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Poly(2-oxazoline)s (POx) are among the most promising hydrophilic polymers that can act as a replace-
ment for the overly used poly(ethylene glycol)s (PEG). POx are widely studied due to their similar properties
to PEG, such as low toxicity, neutrality and stealth properties, when used as a coating for nanoparticles. In
this work, micelles based on a POx triblock copolymer containing a E or Z-tetraphenylethylene (TPE)
derivative core were successfully prepared. The physico-chemical properties of both stereochemically pure
E/Z-micelles were compared throughout the study, ranging from their hydrodynamic size, aggregation-
induced emission property and colloidal stability. Their ability to host hydrophobic molecules was studied
in vitro using Hela cancer cells by encapsulating the hydrophobic fluorophore 1,1’-dioctadecyl-3,3,3',3'-
tetramethylindocarbocyanine perchlorate (Dil) or anticancer drug 6-(7-nitro-2,1,3-benzoxadiazol-4-
ylthio)hexanol (NBDHEX). The Foérster resonance energy transfer (FRET) pair TPE-Dil displayed an
efficient energy transfer process, as demonstrated by the increase in fluorescence, suggesting the

Received 14th April 2025, effective cellular internalization of the micelles and making them a potential tool for dual imaging

Accepted 25th June 2025 applications. The encapsulation and release of the neoplastic drug NBDHEX, known as a potent
glutathione S-transferase P1-1 inhibitor, highlighted the major differences in the capacity for delivering

NBDHEX between the E/Z-micelles, emphasizing the importance of controlling the configuration of the
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Introduction

Amphiphilic block copolymers constitute hydrophilic and
hydrophobic parts that provide self-assembly properties in an
aqueous medium to form supramolecular structures, such as
vesicles or micelles." Poly(ethylene glycol) (PEG) is the most
predominant hydrophilic polymer block due to its biocom-
patibility, stealth properties, inexpensiveness and ease of
access.”™ Although PEG’s efficiency has long been proven in
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TPE unit core in theranostic applications.

the development of nanomedicines, its extensive use in other
fields (such as cosmetic, food and cleansing agents) over recent
decades has led to the emergence of anti-PEG antibodies, even
in patients with no prior exposure to PEG.>® Consequently,
PEG-based drugs are detected and eliminated more quickly.
This reduces the efficacy of the treatment as a result of the
accelerated blood clearance (ABC) phenomenon.” With the
increasing problems related to the overuse of PEG, several
hydrophilic polymers were surveyed as potential substitutes.
Among them, POx were one of the most promising
candidates.*"" This family of polymers, synthesized through
cationic ring opening polymerization (CROP) of the corres-
ponding monomers, shares properties with PEG, including
high cytocompatibility, excellent water solubility, a non-ionic
nature, and ease of synthesis from low to high molecular
weights with narrow dispersity.'> While offering the same
benefits as PEG, POx provide additional advantages, primarily
the potential for versatile functionalization. Indeed, the water
solubility can be adjusted, ranging from the highly hydrophilic
poly(2-methyl-2-oxazoline) (PMeOx) to completely water insolu-
ble polymers, by increasing the alkyl side chains, such as

© 2025 The Author(s). Published by the Royal Society of Chemistry
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poly(2-n-butyl-2-oxazoline) (PnBuOx).'*'* Thus, POx can be
utilized to design diverse amphiphilic block copolymers for
the preparation of micelles by combining hydrophobic
and hydrophilic POx.”™"” Another notable feature of POx
is their lower critical solution temperature (LCST) behavior,
with poly(2-ethyl-2-oxazoline) (PEtOx) and poly(2-isopropyl-2-
oxazoline) (PiPrOx) being the most commonly used hydrophilic
POx homopolymers owing to their excellent water solubility and
LCST values of approximately 60-70 °C and 30-40 °C,
respectively.'® The LCST can be finely tuned by preparing ideal
statistical block copolymers with specific ratios, enabled by the
similar polymerization rates achieved through microwave-
assisted CROP.'*?° Moreover, POx chemical structures can be
accurately engineered through the living polymerization nature
of the CROP, offering a wide range of possible pre- and post-
functionalizations by carefully selecting the initiating and
terminating agents.”’ Recent studies demonstrated that
Forster resonance energy transfer (FRET) efficiency in dye-
functionalized POx strongly depends on the polymer chain
length and fluorophore positioning, enabling applications in
temperature sensing and solid-state fluorescence, thus broad-
ening the functional scope of POx-based materials.”” Therefore,
POx are of great interest as polymer platforms in biomedical
applications.

Tetraphenylethylene (TPE) is a common luminogen featur-
ing aggregation-induced emission (AIE). TPE is almost none-
missive in the solubilized state and displays a high fluorescence
when aggregated, which is caused by the restriction of intra-
molecular rotation of the four phenyl groups.*® TPE is particu-
larly interesting in nanomedicine for its ability to emit
fluorescence in a confined space, such as within the hydro-
phobic core of micelles.**° Interestingly, Kim et al. demon-
strated the ability to thermally activate the AIE property of TPE
by a host-guest complex with y-cyclodextrin via the thermo-
responsive behavior of poly(2-isopropyl-2-oxazoline).?” This
effect can be exploited to precisely track micelles in vitro and
in vivo to study their accumulation by monitoring the TPE
fluorescence signal.”® Additionally, the combination of TPE as
a donor with a specific dye as an acceptor can lead to fluores-
cence by FRET. As long as the donor-acceptor pair is close to
each other (i.e., no more than 10 nm in distance), the FRET
signal can be observed. Upon disassembly of the micelles, the
dissociation of the pair will occur, which then leads to the loss
of the FRET signal.”® Thus, such system can be exploited to
monitor the integrity of micelles in real-time by luminescent
behavior. While AIEgen molecules such as TPE benefit from
high local concentrations to induce fluorescence by AIE, non-
AlEgen molecules face aggregation-caused quenching (ACQ).*°
To achieve this, TPE is typically introduced into the polymer
structure using TPE derivatives as initiators,*'** monomers,**
or by post-functionalization.”>**** Amphiphilic block copoly-
mers bearing a TPE moiety tend to have very low critical
micellar concentrations (CMC)** due to the cumulative effects
of AIE from TPE**?” and the amphiphilic nature of the copo-
lymer to self-assemble in an aqueous medium.>*>> A low CMC
value is highly desirable to limit micelle disassembly in
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extremely diluted media such as blood. However, rare reports
can be found using bifunctionalized TPE derivatives as
initiators.>'*® TPE derivatives are usually synthesized by a
non-stereoselective McMurry coupling reaction, providing a
mixture of E/Z isomers. Considering that the control of stereo-
chemistry plays a key role in medicinal chemistry and life
science, E/Z-TPE derivatives are reported to display different
physico-chemical properties.®®> When introduced into an
amphiphile as the central unit between two polymer blocks,
the E/Z configurations modify the self-assembly behaviour of
the amphiphile, thus leading to different supramolecular struc-
tures, as demonstrated by Chen et al.*°

In this work, our aim was to design AIEgen polymeric
triblock copolymer micelles featuring a TPE hydrophobic core,
synthesized through CROP using stereochemically pure E and
Z-TPE derivatives as initiators. The micelles were systematically
characterized and compared in terms of the critical micellar
concentration, size, and encapsulation efficiency, showcasing
their potential for effective drug delivery of hydrophobic mole-
cules, including anticancer agents and FRET-active com-
pounds. In vitro experiments on HeLa cancer cell lines will
further assess the biocompatibility and drug delivery efficiency
of the micelles, highlighting their promise for advanced ther-
anostic applications.

