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Abstract: Poly(ethylene glycol)-b-polyphosphoester (PEG-b-PPE) block copolymer nanoparticles
are promising carriers for poorly water soluble drugs. To enhance the drug loading capacity and
efficiency of such micelles, a strategy was investigated for increasing the lipophilicity of the PPE
block of these PEG-b-PPE amphiphilic copolymers. A PEG-b-PPE copolymer bearing pendant vinyl
groups along the PPE block was synthesized and then modified by thiol-ene click reaction with thiols
bearing either a long linear alkyl chain (dodecyl) or a tocopherol moiety. Ketoconazole was used
as model for hydrophobic drugs. Comparison of the drug loading with PEG-b-PPE bearing shorter
pendant groups is reported evidencing the key role of the structure of the pendant group on the PPE
backbone. Finally, a first evidence of the biocompatibility of these novel PEG-b-PPE copolymers was
achieved by performing cytotoxicity tests. The PEG-b-PPE derived by tocopherol was evidenced as
particularly promising as delivery system of poorly water-soluble drugs.

Keywords: click chemistry; biodegradable polymer; polyphosphoester; drug-delivery

1. Introduction

The ring-opening polymerization (ROP) of cyclic phosphoesters, especially phos-
phates, into biodegradable and biocompatible aliphatic polyphosphoesters is known since
the 70s and the pioneering works of Penczek [1–5]. Since then, thanks to the devel-
opment of the organo-catalysis, 5-membered cyclic phosphate monomers became very
popular due to their fast and selective polymerization into high molar mass aliphatic
polyphosphoesters (PPE) [6–9]. Thanks to the pentavalency of the phosphorus atom, a
wide diversity of those cyclic monomers can be made available by esterification of 2-chloro-
1,3,2-dioxaphospholane 2-oxide with various alcohols. Many alcohols being available, the
pendant group of aliphatic PPEs can easily be modified, enabling the fine tailoring of a set
of properties such as (bio)degradation rate, solubility in organic solvents and in water, hy-
drophilic/lipophilic balance and reactivity for post-functionalization. If these 5-membered
phosphate rings polymerize efficiently by ROP, their high sensitivity towards hydrolysis
makes their purification more delicate. Fractional distillation is efficient for enough volatile
monomers. Nevertheless, this purification technique is no more valid for high molar mass
monomers exhibiting a high boiling point. Therefore, a two-step approach emerged that
consists in the ROP of a cyclic phosphate substituted by a functional group allowing the
chemical post-modification of the PPE. Efficient reactions that occur in conditions mild
enough to avoid the PPE degradation have to be selected. This is the case for reported
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examples that used the Cu-catalyzed azide-alkyne cycloaddition (CuAAC) [10–12], the
thiol-ene [13–18] or the thiol-yne [19–21] reactions. In this work, we applied the thiol-ene
two-step strategy to obtain PPE with long alkyl pendent chains with the ultimate goal to
drastically increase the lipophilicity of PPE.

Indeed, this work pays attention to amphiphilic diblock copolymers made up of hy-
drophilic PEG and hydrophobic PPE blocks. These copolymers are prone to self-assemble
into nanoparticles in water [22,23] which makes them very attractive for drug delivery
applications. In a previous work, we demonstrated that increasing the length of the PPE
substituent from ethyl to heptyl favorably impacts the size and stability of the nanopar-
ticles [23]. In order to increase further the lipophilicity of the PPE aiming at improving
the PPE affinity for lipophilic drugs, we investigated here the thiol-ene reaction for the
synthesis of new PEG-b-PPE with highly lipophilic PPE block. For that purpose, PEG-b-PPE
bearing butenyl side-groups (PEG-b-PBenEP) synthesized following an already reported
procedure, ref. [23] has been used to investigate the thiol-ene addition of dodecane-1-
thiol (dodec-SH) or a derivative of tocopherol substituted by a thiol function (Toco-SH)
(Scheme 1). The choice of tocopherol, a liposoluble vitamin, is based on its use in the
food and pharmaceutical industries, several drugs being ‘tocophilic’, i.e., exhibit a high
affinity for tocopherol [24], so as for biomedical applications [25–27]. The self-assembly of
these new PEG-b-PPE copolymers into nanoparticles was investigated by dynamic light
scattering and pyrene fluorescent probe spectroscopy. Their potential for loading poorly
water-soluble drugs was proved by selecting ketoconazole as a model drug. Finally, cyto-
toxicity tests by live/dead cell viability assays were performed for both types of copolymers
as a first evaluation of their biocompatibility.
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2. Results
2.1. Synthesis of Thiol Functional Tocopherol (TocoSH)

Owing the straightforward synthesis of well-defined PEG-b-PPE copolymer with
pendent unsaturation on the PPE backbone, the thiol-ene reaction was selected to bring
the lipophilic side-chains by post-functionalization of the PPE. Therefore, lipophilic thiol
derivatives should first be made available. If dodecane-1-thiol (dodecSH) is a commercially
available compound, it is not the case for thiol derivatives of tocopherol. Therefore, we
developed an efficient strategy to introduce a thiol function onto tocopherol.
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The esterification between α-tocopherol and thioglycolic acid, in presence of N,N′-
dicyclohexylcarbodiimide (DCC) and 4-(dimethylamino)pyridine (DMAP) being not efficient
(less than 10% of coupling), even for three days of reaction, we synthesized mercaptoethyl-D-
α-tocopheryl succinate (TocoSH). For that purpose, D-α-tocopheryl succinate (Toco-succ)
was reacted with a slight excess of 2-mercaptoethanol (1.2 eq.), in the presence of DCC
(1.2 eq.) and a catalytic amount of DMAP (0.2 eq.) in CH2Cl2 heated at 35 ◦C for three days
to form the ester linkage, as illustrated in Scheme 2.
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After filtration to remove the dicyclohexylurea formed by the hydration of DCC, the
organic solution was washed with different aqueous solutions: (i) HCl 0.05 M, (ii) satu-
rated NaHCO3 and (iii) water and then dried on Na2SO4. The esterification reaction was
confirmed by proton nuclear magnetic resonance (1H NMR) spectroscopy (Figure 1). The
comparison of the protons of the -O-CH2-ester (peak K) to the signal of the -CH2- of the
tocopherol part (peak M) allows the determination of the reaction yield, which reached 88%.
With both thiols in hands, the post-polymerization thiol-ene reaction onto the PEG-b-PPE
copolymers can be studied.
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2.2. Synthesis of the Starting PEG-b-PBenEP Copolymer

