Volume 14

Number 43
21 November 2023
Pages 4871-4942

Polymer
Chemistr

’

-~ [} .
AP TR PN T 1
: : : z -'\“\ﬁ\‘;‘& ! :

ISSN 1759-9962

C. Remzi Becer et al.
OF CHEMISTRY Amphiphilic oligo(2-ethyl-2-oxazoline)s via straightforward
synthesis and their self-assembly behaviour

P L OYAL SOCIETY PAPER
o



7® ROYAL SOCIETY

Polymer
P OF CHEMISTRY

Chemistry

View Article Online

View Journal | View Issue

Amphiphilic oligo(2-ethyl-2-oxazoline)s via
straightforward synthesis and their self-assembly
behavioury

{ M) Check for updates ‘

Cite this: Polym. Chem., 2023, 14,
4890

James Lefley,? Zivani Varanaraja,® Ben Drain,? Steven Huband,® James Beament® and
C. Remzi Becer (2 *2

The synthesis of poly(2-oxazoline)s offers an unparalleled degree of functionalization when fabricating smart,
functional polymers for biomedical uses. The termination of 2-oxazoline polymerisations by direct endcapping
can be exploited to introduce a wide variety of end groups and could potentially offer an easier synthetic route
to amphiphilic polymers that usually block copolymer synthesis. Herein, we report a facile one-pot synthesis
and preparation of dodecyl-end capped oligo(2-ethyl-2-oxazoline)s via direct endcapping and thiol-yne click
chemistry. A small set of propargyl tosylate initiated PEtOx oligomers were synthesised and subsequently func-
tionalized with varying equivalents of dodecanethiol. GPC, NMR and MALDI-ToF were utilised for molecular
weight analysis and determination of end-group fidelity. Film rehydration was employed to prepare self-
assembled nanoparticles due the inexpensive set-up and practical simplicity of the technique. DLS, SAXS and
TEM revealed that mono- and di-functionalized PEtOx self-assembled into micelles around 10 nm in diameter
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whereas tri-functionalized PEtOx was too hydrophobic and precipitated in aqueous solution. All oligomers
were screened for their ability to encapsulate a model hydrophobic drug, curcumin, and UV-Vis spectrometry
was utilized to determine the encapsulation efficiencies and drug loading capacities. Di-functionalized PEtOx
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Introduction

Amphiphilic copolymers have gained significant attention in
the field of polymer science due to their unique ability to form
self-assembled nanostructures in a selective solvent such as
water." By exploiting this phenomenon, researchers have
been able to synthesise amphiphilic copolymers for a variety of
biomedical applications such as the encapsulation and deliv-
ery of therapeutic drugs, complexation and delivery of genes,
as well as the synthesis of artificial cells and nanoreactors.*™®
Given the potential significance of amphiphilic copolymers in
future biomedical studies, it is therefore important to explore
new strategies to synthesise amphiphilic macromolecules that
exhibit self-assembly behaviour.

Poly(2-oxazoline)s (POxs) are a class of polymeric materials
that have been extensively studied for a diverse range of poten-
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provided the greatest drug loading capacity (8 wt%) of this study.

tial applications with a heavy focus in the biomedical field."
Due to the living nature of the o-chain end, POxs can be termi-
nated with a variety of nucleophiles such as carboxylic
acids,"'* amines'*'* and thio-compounds,'>'® thus offering
a facile way to introduce functionality to the chain end. The
ability to further functionalize the a-chain end and the
pendent side chain offers an incomparable level of functionali-
zation and control over the chemical and physical properties
of POx-based materials."””*® Particularly within the past
decade, POxs have been suggested as a viable alternative to
PEG in biomedical applications due to their comparable
stealth properties'®>' and the emergence of antiPEG-anti-
bodies recently discovered in humans.*®> As a result, many
amphiphilic POx-based drug delivery systems have been
reported for the encapsulation of a number of hydrophobic
drugs.>*7*° In one of the most recent examples, Hoogenboom
et al. investigated the micellization and drug loading (DL)
behaviours of block and gradient analogues of MeOx-PhOx
copolymers of varying overall degrees of polymerization (DP).*
They found very little difference between the DL capacities
between gradient copolymers and their block copolymer
equivalents and achieved a maximum curcumin DL capacity of
16 wt%. So far, the gold standard of POx-based micelles for
drug encapsulation has been reported by Luxenhofer et al.*'
The use of doubly amphiphilic POx/POz-based copolymers

This journal is © The Royal Society of Chemistry 2023
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(such as MeOx-PrOz-MeOx) allows for the encapsulation and
co-formulation of a library of hydrophobic drugs and, in some
cases, achieving DL values >50 wt%. This is considerably
higher than DL values that are usually reported in the
literature.