Results and discussion

Synthesis and characterization of tetraphenylethylene
derivatives

The target E/Z-TPE derivatives (E-TPE-20Ts and Z-TPE-20Ts)
were synthesized in three steps (Scheme 1). Briefly, a McMurry
coupling reaction was carried out using commercially available
4-hydroxybenzophenone in the presence of Zn(0) and TiCl, in
refluxing THF, according to a previously reported procedure.*?
Compound 1 was purified by silica gel column chromatogra-
phy, but the mixture of Z and E isomers could not be separated

o | IOH
T T g,

™

SUSAE SV
iii

| B — |

Oy o Saeu

E or Z-TPE-20Ts (3) E or Z-TPE-20H (2)

Scheme 1 Synthesis of the initiators E/Z-TPE-2OTs via three steps, (i) Zn,
TiClg, THF, reflux, 36 h; (i) 2-chloroethanol, KI, K,COs, DMF, 80 °C, 24 h,
53% yield; (iii) TsCl, EtzN, CH,Cly, rt, 18 h, 28% to 51% yield.
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on thin layer chromatography (TLC). The synthesis was pur-
sued by reacting the mixture of isomers with 2-chloroethanol in
basic conditions in DMF at 80 °C to yield compound 2.
Remarkably, whereas the two isomers were not separated and
used as a mixture in the literature,® we successfully separated
them by silica gel column chromatography using petroleum
ether and ethyl acetate as the eluent. The two E and Z
isomers were isolated in roughly equivalent quantities. Each
E-TPE-20H or Z-TPE-20H isomer was reacted using an excess of
tosyl chloride and triethylamine in dichloromethane, providing
the two desired ditosylated E-TPE-20Ts and Z-TPE-20Ts
initiators 3.

The synthesis of TPE derivatives is well documented, but the
separation and purification of stereoisomers can be challen-
ging depending on the nature of the substituents. Zhang and
colleagues studied disubstituted TPE derivatives, and found
that £ and Z-TPE derivatives with polar substituents such as
oxazolyl and pyridyl groups were easily separated by column
chromatography, while TPE substituted with apolar groups
such as benzene and naphthalene showed only one spot on
TLC, making purification impossible.*® In our case, the first E
and Z-TPE derivatives 1 could not be separated due to the low
polarity of the phenol unit. However, extending the side chains
with two hydroxyethoxy groups significantly increased their
polarity. The free rotation of the side chains and the primary
hydroxy end-group created sufficient differences in the dipole
moments, enabling the separation of the isomers. Both E and
Z-TPE-20Ts exhibited closely positioned but distinguishable spots
on the TLC, reflecting the lower polarity of the tosyl groups
compared to the previous hydroxethoxy chains (Fig. S7, ESIt).
Although both isomers showed identical *C NMR and mass
spectra (Fig. S4 and S5, ESIY), slight differences in proton shifts
related to the TPE unit could be observed from 'H NMR (Fig. 1).
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Fig. 1 Overlay of the 'H NMR spectra of both E-TPE-20Ts (blue spectra)
and Z-TPE-20Ts (red spectra), depicting the effect of TPE configuration
on the chemical shifts of aromatic protons.
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The signals at 6.50 and 6.87 ppm for E-TPE-20Ts appear at
lower chemical shifts compared to the corresponding peaks for
Z-TPE-20Ts. The protons associated with these peaks are
located on the two substituted rings B and C. For the two peaks
at 7.00 and 7.10 ppm, the opposite trend is observed, with the
peaks being shifted to slightly higher chemical shift values.
These two signals correspond to the protons of the unsubsti-
tuted rings A and D. The geometry structures of the E/Z-isomers
were further confirmed by ROESY "H NMR spectroscopy, which
is widely applicable to those structures (Fig. S10, ESI,f for
complete spectra). Focusing on the TPE region as shown in
Fig. 2, the resonance peak at 6.50 ppm is easily attributed to H8,
H11, H18 and H19 due to their strong correlation with H7 and
H26. Similarly, the signal at 6.81 ppm is assigned to H9, H10,
H17 and H20 on account of their strong correlation with H8,
H11, H18 and H19 for both isomers. The peaks at 6.94 and
7.03 ppm are attributed to H12, H16, H21, H25 and H13, H14, H15,
H22, H23 and H24, respectively. Moreover, a weak correlation
(highlighted by the two red circles) can be observed between
H9, H10, H17, H20 and H12, H16, H21, H25 for E-TPE-20Ts
(Fig. 2A), while this correlation is not present for Z-TPE-20Ts
(Fig. 2B). This suggests that for E-TPE-20Ts, the A and D rings
lie in the same plane as the B and C rings, accounting for the
spatial proximity of the protons. On the other hand, in the
case of Z-TPE-20Ts, the A and D rings are not coplanar with
the B and C rings, resulting in the absence of proton correla-
tion. Hence, the E/Z-configurations directly influence the con-
formation of the substituted rings. Specifically, in the Z-
configuration, the substituted B and C rings rotate out of the
plane to minimize the steric hindrance caused by the two bulky
tosyl groups. In contrast, in the E-configuration, the substituents
do not interact with each other, suggesting that all four TPE
rings remain coplanar in solution. X-ray diffraction is the most
powerful technique for determining both configurations.**
While repeated attempts to obtain single crystals for any of the
TPE-20Ts isomers were unsuccessful, crystallization of E/Z-TPE-
20H was achieved (Fig. 3). The single crystal structures were
obtained by slow evaporation of pure E/Z-TPE-20H in a mixture
of acetone and ethyl acetate. The single crystal X-ray diffraction
analyses clearly show the chemical structure of both E/Z-TPE-
20H isomers, thus confirming the configurations determined by
ROESY. It is worth noting that some hydroxy groups are dis-
organized in the crystal lattice, which originates from the inter-
molecular hydrogen bonds with other TPE-20H and water
molecules in the case of Z-TPE-20H (Fig. S9, ESIY).

Synthesis and characterization of E/Z-copolymers

Building on the successful synthesis of each E/Z-TPE-20Ts
isomer, amphiphilic triblock copolymers E/Z-TPE-PnBuOx-b-
(PnPrOx-stat-PMeOx), simplified as E/Z-copolymers, were sub-
sequently synthesized via CROP using these isomers as initia-
tors (Scheme 2). The synthesis began with the introduction of
2-n-butyl-2-oxazoline (nBuOx) to form the hydrophobic block.
Then, 2-n-propyl-2-oxazoline (nPrOx) and 2-methyl-2-oxazoline
(MeOx) were added at once to create the desired hydrophilic
block. Finally, the polymerization was terminated by adding a

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Partial ROESY *H NMR spectra of (A) E-TPE-20Ts and (B) Z-TPE-
20Ts, displaying the spatial correlations between the aromatic protons of
TPE. The red circles highlight the weak correlation between specific
protons that confirm the E/Z-configurations.