The organocatalyzed homopolymerization of cyclic phosphate bearing various small-
size (<C10) alkyl, alkene or alkyne pendant chains from a PEG macroinitiator being already
well described, [18,23] we applied the previously reported conditions to synthesize the PEG-
b-poly(2-but-3-enoxy-1,3,2-dioxaphospholane 2-oxide) (PEG-b-PBenEP) used as starting
diblock copolymer. The 1H NMR spectrum and the size exclusion chromatography (SEC)
trace of this copolymer are shown in Figures 2a and 3a, respectively. They will be used as a
reference for compa rison with the copolymers obtained after the click reaction with both
thiols as depicted on Scheme 1.
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2.3. Post-Polymerization Functionalization by Thiol-ene Reaction

The thiol-ene click reaction was carried out onto PEG-b-PBenEP under UV irradiation
with an excess of the thiol compounds (1.5 eq. and 4.6 eq. of dodecSH and TocoSH, respec-
tively and in the presence of a catalytic amount of 2,2-dimethoxy-2-phenylacetophenone
(DMPA) as a photo-initiator, in similar conditions previously reported by Wooley et al. [28]
A larger excess of Toco-SH allows to increase the number of tocopherol moieties grafted
onto the butenyl groups of the PPE block. After reaction, the excess of the thiol compound
was easily removed by the repeated precipitation (three times) from CH2Cl2 into cold
diethyl ether, both thiol compounds are well soluble.

The comparison of the 1H NMR spectra before and after thiol-ene reaction with
dodecane-1-thiol is illustrated in Figure 2a,b and shows the completeness of the function-
alization by the total disappearance of the vinyl proton resonances at 5.8 and 5.20 ppm
(labelled A and B in Figure 2a) in Figure 2b and the appearance of the proton resonance
of the dodecane linear chains (between 1.72 and 0.92 ppm, labeled as I, J, K and L, re-
spectively). In addition, the constant integration ratio (I(C+D)/IE) before and after the
click reaction evidences the integrity of the PPE block during the post-polymerization
modification. Moreover, the comparison of the integration of the peak L with the one of
peaks (C+D) confirms the quantitativity of the thiol-ene click reaction.

When the thiol-ene reaction is performed with TocoSH on the PEG-b-PBenEP copoly-
mer, the reaction is only partial as demonstrated by the 1H NMR spectra before and after
the thiol-ene reaction (Figure 2c) where only a partial disappearance of the vinyl proton
resonances (5.8 and 5.1 ppm, as labeled as A and B, respectively) is observed beside the
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appearance of the protons resonance of the tocopherol side-chain (between 2.9 and 0.8 ppm,
labelled as G’, H, I and J). A conjugation efficiency of 60% was calculated by comparing the
intensity of the protons B remaining vinyl groups and E of PEG used as internal reference
and confirmed by the intensity ratio of the peaks E and J coming from the tocopherol. This
conjugation yield is not improved by increasing the irradiation time, the bulkiness of the
tocopherol might be the reason of the limited grafting reaction yield.

SEC analyses of the copolymers after thiol-ene reaction showed peak shifts to shorter
elution time, relative to the block copolymers before the thiol-ene reaction, but no broaden-
ing of the elugram showing that the reaction does not degrade the copolymer, as illustrated
in Figure 3. Indeed, similar bimodal SEC traces were observed for the starting PEG-b-
PBenEP and both copolymers obtained after the thiol-ene reaction. It is noteworthy to
recall that the small peak at low elution time corresponds to a second population of chains,
attributed to the presence of a triblock copolymer (below 10%), PPE-PEG-PPE, due to some
homotelechelic HO-PEO-OH in the commercial MeO-PEO-OH as evidenced by MALDI-
TOF mass spectrometry analysis (Figure S1). Since the separation of this copolymer mixture
is tedious, the starting amphiphilic copolymer was used without further purification for
the thiol-ene reaction. The macromolecular characteristics of the amphiphilic copolymers
obtained after the thiol-ene reaction are summarized in Table 1.

Table 1. Macromolecular characteristics of PEG-b-PPE copolymers after thiol-ene reaction.

RSH
Used

Irradiation
Time
(min)

DP
PEG

DP
PPE

(1H NMR)

Funct.1

Yield
(%)

Mn (SEC)2

g mol−1 Ð (SEC)

DodecSH 45 120 8 100 6900 1.2
TocoSH 60 120 9 60 7300 1.2

1 Thiol-ene reaction yield determined from 1H NMR; 2 Apparent molar mass measured by SEC with
polystyrene standards.

2.4. Thermal Characterization of the Copolymers

Since long alkyl chains were introduced in the copolymers as pendant groups of
the PPE block, they could provide crystallinity to the polyphosphoester block of the
materials. The DSC thermograms of the novel copolymers are shown in Figure 4. Figure 4a
clearly evidences a melting temperature at −3 ◦C for the PEG-b-PdodecS-BEP, the main
crystallization peak at 54 ◦C being due to the PEG block. Such derivatization with a
dodecyl side group appears thus, to impart crystallinity to PPE. In contrast, we showed in
a previous paper [23] that PPE bearing shorter alkyl side chains are all amorphous.
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The DSC curve of the PEG-b-PTocoS-BEP copolymer shows the main melting peak at
52 ◦C corresponding to the crystallization of the PEG block and a slope change observed
at −31.6 ◦C corresponding to the Tg of the PPE block. Even if this Tg value is still below
0 ◦C, it appears at a higher temperature than the one obtained for common PEG-b-PPE
block copolymers (generally Tg < −50 ◦C) [23]. This also evidences the impact of the bulky
pendent chains introduced along the backbone that tend to rigidify the PPE segments.

