P9 (dark blue), and P10 (light blue).
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GTP. The sequential polymerization of the terpolymer is
monitored via 1H- and 31P NMR spectroscopy, and the
targeted structure is confirmed via DOSY-NMR spectroscopy
as well as SEC-MALS. Additionally, the amphiphilic nature and
self-assembly of the block copolymer are studied via DLS,
revealing the formation of micelles of 100 nm size.
The modification of propargyl groups after quantitative

cleavage of the TMS groups via the Huisgen click reaction with
benzyl azide and 3-azido-7-hydroxy-coumarin is achieved and
qualitatively demonstrated (Figure 8) via 1H NMR spectros-

copy. The attachment of the fluorescent dye to the polymer is
further confirmed through UV−vis and fluorescence measure-
ments of polymer P6. Moreover, a subsequent thiol-ene click
reaction enabled almost quantitative conversion in functional-
izing the allyl groups with the amino acid cysteine, opening the
possibility of modifying the polymers with various peptide
sequences. As a proof of concept for the functionalization
approach using sequential, orthogonal click reactions on
polyvinyl phosphonates toward potential biomedical applica-
tions, the terpolymer P3 is modified through a thiol-ene click
reaction with cholesterol, converting 75% of the allyl bonds in
the polyvinyl phosphonate. Subsequent deprotection of the
propargyl groups allows for the attachment of folic acid via
AAC, which is confirmed through fluorescence and UV−vis
measurements. Notably, the lipophilic character of cholesterol
contributed to the formation of micelles in modified polymers
P9 and P10. Furthermore, unfunctionalized polymers P3 and
P4 and biologically functionalized polymers P9 and P10
exhibit no cytotoxic behavior. Therefore, the investigated
polyvinyl phosphonates exhibit essential fundamental charac-
teristics. On the one hand, there is potential for further
exploration through orthogonal modifications of α-allyl-ω-
propargyl-block-co-polyvinyl phosphonate P4, allowing for the
incorporation of diverse targeting groups, dyes, peptides,
nucleobases, and other functionalities in various fields of
application. On the other hand, research efforts can be
dedicated to assess the suitability of the modified α-cholesteryl-
ω-folate-block-co-polyvinyl phosphonate P10, for instance, as a
linker for liposome-based drug delivery systems, comparing its
performance with the well-established PEG variant.60
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