5 M solution of KOH in MeOH. The rational design behind
such copolymer was to first achieve self-assembly properties in
an aqueous medium to form micelles. Thus, the proportions
between the hydrophobic and hydrophilic blocks were wisely

© 2025 The Author(s). Published by the Royal Society of Chemistry
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02A
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Fig. 3 Single crystal structures of (A) E-TPE-20H and (B) Z-TPE-20H
determined by X-ray diffraction.

selected to obtain a final copolymer with a hydrophilic-
lipophilic balance (HLB) superior to 10 for an oil-in-water
system favoring micellization.””> PnBuOx was selected because
of its high hydrophobicity, while PMeOx is well known for its
high water solubility. Since neither polymer undergoes phase
transition behavior in water between 0 and 100 °C, poly(2-n-
propyl-2-oxazoline) (PnPrOx) was introduced to provide thermo-
responsiveness and intermediate water solubility. Although the
LCST of PnPrOx is relatively low (~25 °C),"* the copolymeriza-
tion with MeOx aims to increase the LCST value which corre-
lates with the initial nPrOx: MeOx (7 : 3) mole ratio. Therefore,
the proportion between both monomers was carefully deter-
mined to balance the LCST behavior, while maintaining the
self-assembly properties. Both E/Z-TPE-20Ts successfully
initiated the polymerization of 2-oxazolines as depicted by
'"H NMR, affording the desired copolymers (Fig. S11 and S12,
ESIt). The aromatic region is clearly visible from 6.54 to 7.13
ppm, indicating the presence of TPE in both cases. Concerning
the copolymer spectral region, the triblock composition makes

Mater. Adv,, 2025, 6, 5742-5757 | 5745
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Scheme 2 Synthesis of hydroxy terminated E/Z-TPE-PnBuOx-b-(PnPrOx-stat-PMeOx) copolymers by successive polymerization of nBuOx, and
statistical copolymerization of MeOx and nPrOx using E/Z-TPE-2QOTs as the initiator.

Table 1 Characterization of E/Z-copolymers by SEC?

Copolymer M, (theor.), g mol™* M, (exp.), g mol ™! b
E 11376 10700 1.59
zZ 11376 9300 1.63

% Determined by SEC in DMF using PMMA as the standard.

it difficult to accurately determine the degree of polymerization
of each block by "H NMR. However, the total amount of protons
is consistent with the expected theoretical value (Table 1),
indicating that all the monomers were consumed during the
polymerization reaction. The number-average molar mass M,,
was obtained by size-exclusion chromatography (SEC). Given
the theoretical value My(theor.) = 11376 g mol ', the experi-
mental M,, were slightly lower, with dispersities of 1.59 and 1.63
for the E and Z-copolymers, respectively. CROP requires rapid
and uniform generation of carbocationic chain ends, as slow or
heterogeneous initiation results in broader dispersity and lower
M,,. Hoogenboom et al. demonstrated that using ethyl tosylate
instead of methyl tosylate in CROP increased the dispersity due
to its slower initiation kinetics. This difference is explained by a
less electrophilic and bulkier initiator, leading to a slower
initiator step, which ultimately favors side reactions by chain
transfers during the propagation step. The slightly higher M,
observed for the E-isomer initiator can be attributed to its
more favorable initiation compared to the sterically hindered
Z-isomer, leading to more efficient chain propagation and,
consequently, lower dispersity.*®

TPE derivatives are known to undergo thermal isomerization
when exposed to high temperature.**** Therefore, the thermal
stability of both E/Z-TPE-20Ts isomers was studied by "H NMR
under the polymerization conditions in the absence of mono-
mers (Fig. S13, ESI}). After heating at 140 °C in acetonitrile for
30 min, both E and Z-isomers showed approximately 10%
degradation, as evidenced by the appearance of new signals
at lower chemical shifts compared to those of TPE-20Ts. While
the degradation percentage was relatively low and identical for
both isomers, their thermal behavior exhibited significant
differences. As a matter of fact, while the Z-TPE-20Ts isomer
showed an isomerization rate of up to 10%, its E-TPE-20Ts
counterpart exhibited a significantly higher conversion rate,
reaching 43%. Leigh and Arnold investigated the thermal

5746 | Mater. Adv., 2025, 6, 5742-5757

isomerization of different TPE derivatives and demonstrated
that the isomerization of para-dimethoxytetraphenylethylene
occurs much faster in polar solvents such as benzonitrile than
in apolar solvents such as benzene. Furthermore, the authors
mentioned that the Z-isomer is more thermally stable in
benzonitrile.*® In the case of TPE-20Ts, the higher isomeriza-
tion rate of the E-isomer can be attributed to the polar nature of
acetonitrile. While the E/Z-TPE-20Ts initiators demonstrated
clear isomerization under polymerization conditions, it is
important to note that the resulting polymers showed no
evidence of such phenomenon. Indeed, the "H NMR spectra
of the TPE units from both E and Z-copolymers exhibit
chemical shift patterns that are identical to those of their
respective initiators (Fig. S14, ESIt). This observation confirms
that no mixture of E and Z-polymers was formed during the
synthesis, suggesting that the polymerization of 2-oxazolines
effectively prevents the thermal isomerization of the TPE unit.
It can be hypothesized that the polymerization reaction is
kinetically faster than the isomerization process. In fact,
microwave-assisted CROP of oxazolines are known to be extre-
mely fast.*” Additionally, we assume that the TPE configuration
is locked by the bulky brush-like POx chain structure, which
restricts rotation and prevents isomerization of the TPE unit.

Self-assembly of E/Z-copolymers

The E/Z-copolymers were successfully dispersed in phosphate
buffered saline (PBS, pH = 7) to form micelles using the thin
film hydration method. As shown in Fig. 4, the initial hydro-
dynamic diameters (Dy,) were measured to be 41 and 37 nm for
the E and Z-micelles, respectively. Additionally, narrow size
distributions were achieved, as indicated by the low polydis-
persity index (PDI) (Table S1, ESIT). The colloids displayed good
stability, although aggregation was observed over time. This
was evidenced by an increase in both Dy, and PDI over time for
the micelles, suggesting the formation of aggregates. At iden-
tical copolymer concentrations (10 mg mL "), the Z-copolymer
self-assembled into smaller micelles (D;, = 37 nm) compared to
the E-copolymer (Dy, = 41 nm). This difference can be attributed
to the distinct configurations of the TPE unit in the copolymers.
In the E configuration, the copolymer chains are positioned on
opposite sides of the TPE unit, forcing interwoven packing of
the amphiphile parts in the aggregated state. This increases the
core volume of the micelles. Conversely, the Z-configuration

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Evolution of the hydrodynamic diameter of E-micelles (black bars)
and Z-micelles (blue bars) over 14 days. The samples (c = 10 mg mL™
were stored 4 °C. The indicated numbers on each bar represent the
average hydrodynamic diameter (nm). The error bars represent the mean
standard deviation (n = 4).

places the copolymer chains on the same side of the TPE unit,
facilitating a more efficient micellization process and resulting
in smaller micelles. Importantly, the Z-micelles showed mini-
mal aggregation, as depicted by the negligible increase of the
Dy, and PDI in comparison with the E-micelles. Indeed, while
both E/Z-micelles showed aggregation over time, the Z-micelles
could be effectively redispersed using ultrasound, unlike the E-
micelles. The measured D}, and PDI of the Z-micelles remained
constant over two weeks, whereas the E-micelles could not be
redispersed and demonstrated irreversible aggregation.