2.5. Behavior in Water of the PEG-b-PPE Diblock Copolymers

The self-assembly in water of the amphiphilic diblock copolymers before and after the
thiol-ene reaction was first investigated by dynamic light scattering (DLS). The as-obtained
size and the size distribution (PDI) of the self-assemblies in Milli-Q water are reported in
Table 2.

Table 2. Characterization of PEG-b-PPE micelles in water.

Copolymers HLB 1 Dh
2 PDI 3 CMC 4

mol L−1

PEG-b-PBenEP 15.4 (18.7) 220 ± 40 0.318 4.2 × 10−5

PEG-b-PDodecS-BEP 12.9 (14.9) 22 ± 2 0.373 1.1 × 10−7

PEG-b-PTocoS-BEP 10.8 (13.0) 85 ± 1 0.311 8.3 × 10−8

1 HLB calculated by the Griffin equation 20 × [1 −Mn(hydrophobic block)/Mn(total)] considering the polyphos-
phate block as hydrophobic, in bracket, HLB calculated by considering only the pendant group as hydrophobic.
2 Hydrodynamic diameter. 3 Size distribution of nanoparticles in Milli-Q water, measured by DLS for a copolymer
concentration of approximatively 3.5 × 10−4 moL L−1. 4 Critical Micelles Concentration (CMC) in Milli-Q water,
measured by pyrene fluorescence probe spectroscopy.

In line with the previous studies [23], the copolymer with the pendant butenyl groups
forms large and loose aggregates about 220 nm, similar to the corresponding copolymer
bearing the saturated n-butyl groups (Dh = 126 nm, i.e., also above 100 nm). Remarkably,
both novel amphiphilic copolymers self-assembled directly in water into small and well-
defined micelles with a diameter of 22 nm and 85 nm respectively. A similar behavior was
observed for PEG-b-PHEP, a copolymer with a n-heptyl pendant groups on the PPE block
(Dh = 16 nm) [23]. The PDI remains above 0.3 for all the copolymers which could be due
to the presence of the PPE-PEG-PPE triblock. A spherical morphology was observed by
Transmission Electron Microscopy (TEM) for all the three copolymer micelles, as illustrated
in Figure 5.
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Figure 5. TEM images of (a) PEG-b-PBenEP, (b) PEG-b-PDodecS-BEP and (c) PEG-b-PTocoS-BEP self-assembled in water.

The CMC of the amphiphilic copolymers was determined by the pyrene fluores-
cence probe spectroscopy method and is reported in Table 2. Clearly, after the thiol-ene
post-polymerization modification, the micellization occurred at a concentration two and
three orders of magnitude lower owing to the increased hydrophobicity of the PPE seg-
ment. The very low CMCs, 1.1 × 10−7 and 8.3 × 10−8 moL/L respectively and the small
size of the formed self-assemblies of the PEG-b-PDodecS-BEP and PEG-b-PTocoS-BEP



Molecules 2021, 26, 1750 7 of 14

amphiphilic copolymers make them both promising candidates for carriers of poorly
water-soluble drugs.

2.6. Ketoconazole Encapsulation and Release

The key advantage of such polymer micelles is their ability to solubilize hydrophobic
drugs into their core. Yang et al. [22] previously reported on the impact of increasing the
alkyl chain length (from n-butyl to n-octyl) on the release profile of doxorubicin. Neverthe-
less, the report on the loading capacity (LC) of these different micellar systems is lacking.
Hence, the loading capacity of a highly hydrophobic antifungal agent, ketoconazole (sol-
ubility in water 0.025 mmoL/L; log P = 4.3) [29], used as model drug, was investigated
for the three PEG-b-PPE block copolymers. For that sake of comparison, the ketocona-
zole LC was also determined for amphiphilic PEG-b-PPE with the same polymerization
degree for both blocks but exhibiting different pendant groups on the PPE block, i.e.,
PEG-b-PButEP (n-butyl as pendant groups), PEG-b-PHEP (n-heptyl as pendant groups).
The 1H-and 31P NMR spectra (Figures S2 and S4 in Supplementary Materials) and SEC
analysis (Figures S3 and S5) of these copolymers used in the present study are given as
Supporting Information.

The preparation of ketoconazole-loaded nanoparticles was conducted either by direct
dissolution in water or by means of an organic co-solvent as more commonly reported to
increase the LC [30]. Dichloromethane (CH2Cl2) was selected as co-solvent since it is a
good solvent for both the copolymer and ketoconazole and because it has a low boiling
point allowing its elimination by evaporation. Table 3 summarizes the LC in self-assembled
micelles obtained via both processes for each copolymer system of decreasing HLB.

Table 3. Drug loading content (LC) of micelles prepared by direct dissolution and by solvent
evaporation for copolymers of increasing HLB.

Copolymers LC (%, w/w)
by Direct Dissolution

LC (%, w/w)
by Solvent Evaporation

PEG-b-PButEP 0.53 ± 0.01 0.60 ± 0.02
PEG-b-PBenEP 0.64 ± 0.02 1.36 ± 0.06
PEG-b-PHEP 1.10 ± 0.03 1.41 ± 0.02

PEG-b-PDodecS-BEP 1.45 ± 0.01 2.11 ± 0.01
PEG-b-PTocoS-BEP 2.04 ± 0.03 4.28 ± 0.02

For all the systems, the use of the co-solvent for the micelles preparation enhanced the
ketoconazole LC as compared to the direct dissolution in water. Indeed, due to the high
hydrophobicity of ketoconazole, it has an extremely low solubility in water. When using
an organic co-solvent, the LC is sensibly increased.