Evidently, copolymer systems such as the examples men-
tioned above can offer great drug solubilization properties.
However, in most cases, their use of commercially unavailable
and specialist reagents could potentially hinder their success
if such a copolymer system needed to be synthesised on a
larger scale.

Other than the simplest 2-alkyl-2-oxazolines (C1-C4) and
2-phenyl-2-oxazoline, most other 2-oxazoline monomers are
not commercially available. Furthermore poly(2-oxazines),
which are a relatively new class of poly(2-oxazoline) derivatives,
are not commercially available either and require a multi-step
synthesis and purification strategy to yield the monomer.*?
Therefore, we propose whether drug loading capacities, similar
to the values currently reported in the literature, can be
obtained from synthetically simple endcapped-POx amphi-
philes. Only a few examples exist in the literature and have
been reported by Amiel and co-workers.*** In these studies,
homopolymers of 2-methyl-2-oxazoline were synthesised via
the use of a dodecyl-iodide initiator to form simple micelles.
Compared to tosylates, iodide-initiated CROP reactions suffer
from slower propagation rates and poorer initiation efficien-
cies.® Recently, we have reported that thiol-endcapping of
POxs is a very efficient termination reaction that results in
complete functionalization of the w-chain end, thus allowing
access to the synthesis of multi block copolymers.®”
Furthermore, a wide variety of thiols can be purchased from
commercial suppliers in cost-effective, large quantities. The
use of alkyl thiols to end-functionalize POxs would also cir-
cumvent the use of alkyl iodide initiators with poor initiation
efficiencies. Inspired by this, we have demonstrated the use of
thiol-endcapping for the  preparation pseudo-block
copolymers.

In this investigation, we report a very easy, one pot synthesis
of the direct endcapping of dodecanethiol onto PEtOx.
Furthermore, we employed the use of a functional and click-
able initiator, propargyl tosylate, that allowed us to vary the
degree of dodecyl functionalization onto PEtOx via a combi-
nation of direct-endcapping and thiol-yne click chemistry.
Thus, we were able to synthesise a small set of oligomers with
varying ratios of hydrophilic/hydrophobic mass fractions.
From this, we investigated how the thermal, self-assembly and
drug encapsulation behaviours of these polymers were affected
by varying the extent of dodecyl-functionalization of PEtOx.

Results and discussion

Synthesis of PEtOx with a monomer-to-initiator ratio [M]:[I] =
10 was carried out at a lower than optimal temperature of
110 °C to facilitate immediate endcapping after polymeriz-
ation. The optimal conditions (140 °C in acetonitrile) reported
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by Hoogenboom were used as the basis for the modified pro-
cedure.*® Propargyl tosylate (PropTos) was selected as the
initiator to introduce alkyne functionality at the a-end of the
chain for post-polymerization modification using thiol-yne
click chemistry. In a recent study from our group,*® we found
that using PropTos resulted in the complete and efficient
initiation of EtOx at a lower temperature of 100 °C with no
sign of non-linear first order kinetics which is indicative of
slow initiation. The synthetic procedures of all oligomers is
outlined in Fig. 1. Despite the lower reaction temperature, the
polymerization reactions all achieved full conversion within
30 minutes. TFO and TF2 were terminated with an excess of
piperidine at the w-end and TFO0 was purified. A thiol-yne reac-
tion of the TF2 intermediate was carried out with 5 equivalents
of dodecanethiol at the o-end to yield the di-substituted
product, TF2. For TF1 and TF3, both were terminated with an
excess of dodecanethiol thiol at the o-end and TF1 was puri-
fied. For TF3, a solution of AIBN/acetonitrile was added to the
mono-substituted TF3 intermediate to further functionalize
the a-end with the remaining equivalents of dodecanethiol in
the reaction vessel. The thiol-yne reaction yielded the tri-sub-
stituted product, TF3.

'H spectroscopic analysis of TF1-TF3 revealed the success-
ful functionalization of PEtOx with dodecanethiol after purifi-
cation due to the appearance of peaks at 1.3 ppm and 0.9 ppm
corresponding to -CH,— and —CHj; of the alkyl chains respect-
ively (Fig. S1-S41). The functionalization efficiencies were cal-
culated by comparing the ratio of the proton integrals between
the —-CH; groups of dodecanethiol (0.9 ppm) and PEtOx
(1.10-1.20 ppm). For TF0 and TF1, complete functionalization
(>99%) was achieved whereas TF2 and TF3 achieved
functionalization efficiencies of 61% and 72% respectively
which suggests the thiol-yne reaction was not 100% efficient
and that a mixture of products are obtained. However, further
end-group analysis revealed by MALDI-ToF MS suggests the
absence of partially functionalized products (Fig. 2). The
MALDI spectra of TFO-TF3 each show a single distribution
that corresponds to the sodium adduct of DP10 PEtOx assum-
ing complete functionalization of end groups.