AIE behavior of E/Z-copolymers

The AIE behavior of E/Z-copolymers was studied by fluores-
cence at a concentration of 1 mg mL ™' in THF:water mixtures
with varying water fractions (f,) (Fig. 5A and B). Both copoly-
mers showed a weak fluorescence at Ay, = 385 nm in THF,
which corresponds to the emission of solubilized TPE. With the
increasing of the water fraction, the emission band at 385 nm
diminished and the characteristic fluorescence of the aggre-
gated TPE appeared at Apax = 475 nm and 481 nm for the E and
Z-copolymers, respectively. This phenomenon was noticeable
when f,, reached 80% and was further visible at fi, = 90% and
100%. Although both copolymers exhibited AIE properties
starting from f, = 80%, the Z-copolymer was slightly more
emissive than the E-copolymer at f, > 80% (Fig. S15, ESIT).
Indeed, the relative fluorescence quantum yield was deter-
mined to be 0.12 and 0.16 for the E and Z-copolymers, respec-
tively, in agreement with reported values for other TPE-based
copylmers.*>*® In fact, differences in the fluorescence proper-
ties between E/Z-TPE derivatives have been previously
described.”>*® As a result of the AIE properties, the critical
micellar concentration (CMC) of the E/Z-copolymers was deter-
mined by fluorescence. Indeed, owing to the specific emission
of TPE at /max & 480 nm, the CMC can be calculated by varying
the concentration of the copolymer in an aqueous media. CMC

© 2025 The Author(s). Published by the Royal Society of Chemistry
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values of 0.53 and 0.06 pg mL~" were found for the E and Z-
copolymers, respectively (Fig. 5C and D). The low CMC values
are attributed to the strong AIE properties of TPE and the
amphiphilic nature of the copolymer, both of which facilitate
rapid aggregation in aqueous media. These two effects work
synergistically to favor the self-assembly of the copolymers.
Interestingly, it is worth noting that the CMC for the Zz-
copolymer is ~10-fold lower than that for the E-copolymer.
This difference is likely an immediate consequence of the
difference in the configuration of TPE. Indeed, in the case of
the Z-copolymer, the structure of the hydrophobic block is such
that the aggregation of TPE is easier compared to the E-
copolymer, in which the PnBuOx chains from both sides of
TPE could hinder the aggregation of the latter during the
micellization process. Since micelles are dynamic supramole
cular assemblies in equilibrium with their unimers, a low
CMC is particularly advantageous as micelles are prone to
dissociation upon high dilution. Hence, in addition to the
fluorescent properties, the presence of TPE also contributes
to the colloidal stability of the micelles. The calculated CMC of
the Z-micelles was found to be lower by a factor of 10 compared
to that of the E-micelles, indicating that the micellization
process occurs more rapidly for the Z-copolymer than for the
E-copolymer. This result corroborates previous observations
related to the colloidal stability and AIE properties of both
copolymers.

Thermoresponsiveness of E/Z-copolymers

The heat responsiveness of micelles was studied by turbidity
using UV-Vis spectroscopy. Colloidal solutions of E/Z-micelles
(c =1 mg mL ") were gradually heated (1 °C/5 min), and
transmittance was monitored at 600 nm (Fig. 5F and G). The
cloud point temperature, Tcp, defined as the temperature at
which turbidity occurs at a given concentration, was measured
to be 40 °C and 38 °C for the E and Z-copolymers, respectively.
The 2 °C difference may result from small variations in the
copolymer composition, as shown by the SEC measurements,
where different numbers for the average molar mass were
obtained. A slight change in the hydrophilic block during the
copolymerization of the nPrOx and MeOx monomers could lead
to these differences in T.,. Nonetheless, T, is above 37 °C,
which corresponds to the body temperature for both E/Z-
micelles, making them potentially useful for thermal drug
delivery systems.

Encapsulation of Dil and NBDHEX in E/Z-micelles

To explore the potential of both E and Z-micelles for imaging
and therapy, two lipophilic molecules were selected. 1,1'-
Dioctadecyl-3,3,3’,3'-tetramethylindocarbocyanine perchlorate
(DiI) was chosen for its high extinction coefficient and moder-
ate fluorescence quantum yield, which enable its detection
even at very low concentrations. Moreover, since E/Z-
copolymers emit a broad fluorescence signal at Ay.(em) =~
480 nm, a FRET pair could be obtained with the E/Z-copolymer
as the donor and Dil as the acceptor (Amax(@abs) = 550 nm,
Fig. S16, ESIT). NBDHEX was selected as an anticancer agent
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due to its strong inhibition of the glutathione S-transferase P1-1
(GSTP1-1), which is known to induce cell apoptosis.”® NBDHEX
was synthesized in one step starting from the commercially
available 4-chloro-7-nitrobenzofurazan (NBDCI) by reacting
with 6-mercapto-1-hexanol (Scheme S1, ESIt). The desired
product NBDHEX was obtained, as confirmed by 'H
NMR and mass spectrometry (Fig. S6, ESIt). Dil and NBDHEX
were successfully encapsulated into E/Z-micelles using the
thin film hydration method, providing DiI@E/Z-micelles and
NBDHEX@E/Z-micelles (Fig. 6A and B). UV-Vis spectroscopy
revealed the characteristic absorption bands of Dil (Amax =
550 nm), NBDHEX (ax = 420 nm) and TPE (Amax = 320 nm),

5748 | Mater. Adv., 2025, 6, 5742-5757

confirming the presence of Dil and NBDHEX in the micelles.
The concentrations of encapsulated Dil and NBDHEX were
determined by UV-Vis spectroscopy using a calibration curve
(Fig. S17, ESIT). The encapsulation efficiencies (EE) for Dil@
E/Z-micelles were generally higher than those for NBDHEX
(Table S2, ESIT). This noticeable difference between Dil and
NBDHEX is likely due to the greater lipophilic nature of Dil,
which facilitates interactions with TPE via m-stacking, enhan-
cing its encapsulation and retention within the micelle core
during the formulation. Nonetheless, no significant differences
in terms of encapsulation efficiency between the E/Z-micelles
were observed. The encapsulation of Dil and NBDHEX only

© 2025 The Author(s). Published by the Royal Society of Chemistry
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showed minor modifications in the nanoparticle size, as mea-
sured by DLS (Fig. S18 and Table S1, ESI¥).