Comparing the copolymers bearing n-butyl or butenyl side-chains evidences that
the presence of a vinyl function on the side chain has a marked influence on the LC of
ketoconazole. While they have the same HLB, a higher loading is observed for butenyl side
groups. Based on the structure of ketoconazole, π-π interactions between the aromatic rings
and the vinyl group of the side-chains would favorably influence the drug encapsulation.
The LC is also clearly improved when the length of the alkyl pendant group on the PPE
block is increased whatever the micelles preparation processes (Table 3, top to bottom).
Remarkably, the PEG-b-PTocoS-BEP encapsulates more ketoconazole than all the other
tested PEG-PPEs, whatever the preparation process. The ketoconazole LC is increased by
a factor 2 and 3 when 60% of the butenyl are derivatized by the tocopherol. That might
be due to synergistic effects of (i) increasing the core hydrophobicity and (ii) providing
unsaturations for π-π interactions with the ketoconazole. This clearly highlights that not
only the increase of the HLB, by increasing the length of the pendant groups, favors the LC
but also the possible specific interactions between the drug and the tailor-made side chains.

The ketoconazole release profiles from the various particles prepared by solvent
evaporation are compared on Figure 6. In most cases, a fast release is observed whatever
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the copolymer, about 80% or more of the loaded content is released after 20 h. In contrast, a
slower release without Burst effect is observed in the case of PEG-b-PTocoS-BEP micelles.
Indeed, these micelles released only 9% during the first three hours. After these three first
hours, the ketoconazole release rate is very similar to obtain a percentage of release of
about 60% after 20 h and 75% after 48 h, i.e., significantly slower than the release rates
recorded for the other PPE-based micelles.
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2.7. In Vitro Cytotoxicity of PEG-b-PPE Copolymers

Cytotoxicity of the different copolymers to Human Umbilical Vein Endothelial Cells
(HUVEC) was evaluated by live/dead cell viability assay. First, it was checked by 1H-NMR
that no signal from residual amount of polymerization catalysts and thiol-ene photocatalyst,
i.e., DBU/TU and DMPA, is detected. Then, solutions of increasing concentrations of the
different PEG-b-PPE amphiphilic block copolymers were prepared in the endothelium
basal medium (EBM) cell culture. In that EBM medium, fluorescence spectroscopy in
presence of pyrene evidences the presence of the copolymers as unimers for the lowest used
concentration and confirms the presence of the micelles for all the higher concentrations
reported on Figure 7.

Cell viability after 24 h incubation (Figure 7) revealed that when copolymers are
present in the medium as unimers, i.e., at the lowest concentration used, they do not show
significant cytotoxicity for HUVEC whatever the side-chain. In contrast, the cytotoxicity of
the micelles depends on the nature of the PPE pendant group. PEG-b-PBenEP showed a
lower cytotoxicity after 24 h of incubation for 5.5 g/L copolymer concentration than PEG-b-
PButEP (Figure 7a,b). Their pendant groups containing 4 carbon atoms only differ by the
presence of the unsaturation which appears to decrease the cytotoxicity. Nevertheless, at
higher concentrations, both systems become cytotoxic. A comparable evolution is found
for PEG-b-PHEP, i.e., increase of the cytotoxicity related to the increase of the concentration.
Nevertheless, the micelles of the latter being smaller (Dh = 16 nm), they appear less
cytotoxic (some living cells are kept at 33.5 g/L).
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In case of the copolymers obtained by thiol-ene reaction, the cytotoxicity tests evi-
dence a clear impact of the thiol on the HUVEC viability. In line with the copolymers
described above, the PEG-b-PDodecS-BEP exhibit increasing cytotoxicity with concentra-
tion (Figure 7d).

Quite remarkably, the cell viability assessed after 24 h of incubation with PEG-b-
PTocoS-BEP at different concentrations (Figure 7e) revealed no cytotoxicity for HUVEC.
Indeed, the percentages of viable cells of 100% are observed for all solution concentra-
tions up to 25 g/L. By comparison with the cytotoxicity results obtained for all the other
PEG-b-PPE, the tocopherol moieties provide exceptionally high biocompatible carrier as
demonstrated by the absence of cytotoxicity of these self-assembled micelles for HUVEC.

3. Materials and Methods
3.1. Materials

Methanol (MeOH, Acros), diethyl ether (Chem-lab), 2,2-dimethoxy-2-phenylacetophenone
(DMPA, Aldrich, St. Louis, MO, USA), dodecane-1-thiol (Aldrich), D-α-Tocopheryl succi-
nate (Toco-Succ, Aldrich), 2-mercaptoethanol (Aldrich), N,N′-dicyclohexylcarbodiimide
(DCC, Aldrich), 4-(dimethylamino)pyridine (DMAP, Aldrich) and calcium hydride (CaH2,
Aldrich) were used as received without further purification. 1,8-diazabicyclo [5.4.0]undec-7-
ene (DBU, Aldrich) were dried over CaH2 at room temperature and purified by distillation
under reduced pressure just before use. Monomethoxy poly(ethylene oxide) (MeO-PEG-
OH, Aldrich) was dried by three azeotropic distillations with anhydrous toluene before
use. Toluene (Chem-lab), tetrahydrofuran (THF, Chem-lab) and dichloromethane (CH2Cl2,
Chem-lab) were dried on molecular sieves. Milli-Q water was used for the preparation of
micelles. 1-[3,5-bis(trifluoromethyl)phenyl]-3-cyclohexyl-2-thiourea (TU), 2-butoxy-1,3,2-
dioxaphospholane 2-oxide (ButEP), 2-heptyloxy-1,3,2-dioxaphospholane 2-oxide (HEP)
and 2-butenoxy-1,3,2-dioxaphospholane 2-oxide (BenEP) monomers and their copolymers
with PEG were synthesized as described elsewhere in the literature. [23,31] Ethidium
homodimer-1 (EthD-1) and Hoechst 33,324 were purchased from Thermo Scientific. Hu-
man Umbilical Vein Endothelial Cells (HUVEC-2) and Cell culture medium EBM-PRF were
acquired from BD Biosciences and Lonza, respectively.
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3.2. Instruments
1H and 31P NMR analyses were performed on a Bruker Advance 250 MHz spectrome-

ter in CDCl3 at 25 ◦C in the FT mode. The 31P NMR measurement was carried out with
the 1H powergate decoupling method using a 30◦ flip angle. 1H NMR chemical shifts are
reported in ppm relative to Me4Si. 31P NMR chemical shifts are reported in ppm relative to
H3PO4. Size exclusion chromatography (SEC) was carried out in THF at 45 ◦C at a flow rate
of 0.7 and 1 mL/min with Viscotek 305 TDA liquid chromatograph equipped with 2 PSS
SDV analytical linear M columns calibrated with polystyrene standards. The Differential
Scanning Calorimetry (DSC) was performed using a DSC Q500 (TA instruments) calibrated
with indium. The sample is introduced in the calorimeter at room temperature and is
cooled down to −80 ◦C. A first temperature ramp (10 ◦C min−1) is applied up to 100 ◦C to
eliminate the polymer’s thermal history. Then, the sample is again cooled until −80 ◦C
and heated with a temperature ramp (20 ◦C min−1) up to 100 ◦C. The melting temperature
(Tm) is recorded during the second heating scan.