Although TF2 shows a minor secondary distribution, this
can be attributed to the hydrogen adduct of the fully functio-
nalized product. A difference of 22 Da separates the major dis-
tribution (Na adduct) and the minor distribution (H adduct) of
TF2. Within each spectrum, the peaks of the major distri-
bution are separated by 99 Da which corresponds to the mass
of the EtOx repeat unit. Verification of the end-groups was con-
ducted by comparing the calculated and found masses of an
individual n-mer. Taking TF2 as an example, the theoretical
mass of the sodium adduct of the difunctionalized 11-mer
endcapped with piperidine is 1640.432 Da. The observed mass
for the 11-mer is 1640.422 Da. A difference of 0.01 Da. End-
group verification for all oligomers can be found in the ESI
(Table S37). GPC-SEC traces of TFO-TF3 showed that oligomers
had monomodal molecular weight distributions with narrow
dispersity values ranging from 1.08-1.13 (Fig. 3). A clear shift
to successive higher molecular weights can clearly be seen as
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Fig. 1 Synthesis of amphiphilic oligo(2-ethyl-2-oxazoline)s via cationic ring opening polymerization (CROP). TFO and TF1 are obtained by direct
endcapping after CROP with piperidine or dodecanethiol respectively. Radical thiol-yne reactions of the propargyl group on TFO and TF1 with dode-

canethiol yields TF2 and TF3 respectively.
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Fig. 2 Full spectrum and magnified inset (dashed box) of MALDI-ToF for piperidine and/or dodecyl-functionalized PEtOx (A) TFO, (B) TF1, (C) TF2
and (D) TF3. All major distributions correspond to the sodium adduct of the completely functionalized product.

the number of dodecyl moieties per PEtOx chain increases.
Upon comparing the physical appearances of the purified pro-
ducts, it was noted that TFO-TF3 exhibited interesting physical
properties. Whereby TFO and TF2 were both dry powders and
TF1 and TF3 were tacky, amorphous solids. DSC and TGA ana-
lysis was employed to elucidate how the increasing number
dodecyl moieties affected the thermal properties of the oligo-
mers (Fig. S5). Firstly, it should be noted that the T, value of

4892 | Polym. Chem., 2023, 14, 4890-4897

TFO (T, = 50 °C) is lower than the reported T, value of PEtOx
homopolymers of higher DPs (T, = 60-62 °C).*>*! This is due
to the very low molecular weight of the oligomer. Short chain
polymers have more free volume than long chain polymers
which gives a lower T, as stated by the Flory-Fox equation. In
the case of TF0O, TF1 and TF3, the greater extent of dodecyl
functionalization resulted in an expected reduction in glass
transition temperature (Ty) (50 °C, 18 °C and 10 °C respect-

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 GPC-SEC traces of the dodecyl-functionalized PEtOx polymers
TFO-TF3. Measurements performed using THF (2% TEA and 0.01% BHT)
as the eluent. PMMA standards were used for the calibration.

ively). Interestingly in the case of TF2, the T, increased to
33 °C. To verify if this was an anomalous result or not, a
second batch of TF2 was synthesized using the same pro-
cedure as before (characterization data found in ESI Fig. S77).
The second batch of TF2 provided a not too dissimilar T, value
of 30 °C. The increase in T, going from TF1 to TF2 was unex-
pected and could potentially be attributed to the differences in
the packing arrangement of the chains. TGA measurements
showed that the onset of thermal degradation for all dodecyl
endcapped PEtOx oligomers starts at 250 °C onwards
(Fig. S67).

Next, for each oligomer, the self-assembly behaviour in
aqueous solution was studied. In theory, all dodecyl functiona-
lized PEtOx oligomers have some degree of amphiphilicity
with all having a hydrophilic mass fraction between f = 61%
and 89% and should exhibit some sort of self-assembly behav-
iour. Thin film hydration was chosen as the nanoparticle
preparation method and the procedure used was adapted from
literature. This technique is simple, very easy and requires no
specialist equipment to perform. As expected, TFO did not
show any self-assembly due to the lack of a hydrophobic
moiety. Surprisingly, TF3, functionalized with three dodecyl
moieties, did not self-assemble and instead macroprecipitated
shortly after rehydration. Self-assembly was confirmed for TF1
and TF2, the unloaded (UL) and curcumin-loaded (L) micelles
were studied using dynamic light scattering (DLS), small angle
X-ray scattering (SAXS) and transmission electron microscopy
(TEM).