Forster resonance energy transfer in DiI@E/Z-micelles

A FRET pair is observed between a donor and acceptor when
their respective emission and absorption spectra significantly
overlap. Moreover, the donor must be in close proximity to the
acceptor (d = 1-10 nm) to transfer the energy from the excited
state to the acceptor in its ground state.>" Micelles are particu-
larly suitable for FRET due to their small hydrophobic core,
which promotes close proximity and energy transfer between
the donor and the acceptor. In our study, E/Z-micelles, with
sizes around 40 nm, were expected to have a suitable hydro-
phobic core to facilitate FRET by encapsulating Dil. TPE
(donor) and Dil (acceptor) exhibit significant spectral overlap
between the AIE emission of TPE and the absorption of Dil.
Thus, FRET of DiI@E/Z-micelles was studied by fluorescence
(Fig. 7A). Upon excitation at 320 nm, the AIE emission band of
TPE with the maximum at ~480 nm decreased for both DiI@E/
Z-micelles compared to their respective empty micelles at the
same concentration (¢ = 1 mg mL "), followed by the appear-
ance of the characteristic emission band of Dil with the
maximum at 575 nm. The FRET efficiency (Epger) was

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Materials Advances

A)

2.5x10°
2.0x10°
1.5x10° 1
1.0x10°
5.0x10%

0.0
330

FL intensity (a.u)

380 430 480 530 580 630
Wavelength (nm)

B)

1x10*
9x103 4
6x103 4

3x103 4

FL intensity (a.u)

EAY
2t
) S

0 T T T T T
330 380 430 480 530 580 630

Wavelength (nm)

Fig. 7 FRET study of Dil@E/Z-micelles. (A) Emission spectra of empty E/Z-
micelles (black/red, plain lines) and Dil@E/Z-micelles (black/red, dashed
lines) when excited at dexe = 320 nm. (B) Emission spectra of the diluted
solutions of Dil@E/Z-micelles in MeOH when excited at ey = 320 Nnm
(black/red, plain lines) and Jexc = 500 nm (black/red, dashed lines).

>

determined to be 54% and 34% for Dil@E-micelles and
Dil@Z-micelles, respectively. Both systems were promising, as
most of the encapsulated Dil emitted fluorescence by FRET
(Fig. S19, ESIT). To further confirm the encapsulation of Dil
inside the hydrophobic core of the micelles, a colloidal solution
of DII@E/Z-micelles was diluted in methanol, inducing micelle
disassembly (Fig. 7B). When excited at 320 nm, neither the AIE
of TPE nor emission of Dil via FRET was observed. Instead, only
the emission with the maximum at 385 nm, corresponding to
solubilized TPE, was detected. The absence of the AIE band
indicates that the micelles had disassembled into soluble
unimers, rendering FRET impossible. The presence of unen-
capsulated Dil in the resulting solutions was confirmed by
excitation at 500 nm, which gave the characteristic emission
of Dil. This result validates the successful encapsulation of Dil
within the micelles and the occurrence of FRET between TPE
and Dil. Such micelles could be used for dual imaging, tracking
micelles via AIE from TPE and FRET-based fluorescence probes.

Cellular toxicity of E/Z-micelles

The ability of E/Z-micelles to deliver hydrophobic molecules
was assessed against the HeLa cancer cell line using
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NBDHEX@E/Z-micelles (Fig. 8). Cells were treated with E/Z-
micelles with concentrations of copolymer ranging from 0.5 to
100 pM. Firstly, the cells treated with E-micelles showed no
significant effect on the cell proliferation at all concentrations
(Fig. 8A, black bars). However, a dose-dependent decrease in
the measured cell amount was observed with Z-micelles
(Fig. 8B, black bars), with only 44% of the remaining cells at
100 uM. When treated with NBDHEX®@&E-micelles, the cell
amount significantly decreased at concentrations from 50 to
100 pM, with only 10% of the remaining cells at 100 puM.
Surprisingly, NBDHEX@Z-micelles induced only a slight
decrease in cell proliferation compared to the Z-micelles at
the same concentrations. These results suggest that Z-micelles
are not able to deliver the cargo within the cells as opposed to
the E-micelles, which clearly demonstrate a strong decrease in
cell proliferation when loaded with NBDHEX. Therefore, we
assumed that the Z-micelles were not stable in the biological
media to be internalized and to deliver NBDHEX within the
cytoplasmic compartment. Following this hypothesis and
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assuming that the micelles are mostly disassembled into
unimers in the biological media, the hydrophobic part of the
copolymer may interact with the cell membrane, leading to
physical modifications, loss of membrane integrity and ulti-
mately to cell death, as reported for various lipophilic
compounds.*

In parallel, the same experiment was performed by heating
the cells at 41 °C for 5 min after 2 h post-treatment to study the
influence of the thermoresponsiveness of the E/Z-micelles in
the release of NBDHEX (Fig. S20, ESIt). The increase in tem-
perature to 41 °C proved to be harmless to the cells, as shown
by the control condition. However, no additional decrease in
cell survivability was observed for both NBDHEX@E/Z-micelles.
It was expected that crossing the cloud point temperature of
both E/Z-micelles would lead to their destabilization, which
would accelerate the release of the hydrophobic cargo. This
strongly suggests that the micelles are not stable when reaching
the cytoplasmic compartment, which most likely leads to their
disassembly and immediate release of NBDHEX. In this sce-
nario, heating above the cloud point temperature would have
no additional effect on the release of NBDHEX.

To further study the delivery of a hydrophobic cargo, HeLa
cells were also treated with DII@E/Z-micelles and the fluores-
cence of TPE, Dil and FRET emission were measured (Fig. 9).
The cells were treated for 2 h, and then thoroughly washed to
eliminate the excess of extracellular micelles before fluores-
cence acquisition. When excited at ~320 nm (Fig. 9A), the
fluorescence of cells treated with E-micelles exhibited a sig-
nificant increase, owing to the AIE of TPE. No detectable
fluorescence enhancement was observed for either Z-micelles
or Dil@Z-micelles conditions. In the case of Dil@E-micelles,
the detected emission was much lower than that of E-micelles
due to the FRET phenomenon, which resulted in the decrease
of the AIE due to energy transfer. When excited at ~550 nm
(Fig. 9B), a strong fluorescence signal could be observed in cells
treated with Dil@E-micelles, indicating the penetration of Dil
within the cells. However, no additional fluorescence could be
detected in cells treated with Dil@Z-micelles, which was con-
sistent with the lack of AIE from TPE when excited at 320 nm
under the same condition. This strongly suggests that the
Z-micelles did not penetrate the cells and were washed away
during the treatment. Indeed, when exciting at ~320 nm and
measuring the fluorescence at ~620 nm (Fig. 9C), a 2.5-fold
increase in fluorescence relative to the not treated cells was
measured for DiI@E-micelles, while no additional emission
from Dil@Z-micelles was detected. Since FRET requires both
donor and acceptor to be close from each other, these results
indirectly demonstrate that the E-micelles are effectively inter-
nalized as opposed to the Z-micelles. Even though no Dil was
present in cells treated with E-micelles, the broad emission
from AIE of TPE was still detected, thus explaining the apparent
increase in fluorescence. To ensure the result discrepancy
obtained with E and Z-micelles did not originate from micelle
degradation, the AIE, Dil and FRET emission of each micelle in
solution (without cells or biological media) were quantitated
concurrently to biological experiment, and no anomaly was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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noticed (Fig. S21, ESIT). These results are in agreement with the
cytotoxicity study and further support the inability of Z-micelles to
penetrate the cell membrane and deliver hydrophobic molecules.