3.3. Synthesis

Synthesis of mercaptoethyl-D-α-tocopheryl succinate (TocoSH). In a 250 mL round-
bottom flask equipped with a magnetic stirring bar, DCC (2.33 g, 11.3 mmol), DMAP
(230 mg, 1.9 mmol) and D-α-Tocopheryl succinate (Toco-Succ) (5 g, 9.4 mmol) were added
and dissolved in CH2Cl2 (50 mL). After stirring at room temperature for 10 min, 2-
mercaptoethanol (900 mg, 11.5 mmol) was added. The mixture was heated at 35 ◦C
for 3 days away from the light. After filtration, the solution was washed three times with
an aqueous solution of hydrochloric acid ([HCl] = 0.05 M), three times with a saturated
aqueous solution of NaHCO3 and finally, three times with water. After drying over Na2SO4,
the organic phase was filtered and the solvent was removed under reduced pressure. 5 g of
a pale-yellow oil was recovered.

Thiol-ene modification of the PEG-b-PBenEP copolymer with dodecyl thiol. 3 g of
PEG-b-PBenEP (0.42 mmol, Mn = 6700 g/mol) and 56 mg of DMPA (0.22 mmol) were
dissolved in 5 mL of anhydrous CH2Cl2. 1.3 g of 1-dodecanethiol (0.64 mmol) was added
to the solution and the reaction solution was stirred under UV radiation (365 nm, 200W)
at room temperature. After 45 min, the copolymer was recovered by precipitation in cold
diethyl ether three times and filtrated before being dried under vacuum.

Thiol-ene modification of the PEG-b-PBenEP copolymer with Toco-SH. 2.5 g of PEG-b-
PBenEP (1.40 mmol, Mn = 6900 g/mol) and 54 mg of DMPA (0.22 mmol) were dissolved
in 5 mL of anhydrous CH2Cl2. A total of 4 g of Toco-SH (6.4 mmol) was added to the
solution and the reaction solution was stirred under UV radiation (365 nm, 200 W) at room
temperature. After 1 h, the polymer was recovered by precipitation in cold diethyl ether
three times and filtrated before being dried under vacuum.

3.4. Micelles Size and Morphology

Preparation of self-assembled micelles. Typically, 50 mg of the PEG-b-PPE copolymer
were placed in 20 mL of milli-Q water and stirred for 2 h.

Size and morphology measurements. Particle size and size distribution were acquired
from freshly prepared micelles solutions (filtered with a microfilter having an averaged
pore size of 0.45 µm) by employing dynamic light scattering (DLS). Measurements were
carried out in a glass cells at 25 ◦C at a measuring angle of 165◦ and repeated five times
in order to check their reproducibility. The morphology of the micelles was investigated
by Transmission Electron Microscopy (TEM). A small drop of each aqueous copolymer
solution after DLS analysis was deposited onto a formvar coated copper grid. The excess
of the copolymer solution was wiped off using filter paper and the grid was let dried and
stored under ambient atmosphere until analysis with a Philips CM100 microscope equipped
with an Olympus camera and operated by a Megaview system equipped computer.

Determination of critical micelles concentration (CMC). CMC values in Milli-Q water
for the different amphiphilic block copolymers were determined by the pyrene probe fluo-
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rescence spectroscopy using a LS50B luminescence spectrometer (Perkin Elmer). Typically,
solid pyrene (2.6× 10−8 mol) was dissolved in aqueous solutions of the amphiphilic copoly-
mer of increasing concentration from 1 × 10−11 to 1 × 10−3 mol/L. Milli-Q water was used
to dissolve first the copolymer before adding it to vials containing the pyrene. Since the
amount of needed pyrene is quite low (5.2 µg), a solution of pyrene (1.3 × 10−3 moL/L)
in acetone was first prepared. A total of 20 µL of the pyrene solution was transferred into
glass vials and acetone was evaporated at room temperature before adding the copolymer
solution. After one night of stirring at room temperature, the fluorescence spectra of pyrene
were recorded from 360 to 460 nm after an excitation at 335 nm. The emission and excitation
slit widths were set at 3.0 and 3.5, respectively. The ratio of the peak intensities at 373 nm
and 383 nm (I373/I383) of the emission spectra were calculated for each copolymers solution
and recorded as a function of the copolymer concentration.

3.5. Ketoconazole Encapsulation

Encapsulation by direct dissolution. A total of 50 mg of the PEG-b-PPE copolymer
and 5 mg of ketoconazole were directly dissolved in 20 mL of Milli-Q water under stirring
at room temperature for 2 h.

Encapsulation by solvent evaporation. A total of 50 mg of the PEG-b-PPE copolymer
and 5 mg of ketoconazole were completely dissolved in 1 mL of CH2Cl2 before adding
20 mL of Milli-Q water. The solution was stirred at 25 ◦C for 2 h to evaporate of CH2Cl2.