Compared to other polyoxazoline-based amphiphiles found
in literature, the self-assembled structures of TF1-UL and TF2-
UL were limited to very small micelles with number-averaged
diameter sizes 5.5 and 5.4 nm respectively obtained by DLS
(Fig. S10-S12 and Table S4t). Given the very short length of
PEtOx and dodecyl chains, this was expected. The diameters of
TF1-L (6.8 nm) and TF2-L (7.7 nm) were found to be slightly

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

larger than the unloaded micelles. Small angle X-ray scattering
(SAXS) was employed to gain further insight into the overall
size of the nanoparticles and the internal structures (Fig. 4A-
D). Seen as TF0 and TF3 did not self-assemble, SAXS measure-
ments of these samples were not conducted. The obtained
SAXS responses for TF1-UL, TF1-L and TF2-UL micelles were
fitted with SASview using a core-shell sphere model. TF2-L
showed signs of agglomeration with an increase in scattering
at low g values. Therefore, a power law slope was integrated
into the core-shell fit to model the agglomeration. Comparing
the measured diameters obtained from DLS and SAXS for TF1
(6.82 nm and 7.67 nm respectively) and TF2 (7.65 nm and
8.95 nm respectively), the values obtained show good agree-
ment with each other between each of the analytical tech-
niques. It can also be seen that TF2 micelles are slightly larger,
albeit very similar, in diameter than TF1. Values of the mean
core radius and mean shell thickness for TF1 and TF2
unloaded and loaded micelles can be found in the ESI
(Table S27).

The thermodynamic stability of micelles is important to
quantify as micellar drug formulations need to be stable whilst
circulating the body. Higher thermodynamic stability can
reduce leaching of the therapeutic drug and prevent disassem-
bly of the micelles upon large dilutions.** A critical micelle
concentration (CMC) is defined as the minimum concen-
tration of a surfactant or polymer required to form micellar

© TF1 unloaded
3 Sphere fit

© TF2 unloaded
Sphere fit

>
°

w
e
ot

Intensity (cm™)

°
Intensity (cm™)

Yy

0.01 01 0.01 01
A

4 TF1loaded
Sphere fit

& TF2loaded
Sphere + agg. combined fit

(o]
o

e E
L <
z 1 2
2 oo1 2
s ]
£ £

Fig. 4 SAXS patterns and data fits of TF1-UL (A), TF1-L (B), TF2-UL (C)
and TF2-L (D) nanoparticle solutions. Representative TEM images taken
of TF1-L (E) and TF2-L (F). Oligomer and curcumin feed concentrations
used were Coligo = 10 mg mLtand Ccur = 2 mg mL™L.
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aggregates and is used to evaluate the thermodynamic stability
of polymeric micelles. CMCs were determined for unloaded
and loaded TF1 and TF2 micelles via pyrene fluorescence spec-
troscopy and ranged from 2-30 mg L™ (Fig. S8t) which corro-
borates nicely with other CUR-loaded POx-based
nanoformulations.?®3%3!

Thermoresponsivity of the oligomeric micelles was studied
to observe if there was any temperature-sensitive behaviour.

For P(EtOx) homopolymers, LCST-behaviour is usually
observed at high DPs (>100).** However, given the very short
length of the chain and the very hydrophobic end groups, we
hypothesized that there could be some potential thermo-
responsive behaviour of TF1 and TF2. Turbidimetry studies of
the unloaded and loaded micelles of TF1 and TF2 were con-
ducted and cloud point temperatures (T,) were determined at
50% transmittance (Fig. S91). LCST-type behaviour for both
TF1-UL and TF1-L was observed whilst TF2 showed no LCST-
type behaviour. It was found that drug loading of the micelles
results in a substantial reduction of T,,. TF1-UL gave a cloud
point of T, = 45 °C whilst the drug loaded micelles TF1-L gave
a much lower cloud point of T, = 32 °C. The decrease in T}, is
mostly likely caused by the formation of oligomer-drug com-
plexes resulting in the increased hydrophobization of the
system. Interestingly though, TF2 which has two dodecyl sub-
stituents as opposed to TF1 with one substituent, showed no
LCST-type behaviour despite its greater hydrophobicity. This
result deviates from the expected outcome and warrants
further investigation to determine the underlying cause of this
unexpected result.