Experimental section
Materials

Reagents. All chemicals were used without further purifica-
tion unless specified otherwise. Zinc powder (Zn, >99%), 2-
chloroethanol (99%), tosyl chloride (TsCl, >98%), triethyla-
mine (Et;N, >99.5%), potassium iodide (KI, >99%), 6-
mercapto-1-hexanol (97%), 2-methyl-2-oxazoline (MeOx, 97%),
2-n-propyl-2-oxazoline (nPrOx), 2-n-butyl-2-oxazoline (nBuOx)
and phosphate buffered saline (PBS) tablets were purchased
from Sigma Aldrich. Dichloromethane (CH,Cl,, 99.8%), acet-
onitrile (ACN, >99%), N,N-dimethylformamide (DMF, 99.8%),
potassium carbonate (K,CO;, >99%), 4-chloro-7-nitroben-
zofurazan (NBDCI, 98%), 1,1'-dioctadecyl-3,3,3’,3'-tetramethyl-
indocarbocyanine perchlorate (Dil), petroleum ether (PE,
>99%), ethyl acetate (EtOAc, >99%) and chloroform (CHCl;,
>99%) were obtained from Thermo Fisher Scientific. 4-
Hydroxybenzophenone (>98%) was purchased from TCI. Tita-
nium tetrachloride (TiCly, 97%) was obtained from Merck. Diethyl
ether (Et,0) was purchased from VWR. Tetrahydrofuran (THF,
>99%) was obtained from Thermo Fisher Scientific, and distilled
over sodium and benzophenone. Dicalite was obtained from
Carlo Erba. Column chromatography was carried out on Kieselgel
60 A (0.035-0.070 mm mesh, Thermo Fischer Scientific).

Instrumentation. The synthesis of copolymers was carried
out using a microwave reactor (Anton Paar Monowave 400).
Sonication was realized using a FB11203 Fisherbrand® appa-
ratus (37 kHz, power 100%, pulse). "H NMR and *C NMR
spectra were recorded using 300 MHz and 500 MHz Bruker
Aspect spectrometers, respectively. Chemical shifts (0) are given
in parts per million relative to the NMR solvent residual peak
(CHCl3, 6 = 7.26 ppm). UV-Vis spectroscopy measurements were
recorded on a Shimadzu UV-1800 spectrophotometer using a
quartz cell of 1 cm path length. Fluorescence spectra were

© 2025 The Author(s). Published by the Royal Society of Chemistry

recorded on a Shimadzu RF-6000 spectrophotometer using a
quartz cell of 1 cm path length.

The molar masses (number-average molar mass M,,, weight-
average molar mass M,,) and dispersity (P) values of the poly(2-
ozaxoline)s were measured by SEC using DMF with LiBr (1 g L™
as an eluent, and carried out using a system equipped with an
isocratic HPLC pump (Waters 1515), a Waters 2707 plus auto-
sampler, with a guard column (PL gel, 5 um Guard column,
8 x 50 mm), followed by two columns (PL gel, linear 5 pm,
8 x 300 mm), with all three columns stored in an oven at 60 °C,
with a photodiode array (Waters 2998) detector and a differential
Waters 2414 refractometer at 40 °C. The instrument operated at a
flow rate of 1.0 mL min ™~ at 35 °C, and was calibrated with narrow
linear poly(methyl methacrylate) (PMMA) standards ranging in
molar mass from 0.904 kg mol " to 304 kg mol .

Matrix adsorption laser desorption ionization time of flight
(MALDI-TOF) measurements were performed on a SPIRAL-TOF
S3000 from JEOL using trans-2-[3-(4-tert-butylphenyl)-2-methyl-
2-propenylideneJmalononitrile (DCTB) as matrix.

Dynamic light scattering measurements were performed
using a Malvern Zetasizer Nano S.

Melting points (m.p.) were determined using a Stuart SMP30
apparatus.

X-ray diffraction analyses were performed on a Rigaku
Oxford Diffraction SuperNova diffractometer equipped with
an Atlas CCD detector and micro-focus Cu-K, radiation (4 =
1.54184 A). The structures were solved by dual-space algorithm
and refined on F* by full matrix least-squares techniques using the
SHELX package (G. M. Sheldrick, ShelXT-2018/2, ShelXL-2019/3).
All non-hydrogen atoms were refined anisotropically and the H
atoms were included in the calculation without refinement.
Absorption was corrected with multiscan empirical method or
Gaussian technique by using the CrysAlisPro program (CrysAlis-
Pro, Rigaku Oxford Diffraction, V1.171.44.99a, 2025).

Preparation of Dil and NBDHEX@E/Z-micelles

Organic synthesis. Compound (1) was prepared in accor-
dance with the literature."

Mater. Adv., 2025, 6, 5742-5757 | 5751
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'H NMR (300 MHz, CDCl,) § (ppm): 7.16-6.84 (m, 14H), 6.56
(m, 4H). *C NMR (500 MHz, CDCl;) & (ppm): 153.9, 144.1,
139.7, 136.7, 132.7, 131.4, 129.6, 128.4, 128.2, 127.7, 127.6,
126.2, 125.8, 115.0, 114.6. ESI-MS was calculated for 364.15
and found 364.20 [M]".

Synthesis of E/Z-TPE-20H (2). K,CO; (1.8 g, 13.2 mmol,
10 equiv.), KI (219 mg, 1.3 mmol, 1 equiv.) and 2-chloroethanol
(446 pL, 6.7 mmol, 5 equiv.) were successively added to a
solution of compound 1 (484 mg, 1.3 mmol, 1 equiv.) in
anhydrous DMF (10 mL). The mixture was vigorously stirred
under an argon atmosphere at 80 °C for 18 h. The reaction was
cooled down to room temperature and concentrated under
reduced pressure. EtOAc was added, followed by a saturated
NaHCO; aqueous solution. The aqueous phase was extracted
with EtOAc and the combined organic layers were washed with
brine. The organic layers were dried over MgSO,, then filtered
and concentrated under reduced pressure. The crude product
was purified by silica gel chromatography (PE/EtOAc 3:2 to
1:4). The product was further purified by solubilization in
CH,Cl, and precipitation in PE to afford E/Z-TPE-20H 2
(157 mg and 160 mg, respectively), total yield 53%, R¢(Z) =
0.13 and R¢(E) = 0.39 with 1:1 EtOAc/CHCl; as eluent.

E-TPE-20H. 'H NMR (300 MHz, CDCl;) § (ppm): 7.19 (m,
6H), 7.04 (m, 4H), 6.93 (m, 4H), 4.00 (m, 4H), 3.91 (m, 4H), 1.97
(m, 2H). "*C NMR (500 MHz, CDCl;) § (ppm): 157.0, 144.2,
139.7, 136.8, 132.6, 131.4, 129.5, 128.4, 128.2, 127.7, 126.3,
125.8, 114.2, 113.6. MALDI-TOF-MS was calculated for 452.20
and found 452.20 [M]'. M.p.: 205-207 °C.