Quantification by HPLC analysis. At the end of the encapsulation procedures de-
scribed above, only a part of the ketoconazole was encapsulated in the micelles. The
excess precipitated in the nanoparticle solution. This free solid ketoconazole was thus
filtered through a 1.2 µm filter. The filtered solution was immediately diluted in acetonitrile
(micelles solution/acetonitrile: 1/1) to quantify the encapsulated ketoconazole. This quan-
tification was performed by a validated high performance liquid chromatography (HPLC)
by using a reversed-phase HPLC (Agilent 1100 series, Agilent Technologies). The samples
were analyzed at 220 nm in 80% methanol/20% ammonium acetate solution (0.5%) using a
125/4 Nucleodur RP C18 column 5 µm at 25 ◦C. A calibration curve was constructed using
different concentrations of free ketoconazole (0.01–2 mg/mL). The drug loading capacity
(LC, %, w/w) of the micelles was calculated with the following Equation (1):

LC (%, w/w) =
Amount of ketoconazole incoporated in micelles (mg)

Amount of copolymer (mg)
× 100 (1)

Ketoconazole release profiles. Ketoconazole-loaded micelles solutions (20 mL) free
from the excess of non-encapsulated drug were prepared at a polymer concentration of
2.5 mg/mL from each PEG-b-PPE block copolymers. The loaded micelles solutions were
transferred into dialysis bags (MW cut-off: 3500 Da, supplied by Spectrum Laboratories)
and placed into PBS solution. At selected time intervals, 500 µL of micelles solution
was withdrawn from inside the dialysis bag and diluted in acetonitrile to quantify the
decreasing ketoconazole amount remaining in the micelles by HPLC.

Live/Dead cell viability assay. Cytotoxicity of polymer micelles was evaluated by
determining the viability of HUVEC cells after incubation in EBM-PRF with different
concentrations of the amphiphilic copolymer depending on their CMC. Live/dead cell
viability assay was performed using BD Falcon 96-wells HTS Imaging microplates con-
taining cells and different copolymer solutions. After 24h incubation (at 37 ◦C and 5% of
carbon dioxide), Hoechst 33,342 (800 × 10−9 M) and EtHD-1 (4 × 10−6 M) were added to
distinguish between viable and non-viable adherent cells. Cells were imaged automatically
with a BD Pathway 855 high content analyzer (BD Biosciences). BD Attovision software
(BD Biosciences, version 1.6) was used for both image acquisition and individual cell
segmentation. Flow cytometry software (Kaluza 1.2; Beckman Coulter, Mijdrecht) was
used to analyze numerical data on total cell numbers and dead cells. Number of viable
cells was calculated via the following equation: number of total adherent cells (Hoechst
positive nuclei) minus number of dead cells (EtHD-1 positive nuclei) per well and averaged
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for replicates (n = 3–4 per copolymer solutions). Data were plotted as average viable cells
number for the different amphiphilic copolymers at the different copolymer concentrations
with untreated cells as control set at 100%. Student t-test was applied to define statistical
differences, with p-value below 0.05 considered significantly different (GraphPad Prism
5.01 for Windows, GraphPad Software, San Diego, CA, USA).

4. Conclusions

PEG-b-PDodecS-BEP and PEG-b-PTocoS-BEP amphiphilic block copolymers were
obtained through the chemical modification of the pendant vinyl functions of the preformed
PEG-b-PBenEP copolymer via a very efficient thiol-ene reaction. These amphiphilic block
copolymers self-assembled directly in water into well-defined small and spherical micelles.
Moreover, the CMC values measured for these two novel amphiphilic copolymers are
very low, suggesting that they will remain stable upon dilution in the body fluids. These
self-assembled nanoparticles are thus particularly well-suited to encapsulate poorly soluble
drug, as demonstrated here with ketoconazole. Indeed, ketoconazole was successfully
encapsulated during the micelle formation, which significantly enhanced the ketoconazole
concentration in aqueous medium. The tocopherol-containing micelles give the highest
ketoconazole loading content. Burst release is not observed with these micelles that exhibit
slower release as compared to other systems.

The in vitro evaluation of the cytotoxicity of these novel copolymers demonstrated
that no toxicity for HUVEC is revealed when the cells are incubated with PEG-b-PTocoS-
BEP nanoparticles, whatever the copolymer concentration. In conclusion, this tocopherol
modified polyphosphoester appear as safe and most promising material for controlled
drug delivery systems of poorly water-soluble drugs.

Supplementary Materials: The following are available online, Figure S1: MALDI-TOF spectrum of
the starting MeO-PEG-OH macroinitiator, Figure S2: 1H NMR and 1H-decoupled 31P NMR spectra
of PEG-b-PButEP, Figure S3: SEC traces in THF of PEG-b-PButEP and the starting MeO-PEG-OH,
Figure S4: 1H NMR and 1H-decoupled 31P NMR spectra of PEG-b-PHEP, Figure S5: SEC traces in
THF of PEG-b-PHEP and the starting MeO-PEG-OH.

Author Contributions: Conceptualization, V.P., D.G.M.M. and C.J.; Data curation, R.R.; Formal
analysis, R.R., M.G. and P.L.; Funding acquisition, D.G.M.M. and C.J.; Investigation, S.V., B.U., M.G.
and D.G.M.M.; Project administration, C.J.; Resources, C.J.; Supervision, R.R., P.L. and C.J.; Valida-
tion, B.U. and C.J.; Writing—original draft, S.V., M.G. and C.J.; Writing—review and editing, V.P.,
D.G.M.M., P.L. and C.J. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Interreg Euregio Meuse-Rhine IV-A consortium
BioMIMedics (2011–2014) and V-A-consortium IN FLOW (2018–2022). The IN FLOW project is
carried out within the framework of the Interreg V-A Euregio Meuse-Rhine Programme, with €2.1
million from the European Regional Development Fund (ERDF). By investing EU funds in Inter-
reg projects, the European Union invests directly in economic development, innovation, territorial
development, social inclusion and education in the Euregio Meuse-Rhine.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: G. Broze is scientific collaborator of CERM from the University of Liege and
received special thanks for fruitful discussions and assistance. P.L. is Research Associate by the
FRS-FNRS. S.V. thanks the programme Biomimedics for supporting her PhD. R.R., D.G.M.M., P.L.
and C.J. were involved in both Biomimedics and IN FLOW programmes.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are not available from the authors.