The ability of the prepared oligomers to solubilize a model
hydrophobic drug was studied including both TF0 and TF3.
Curcumin was chosen as a model hydrophobic compound to
encapsulate due to its recent interest among research groups
as a potential therapeutic compound. However, curcumin
suffers from extremely poor water solubility (<8 ug mL™"), bio-
availability and rapid metabolism by the body thus making it a
promising candidate to study.** Thin film hydration was
selected for the preparation method for this study as it has
been employed in previous studies for the preparation of POx-
based curcumin nanoformulations.>****%** Aliquots of pre-
made stock solutions of the oligomers (30 mg mL™") and cur-
cumin (5 mg mL™") in ethanol were mixed in pre-determined
ratios. The ethanol was removed via gentle heating under a
stream of nitrogen and the films were dried in a vacuum oven
overnight.

Upon rehydration, the desired oligomer (10 mg mL™") and
curcumin (1, 2 and 4 mg mL ") concentrations were achieved
and stirred for 24 hours. The nanoformulations were centri-
fuged and filtered to remove any curcumin that had not been
incorporated in the micelles. A 50 pL aliquot of the drug-
loaded micelle solution was diluted up to 1 mL with ethanol.
UV-Vis spectroscopy was then used to determine the amount
of curcumin solubilized by comparing the absorbance values
against a calibration curve of known concentrations of curcu-
min (Fig. 5A). From these values, the encapsulation efficien-
cies and drug loading capacities were calculated (see ESI eqn
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Fig. 5 (A) Solubilization data of dodecyl functionalized PEtOx showing
the encapsulation efficiencies and drug loading capacities of each
sample prepared via thin film hydration. (B) Nanoformulation stability of
TF1-L and TF2-L with 2 mg mL™ CUR feed recorded at the time of
preparation (blue) and 6 months later (pink). Oligomer and curcumin
feed concentrations used were Cyjigo = 10 mg mL™*and Ccur = 1, 2 and
4 mg mL™%. Values expressed as a mean from three repeats of each
experiment. Error expressed as 1 SD from the mean (n = 3).

(1) and (2)1). TF2 with a 2 mg ml™" curcumin feed provided a
nanoformulation with the highest drug loading capacity of
8 wt% (Table S5f). Furthermore, TF2 exhibited the best
loading efficiency (LE) and drug loading (DL) values at all con-
centrations of the curcumin feeds compared to all other oligo-
mers. In the case of the nanoformulations using 1 mg mL ™"
and 2 mg mL™" curcumin feeds, TF2 managed to solubilize
nearly 3 times the amount of curcumin than TF1. This is most
likely due to the greater hydrophobicity of the core, with TF2
having double the number of dodecyl-chains than TF1. TF0
and TF3 encapsulated a negligible amount of curcumin at all
concentration feeds as expected. Nanoformulations made
using a 4 mg mL™" curcumin feed resulted in a significant
decrease in the amount of drug loading. Higher concen-
trations of curcumin lead to the formation of insoluble oligo-
mer-drug aggregates and results in the increased hydrophobi-
city of the entire system. This phenomenon is consistent with
similar investigations in literature.”® Fig. 5B shows the loss of
curcumin 6 months after preparation of the nanoformulations
of TF1 and TF2 using a 2 mg mL~" curcumin feed. A signifi-
cant loss of the encapsulated payload is recorded for TF1 after
6 months whilst TF2 shows a much smaller loss (73% and
13% respectively). The substantial leakiness of TF1 compared
to TF2 can be attributed to the lower thermodynamic stability
of TF1. TF2-L has a CMC of 2 mg L' compared to TF1-L with
a CMC of 30 mg L™'. A lower CMC corresponds to more
thermodynamically stable micelles which may result in slower
leaching of encapsulated drugs.*>

Conclusions

Functionalization of PEtOx via direct endcapping and thiol-
yne click chemistry has shown to produce simple, amphiphi-
lic, amphiphilic oligomers that are able to self-assemble into
micelles sub 10 nm in diameter. Mono- and di-functionalized

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3py00809f

Open Access Article. Published on 25 September 2023. Downloaded on 4/12/2026 5:16:36 AM.

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

(cc)

Polymer Chemistry

P(EtOx) oligomers were capable of solubilizing a hydrophobic
drug, curcumin, and achieved a maximum DL capacity of
8 wt%. Indeed, POx-based block and gradient copolymers have
been shown to solubilize greater amounts of curcumin and
should be utilized to achieve greater DL capacities. However,
to our knowledge, this is the first reported example of simple
alkyl functionalized PEtOx showing DL capacities this high.
Future work may include screening a variety of hydrophobic
alkyl and aryl endcapping reagents to further study the effect
on self-assembly and drug encapsulation.
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