Z-TPE-20H. "H NMR (300 MHz, CDCL;) § (ppm): 7.07 (m,
6H), 7.02 (m, 4H), 6.96 (m, 4H), 6.68 (m, 4H), 4.03 (m, 4H), 3.93
(m, 4H), 1.99 (m, 2H). *C NMR (500 MHz, CDCl;) é (ppm):
157.0, 144.1, 139.7, 136.9, 132.6, 131.4, 129.5, 128.4, 128.1,
127.6, 126.3, 125.8, 114.2, 113.7, 70.0, 61.5. MALDI-TOF-MS
was calculated for 452.20 and found 452.10 [M]'. M.p.: 136-
140 °C.

Synthesis of E/Z-TPE-20Ts (3). A solution of compound 2
(E or Z-TPE-20H, 157 mg, 0.4 mmol, 1 equiv.), TsCl (1.03 g,
5.4 mmol, 5 equiv.) and Et;N (750 pL, 5.4 mmol, 5 equiv.) in
CH,Cl, (7 mL) was stirred under an argon atmosphere at room
temperature for 24 h. The mixture was immediately purified via
silica gel chromatography (CH,Cl,). The obtained product was
then precipitated in PE to afford compound 3 as yellow solids
(28-51%, R¢(Z) = 0.32 and R¢(E) = 0.42 with CH,Cl, as eluent).

E-TPE-20Ts. "H NMR (300 MHz, CDCl;) § (ppm): 7.81 (m,
4H), 7.33 (m, 4H), 7.11 (m, 6H), 7.01 (m, 4H), 6.88 (m, 4H), 4.31
(m, 4H), 4.06 (m, 4H), 2.44 (s, 6H). "*C NMR (500 MHz, CDCl;) 6
(ppm): 156.4, 145.0, 144.0, 139.7, 137.0, 132.9, 132.5, 129.9,
129.4, 128.4, 128.2, 128.0, 127.7, 126.3, 144.2, 113.6, 68.2, 65.2,
21.7. MALDI-TOF-MS calculated for 760.22 and found 760.10
[M]". M.p.: 62-65 °C.

Z-TPE-20Ts. "H NMR (300 MHz, CDCl;)  (ppm): 7.80 (m,
4H), 7.34 (m, 4H), 7.07 (m, 6H), 6.99 (m, 4H), 6.91 (m, 4H), 4.32
(m, 4H), 4.09 (m, 4H), 2.44 (s, 6H). **C NMR (500 MHz, CDCI,)
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5 (ppm): 156.4, 145.0, 144.0, 139.7, 137.0, 132.8, 132.5, 131.3,
129.9, 129.8, 129.4, 128.4, 128.2, 128.1, 128.0, 127.6, 126.3,
125.8, 114.2, 113.6, 68.2, 65.2, 21.7. MALDI-TOF-MS calculated
for 760.22 and found 760.10 [M]". M.p.: 64-67 °C.

Synthesis of E/Z-copolymers. A solution of compound 3 (E or
Z-TPE-20Ts, 30 mg, 0.039 mmol, 1 equiv.) and nBuOx (100 pL,
0.79 mmol, 20 equiv.) in anhydrous ACN (960 pL) was heated
using a microwave reactor at 140 °C and 600 W for a duration of
30 min under an argon atmosphere. After cooling down, the
mixture of nPrOx (238 pL, 2.1 mmol, 56 equiv.) and MeOx
(80 pL, 0.94 mmol, 24 equiv.) were added, and the reaction was
heated again under the same conditions. After cooling down to
room temperature, a solution of 5 M KOH in MeOH (1 mL) was
added, and the mixture was stirred at 50 °C overnight. The
solvents were concentrated under reduced pressure and the
polymer was precipitated in cold Et,O to afford the desired
product. The copolymer composition was estimated via
'H NMR by integrating the proton signals of PMeOx, PnPrOx
and PnBuOx, and using the characteristic peaks of TPE in the
aromatic region as reference.

Synthesis of NBDHEX. To a solution of 4-chloro-7-
nitrobenzofurazan (400 mg, 2.0 mmol, 1 equiv.) in EtOH/
0.1 M phosphate buffer (1:1, 40 mL) was added 6-mercapto-
1-hexanol (300 pL, 2.2 mmol, 1.1 equiv.). The reaction was
stirred at room temperature for 4 h, and the pH was constantly
monitored and adjusted to pH = 7 by adding 1 M NaOH
dropwise when necessary. The formed yellow precipitate was
filtered and washed with water several times. The solid was
dried under vacuum, affording NBDHEX as a yellow brownish
solid (324 mg, 55%).

'H NMR (300 MHz, CDCl3) & (ppm): 8.40 (d, 1H, J = 8.1 Hz),
7.14 (d, 1H,J = 8.1 Hz), 3.67 (m, 2H), 3.28 (t, 2H, J = 7.5 Hz), 1.88
(m, 2H), 1.69-1.40 (m, 7H). *C NMR (500 MHz, CDCl;) § (ppm):
149.2, 142.5, 142.0, 132.6, 130.7, 120.3, 62.7, 32.4, 31.7, 28.7,
27.9, 25.3. ESI-MS was calculated for 297.08 and found 297.10
[M]'. M.p.: 70-73 °C.

Micelles formulation

Self-assembly into E/Z-micelles. Micelles were prepared by
following the thin film hydration method. Z or E-copolymer
(10 mg) was first solubilized in CHCl; (1 mL). The solvent was
concentrated under reduced pressure to form a thin film on the
flask’s wall. Then, PBS (1 mL, pH = 7) was added and the
mixture was sonicated using an ultrasound bath for 10 min,
keeping the temperature bath under 25 °C. The resulting
colloid was filtered with a 0.1 um syringe filter to afford the
desired micelles at a concentration of 10 mg mL ‘. The
samples were stored in the refrigerator at 4 °C.

Encapsulation of Dil and NBDHEX. The encapsulation was
performed in a fashion similar to that of the preparation of E/Z
micelles. A solution of Dil (10 uL, 1 mg mL~") or NBDHEX
(100 pL, 1 mg mL ") in CHCl; was added to the E or Z-
copolymer (10 mg) solution in CHCl; (1 mL). The mixture was
then concentrated under reduced pressure and 1 mL of PBS was
added. DiI@E/Z-micelles and NBDHEX®@E/Z-micelles were
obtained after 10 min sonication and filtration with a 0.1 pm

© 2025 The Author(s). Published by the Royal Society of Chemistry
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filter as pink and yellow colloids, respectively. The colloids were
stored at 4 °C. The concentration of the encapsulated molecule
was determined by UV-Vis spectroscopy.

The encapsulation efficiency (EE) and drug loading (DL)
were calculated via the following equations:

Mex

EE = —2,
mj
mex

DL =—"=2
Mot

where me, corresponds to the final mass of the encapsulated
molecule, m; is the initial mass of the introduced molecule and
Myoe 1S the total mass of the copolymer and molecule.
Colloidal stability of E/Z-micelles. The colloidal stability of
the E/Z-micelles was monitored by DLS. The samples
(c = 10 mg mL " in PBS) were stored at 4 °C, and were sonicated
using an ultrasound bath for 10 min prior to each measurement.