Molecules 2021, 26, 1750 13 of 14

References
1. Lapienis, G.; Penczek, S. Kinetics and thermodynamics of the polymerization of the cyclic phosphate esters. II. Cationic

polymerization of 2-methoxy-2-oxo-1,3,2-dioxaphosphorinane (1,3-propylene methyl phosphate). Macromolecules 1974, 7, 166–174.
[CrossRef]

2. Dove, A.P. Organic catalysis for ring-opening polymerization. ACS Macro Lett. 2012, 1, 1409–1412. [CrossRef]
3. Clément, B.; Grignard, B.; Koole, L.; Jérome, C.; Lecomte, P. Metal-free strategies for the synthesis of functional and well-defined

polyphosphoesters. Macromolecules 2012, 45, 4476–4486. [CrossRef]
4. Bauer, K.N.; Tee, H.T.; Velencoso, M.M.; Wurm, F.R. Main-chain poly(phosphoester)s: History, syntheses, degradation, bio-and

flame-retardant applications. Prog. Polym. Sci. 2017, 73, 61–122. [CrossRef]
5. Riva, R.; Shah, U.; Thomassin, J.M.; Yilmaz, Z.; Lecat, A.; Colige, A.; Jérôme, C. Design of degradable polyphosphoester networks

with tailor-made stiffness and hydrophilicity as scaffolds for tissue engineering. Biomacromolecules 2020, 21, 349–355. [CrossRef]
[PubMed]

6. Wang, Y.-C.; Yuan, Y.-Y.; Du, J.-Z.; Yang, X.-Z.; Wang, J. Recent progress in polyphosphoesters: From controlled synthesis to
biomedical applications. Macromol. Biosci. 2009, 9, 1154–1164. [CrossRef] [PubMed]

7. Becker, G.; Wurm, F.R. Functional biodegradable polymers via ring-opening polymerization of monomers without protective
groups. Chem. Soc. Rev. 2018, 47, 7739–7782. [CrossRef] [PubMed]

8. Ergül Yilmaz, Z.; Jérôme, C. Polyphosphoesters: New trends in synthesis and drug delivery applications. Macromol. Biosci. 2016,
16, 1745–1751. [CrossRef]

9. Pelosi, C.; Tinè, M.R.; Wurm, F.R. Main-chain water-soluble polyphosphoesters: Multi-functional polymers as degradable
PEG-alternatives for biomedical applications. Eur. Polym. J. 2020, 141, 110079. [CrossRef]

10. Wang, Y.-C.; Yuan, Y.-Y.; Wang, F.; Wang, J. Syntheses and characterization of block copolymers of poly(aliphatic ester) with
clickable polyphosphoester. J. Polym. Sci. Part A 2011, 49, 487–494. [CrossRef]

11. Zhang, S.; Li, A.; Zou, J.; Lin, L.Y.; Wooley, K.L. Facile synthesis of clickable, water-soluble, and degradable polyphosphoesters.
ACS Macro Lett. 2012, 1, 328–333. [CrossRef] [PubMed]

12. Zhang, S.; Zou, J.; Elsabahy, M.; Karwa, A.; Li, A.; Moore, D.A.; Dorshowdf, R.B.; Wooley, K.L. Poly(ethylene oxide)-block-
polyphosphester-based paclitaxel conjugates as a platform for ultra-high paclitaxel-loaded multifunctional nanoparticles. Chem.
Sci. 2013, 4, 2122–2126. [CrossRef] [PubMed]

13. Du, J.-Z.; Du, X.J.; Mao, C.-Q.; Wang, J. Tailor-made dual pH-sensitive polymer-doxorubicin nanoparticles for efficient anticancer
drug delivery. J. Am. Chem. Soc. 2011, 133, 17560–17563. [CrossRef]

14. Yang, X.-Z.; Du, J.Z.; Dou, S.; Mao, C.-Q.; Long, H.Y.; Wang, J. Sheddable ternary nanoparticles for tumor acidity-targeted siRNA
delivery. ACS Nano 2012, 6, 771–781. [CrossRef] [PubMed]

15. Yuan, Y.-Y.; Mao, C.-Q.; Du, X.-J.; Du, J.-Z.; Wang, F.; Wang, J. Surface charge switchable nanoparticles based on zwitterionic
polymer for enhanced drug delivery to tumor. Adv. Mater. 2012, 24, 5476–5480. [CrossRef]

16. Yuan, Y.-Y.; Du, J.-Z.; Wang, J. Two consecutive click reactions as a general route to functional cyclic polyesters. Chem. Commun.
2012, 48, 570–572. [CrossRef] [PubMed]

17. Sun, C.-Y.; Dou, S.; Du, J.-Z.; Yang, X.-Z.; Li, Y.-P.; Wang, J. Doxorubicin conjugate of poly(ethylene glycol)-block-polyphosphoester
for cancer therapy. Adv. Healthc. Mater. 2014, 3, 261–272. [CrossRef]

18. Baeten, E.; Vanslambrouck, S.; Jérôme, C.; Lecomte, P.; Junkers, T. Anionic flow polymerizations toward functional polyphospho-
esters in microreactors: Polymerization and UV-modification. Eur. Polym. J. 2016, 80, 208–218. [CrossRef]

19. Zhang, S.; Zou, J.; Zhang, F.; Elsabahy, M.; Felder, S.E.; Zhu, J.; Pochan, D.J.; Wooley, K.L. Rapid and versatile construction of
diverse and functional nanostructures derived from a polyphosphoester-based biomimetic block copolymer system. J. Am. Chem.
Soc. 2012, 134, 18467–18474. [CrossRef] [PubMed]

20. Lim, Y.H.; Heo, G.S.; Cho, S.; Wooley, K.L. Construction of a reactive diblock copolymer, polyphosphoester block- poly(L-lactide),
as a versatile framework for functional materials that are capable of full degradation and nanoscopic assembly formation. ACS
Macro Lett. 2013, 2, 785–789. [CrossRef] [PubMed]

21. Ergül Yilmaz, Z.; Debuigne, A.; Calvignac, B.; Boury, F.; Jérôme, C. Double hydrophilic polyphosphoester containing copolymers
as efficient templating agents for calcium carbonate microparticles. J. Mater. Chem. B 2015, 3, 7227–7236. [CrossRef]