Study of the physico-chemical properties

Measurement of the cloud point temperature. The cloud
point temperature of the E/Z-copolymers (c = 1 mg mL ') was
measured by UV-Vis spectroscopy in transmittance mode. Each
solution was subjected to heating at 1 °C per 5 min. The
transmittance was monitored at 4 = 600 nm. The cloud point
temperature was determined to be the temperature at which
aggregation started, when the transmittance began to decrease.

Aggregation induced emission study. Eleven solutions of
either E/Z-copolymer in a mixture of THF:water at different f,,
(%) were prepared as follows: 0, 10, 20, 30, 40, 50, 60, 70, 80, 90
and 100%. The concentration of the copolymer (c =1 mg mL ™)
was identical for all solutions. For the solutions with f,, ranging
from 10% to 90%, a stock solution of copolymer in water,
prepared by thin film hydration following the same method
used for micelle formulation, was diluted to obtain the desired
THF:water volume ratios.

Determination of the relative quantum yield of fluorescence.
The relative quantum yields of fluorescence (¢s) of both E/Z-
copolymers were determined using the following equation:

A In?
Al n?’

Ps = Pr X

where ¢, is the fluorescence quantum yield of quinine sulphate
in 0.1 M H,S0, (0.54), A is the absorbance intensity at 350 nm,
I is the integrated fluorescence intensity (excitation at 350 nm)
and n is the refractive index of the media (n, = ng = 1.33).>

Determination of the critical micellar concentration. The
CMC was determined by fluorescence using the AIE property of
TPE. A stock solution of either E/Z-copolymer (c = 100 pg mL™ ")
was diluted to obtain solutions with the following concentra-
tions of copolymer (ug mL™%): 12, 10, 8, 6, 4, 2, 1, 0.5, 0.25, 0.1,
0.05, 0.025, 0.01, 0.005, 0.0025 and 0.001. By plotting the
fluorescence intensity at 4 &~ 480 nm against the concentration,
two straight lines were obtained. Their intersection was deter-
mined to be the CMC value.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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In vitro experiments

Cell culture. HeLa cells (human cervical cancer cell line)
were routinely maintained in DMEM (Sigma Aldrich) supple-
mented with 10% (v/v) fetal bovine serum (PAA), penicillin
(100 U mL ", Sigma Aldrich), and streptomycin (100 pg mL ",
Sigma Aldrich).

Cell proliferation/survival assay. HeLa cells suspended in
culture medium were seeded at a final density of 1200 cells per
well (100 pL per well) into the wells of an optical black-walled,
clear-bottom 96-well culture microplate (Costar, #3904) pre-
coated with rat tail collagen (Sigma Aldrich). Plates were then
incubated at 37 °C in a humidified incubator with 5% CO,.
After 24 h, cells were treated with micelles at the indicated final
concentrations, or with PBS (Sigma Aldrich, #D8662) as the
vehicle control. Following a 2 h incubation at 37 °C, the culture
supernatant was replaced with 100 pL of fresh medium. For
cloud point crossing experiments, cells were immediately
heated to 41 °C for 5 min in a preheated ThermoMixer®
(Eppendorf) equipped with a plate holder. Plates were then
returned to the incubator. 72 h post-micelle treatment, cells
were fixed with a 4% (w/v) formaldehyde solution (36% for-
maldehyde, Sigma Aldrich, #47608) diluted in PBS containing
Ca”* and Mg”" (Sigma Aldrich, #D8662) and supplemented with
Hoechst 33342 (2 ug mL™* final, Sigma Aldrich, #B2261). Plates
were then sealed with aluminum adhesive foil (Corning, #6569)
and incubated overnight at 4 °C. The supernatants were sub-
sequently replaced with 200 uL of PBS containing Ca®" and
Mg™*, and wells were imaged using a high-content epifluores-
cence microscope (Operetta, PerkinElmer). Each well was
acquired with 9 fields per well at 10x magnification in the
blue fluorescence channel (Jexe = 380 + 20 nNM; Ay, = 445 +
35 nm). For image quantification, an automated segmentation
and quantification algorithm was developed using Harmony
3.0 software (PerkinElmer). Briefly, the algorithm segmented
nuclear regions of interest (ROI) based on Hoechst fluores-
cence, and quantified the number of cells per field and per well.
Results were normalized to vehicle-treated (NT) wells, and
expressed as mean =+ standard deviation per condition (n = 3).

FRET assay. HeLa cells suspended in culture medium were
seeded at a final density of 50 000 cells per well (100 pL per well)
into the wells of a 96-well plate V-bottom polystyrene plate
(Greiner). Cells were then immediately treated with micelles at
the indicated final concentrations, or with PBS as the vehicle
control. Following a 2 h incubation at 37 °C, the plate was
centrifuged (300 G, 4 min), the supernatants were discarded by
aspiration, and the cell pellets were resuspended in 200 pL of
PBS. This PBS washing step was repeated twice to remove
excess micelles. Cells were finally suspended in 100 pL of
PBS, and transferred into the wells of an optical black-walled,
clear-bottom 96-well culture microplate (CellVis, #P96-1.5H-N).
Cellular fluorescence was acquired with a Clariostar plate
reader (BMG Labtech) at the following wavelengths (nm): TPE
fluorescence (Jexc: 324-326 nm/Aey,: 440-470 nm); Dil fluores-
cence (dexe: 528-554 NM/Aep: 604-640 nm); TPE-DiI FRET
fluorescence (Aexe: 324-326 NM/Aep: 604-640 nm). Results were
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normalized to PBS-treated (NT) wells, and expressed as mean +
standard deviation per condition (n = 3).

Statistics. Statistical data analysis was performed using
GraphPad Prism (v9.1.2, GraphPad Software). Student’s ¢-test
was used to determine the statistical significance between
two groups. The significance of difference was indicated as
p (*p < 0.05, **p < 0.01, **p < 0.001, ****p < 0.0001) or n.s.
(not significant).

Conclusions

This work demonstrates the design and successful synthesis of
thermoresponsive copolymer micelles based on poly(2-
oxazoline)s with a tetraphenylethylene (TPE) hydrophobic core.
By leveraging the stereochemically pure E and Z-TPE derivatives
synthesized via the McMurry reaction, we developed triblock
copolymers through CROP reactions of 2-oxazolines. These
copolymers self-assembled into micelles with remarkable
physico-chemical properties, including the efficient encapsula-
tion of hydrophobic molecules. A key outcome of this study is
the demonstration of the profound impact of E/Z stereochem-
istry on micelle behavior. The separation of both E/Z-isomers
highlighted major differences of the corresponding micelles in
colloidal stability, drug encapsulation of hydrophobic mole-
cules, and cellular uptake, ultimately influencing the biological
responses. This was evidenced by their distinct cytotoxicity
towards HeLa cancer cells and fluorescence imaging capabil-
ities, showing a better selectivity using NBDHEX@E-micelles
and Dil @E-micelles, respectively. Beyond their potential
in drug delivery, the E-micelles hold great promise for ther-
anostic applications. Owing to their dual fluorescence proper-
ties, AIE from TPE and FRET-based emission from fluorescent
probes, these micelles enable real-time imaging and tracking.
Overall, this work underscores the importance of controlling
the stereochemistry of the central unit when designing block
copolymers for biomedical applications, paving the way for
next-generation multifunctional nanocarriers in therapy and
imaging.
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