22. Sun, C.-Y.; Ma, Y.-C.; Cao, Z.-Y.; Li, D.-D.; Fan, F.; Wang, J.-X.; Tao, W.; Yang, X.-Z. Effect of hydrophobicity of core on the
anticancer efficiency of micelles as drug delivery carriers. ACS Appl. Mater. Interfaces 2014, 6, 22709–22718. [CrossRef] [PubMed]

23. Vanslambrouck, S.; Clément, B.; Riva, R.; Koole, L.H.; Molin, D.G.M.; Broze, G.; Lecomte, P.; Jérôme, C. Synthesis and tensioactive
properties of PEO-b-polyphosphate copolymers. RSC Adv. 2015, 5, 27330–27337. [CrossRef]

24. Karmowski, J.; Hintze, V.; Kschonsek, J.; Killenberg, M.; Böhm, V. Antioxidant activities of tocopherols/tocotrienols and lipophilic
antioxidant capacity of wheat, vegetable oils, milk and milk cream by using photochemiluminescence. Food Chem. 2015, 175,
593–600. [CrossRef]

25. Constantinides, P.P.; Han, J.; Davis, S.S. Advances in the use of tocols as drug delivery vehicles. Pharm. Res. 2006, 23, 243–255.
[CrossRef] [PubMed]

26. Duhem, N.; Danhier, F.; Préat, V. Vitamin E-based nanomedicines for anti-cancer drug delivery. J. Control. Release 2014, 182, 33–44.
[CrossRef] [PubMed]

27. Brigelius-Flohé, R.; Traber, M.G. Vitamin E: Function and metabolism. FASEB J. 1999, 13, 1145–1155. [CrossRef]

http://doi.org/10.1021/ma60038a004
http://doi.org/10.1021/mz3005956
http://doi.org/10.1021/ma3004339
http://doi.org/10.1016/j.progpolymsci.2017.05.004
http://doi.org/10.1021/acs.biomac.9b01276
http://www.ncbi.nlm.nih.gov/pubmed/31687811
http://doi.org/10.1002/mabi.200900253
http://www.ncbi.nlm.nih.gov/pubmed/19924681
http://doi.org/10.1039/C8CS00531A
http://www.ncbi.nlm.nih.gov/pubmed/30221267
http://doi.org/10.1002/mabi.201600269
http://doi.org/10.1016/j.eurpolymj.2020.110079
http://doi.org/10.1002/pola.24462
http://doi.org/10.1021/mz200226m
http://www.ncbi.nlm.nih.gov/pubmed/22866244
http://doi.org/10.1039/c3sc50252j
http://www.ncbi.nlm.nih.gov/pubmed/25152808
http://doi.org/10.1021/ja207150n
http://doi.org/10.1021/nn204240b
http://www.ncbi.nlm.nih.gov/pubmed/22136582
http://doi.org/10.1002/adma.201202296
http://doi.org/10.1039/C1CC16065F
http://www.ncbi.nlm.nih.gov/pubmed/22064871
http://doi.org/10.1002/adhm.201300091
http://doi.org/10.1016/j.eurpolymj.2016.02.012
http://doi.org/10.1021/ja309037m
http://www.ncbi.nlm.nih.gov/pubmed/23092249
http://doi.org/10.1021/mz400229m
http://www.ncbi.nlm.nih.gov/pubmed/24167757
http://doi.org/10.1039/C5TB00887E
http://doi.org/10.1021/am5068723
http://www.ncbi.nlm.nih.gov/pubmed/25426800
http://doi.org/10.1039/C5RA02205C
http://doi.org/10.1016/j.foodchem.2014.12.010
http://doi.org/10.1007/s11095-005-9262-9
http://www.ncbi.nlm.nih.gov/pubmed/16421666
http://doi.org/10.1016/j.jconrel.2014.03.009
http://www.ncbi.nlm.nih.gov/pubmed/24631865
http://doi.org/10.1096/fasebj.13.10.1145


Molecules 2021, 26, 1750 14 of 14

28. Lim, Y.H.; Heo, G.S.; Rezenom, Y.H.; Pollack, S.; Raymond, J.E.; Elsabahy, M.; Wooley, K.L. Development of a vinyl ether-
functionalized polyphosphoester as a template for multiple postpolymerization conjugation chemistries and study of core
degradable polymeric nanoparticles. Macromolecules 2014, 47, 4634–4644. [CrossRef] [PubMed]

29. Balata, G.; Maahdi, M.; Bakera, R.A. Improvement of solubility and dissolution properties of ketoconazole by solid dispersions
and inclusion complexes. Asian J. Pharm. Sci. 2010, 5, 1–12.

30. Gaucher, G.; Dufresne, M.-H.; Sant, V.P.; Kang, N.; Maysinger, D.; Leroux, J.-C. Block copolymer micelles: Preparation, characteri-
zation and application in drug delivery. J. Control. Release 2005, 109, 169–188. [CrossRef]

31. Ergül Yilmaz, Z.; Vanslambrouck, S.; Cajot, S.; Thiry, J.; Debuigne, A.; Lecomte, P.; Jérôme, C.; Riva, R. Core cross-linked micelles
of polyphosphoester containing amphiphilic block copolymers as drug nanocarriers. RSC Adv. 2016, 6, 42081–42088. [CrossRef]

http://doi.org/10.1021/ma402480a
http://www.ncbi.nlm.nih.gov/pubmed/25601803
http://doi.org/10.1016/j.jconrel.2005.09.034
http://doi.org/10.1039/C6RA07422G

	Introduction 
	Results 
	Synthesis of Thiol Functional Tocopherol (TocoSH) 
	Synthesis of the Starting PEG-b-PBenEP Copolymer 
	Post-Polymerization Functionalization by Thiol-ene Reaction 
	Thermal Characterization of the Copolymers 
	Behavior in Water of the PEG-b-PPE Diblock Copolymers 
	Ketoconazole Encapsulation and Release 
	In Vitro Cytotoxicity of PEG-b-PPE Copolymers 

	Materials and Methods 
	Materials 
	Instruments 
	Synthesis 
	Micelles Size and Morphology 
	Ketoconazole Encapsulation 

	Conclusions 
	References

