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Abstract

Amphiphilic gradient copolymers represent a promising alternative to extensively used block
copolymers due to their facile one-step synthesis by statistical copolymerization of monomers
of different reactivity. Herein, we provide an in-depth analysis of micelles based on amphiphilic
gradient poly(2-oxazoline)s with different chain lengths to evaluate their potential for micellar
drug delivery systems and compare them to the analogous diblock copolymer micelles. Size,
morphology and stability of self-assembled nanoparticles, loading of hydrophobic drug
curcumin, as well as cytotoxicities of the prepared nanoformulations were examined using
copoly(2-oxazoline)s with varying chain lengths and comonomer ratios. In addition to several
interesting differences between the two copolymer architecture classes, such as more compact

self-assembled structures with faster exchange dynamics for the gradient copolymers, we can
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conclude that gradient copolymers provide stable curcumin nanoformulations with comparable
drug loadings to block copolymer systems and benefit from more straightforward copolymer
synthesis. The study demonstrates the potential of amphiphilic gradient copolymers as a
versatile platform for the synthesis of new polymer therapeutics.
1. Introduction

In the past decades, polymeric non-ionic surfactants emerged as essential materials for
preparing diverse disperse systems with a broad range of applications.[!* Generally, they are
represented by amphiphilic copolymers containing both hydrophilic and hydrophobic segments
in the same chain. ¢ This amphiphilicity usually leads to their self-assembly in an aqueous
environment into nanoparticles of various morphologies, such as micelles, cylindrical micelles
and vesicles, with the first containing hydrophobic core stabilized by a hydrophilic shell.
Micelles based on amphiphilic copolymers generally have higher colloidal stability than
micelles based on low molar mass surfactants (e.g., sodium dodecyl sulfate).[”) Among the
different amphiphilic copolymer architectures that can be used for the preparation of micelles,
block copolymers are most commonly used due to their relatively easy synthesis, using a two-
step sequential monomer addition procedure or the use of a preformed polymer as initiator. In
the biomedical sciences, amphiphilic block copolymers are particularly useful for the
solubilization of poorly water-soluble drugs, improving their maximal dosage and increasing
their blood circulation times.®®) As an example, a nanoformulation of the anti-cancer drug
paclitaxel encapsulated by poly(ethylene oxide)-block-poly(lactide) (PEO-PLA) copolymer
micelles has been clinically approved for the treatment of metastatic breast cancer and advanced
lung cancer in South Korea, distributed under the name Genexol®PM by Samyang Biopharm.P!

Amphiphilic gradient copolymers represent an attractive alternative to block
copolymers due to their even easier synthesis and tunable properties.[!!2) While the synthesis
of block copolymers is essentially a multi-step process, gradient copolymers can be synthesized
in a single step by statistical copolymerization of monomers with different reactivities, leading

3] The more reactive monomer is

to a compositional drift in the formed copolymer.!
preferentially incorporated into the polymer chain at the beginning of the copolymerization
process, while the less reactive one is preferentially incorporated at the end of copolymerization
when the first monomer is being depleted. In the case of comonomers with substantially
different reactivities, a copolymer with steep gradient architecture (quasi-block) is formed.
Such behavior was observed in, e.g., radical copolymerization of (meth)acrylates and

(meth)acrylamides with less reactive vinyl esters!!*l or cyclic ketene acetals,') anionic
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copolymerizations of functional epoxides,!'9! aziridines,!”! styrene/isoprene pairl'®! as well as

[19-21] g4nd

the cationic ring-opening copolymerization (CROP) of different 2-alkyl-2-oxazolines
2-alkyl-2-oxazines.[??] Apart from the difference in monomer reactivities, the monomer
distribution along the polymer chain can be controlled to a certain level by selecting the
copolymerization temperature or solvent.’¥] Finally, an important advantage of these
spontaneously formed amphiphilic gradient copolymers over their block copolymer analogs is
the possibility of fine-tuning the self-assembly properties by changing the steepness of the
formed gradient as reported recently.[?*!

Poly(2-alkyl-2-oxazoline)s (PAOx) are emerging polymers with rising potential in
biomedical sciences.[>>?71 Generally, they are synthesized by living cationic ring-opening
polymerization (CROP) of 2-alkyl-2-oxazoline monomers leading to well-defined polymers
with low molar mass dispersities.!*®! The physical properties of PAOx mainly depend on the
character of the side-chain substituent.[*! PAOx with short side-chain groups, i.e., poly(2-
methyl-2-oxazoline) (PMeOx) and poly(2-ethyl-2-oxazoline) (PEtOx), are water-soluble
biocompatible polymers that are particularly suitable for biomedical applications such as drug
delivery systems or anti-fouling coatings.332] On the other hand, PAOx with either aromatic
or long aliphatic side-chains, e.g., poly(2-phenyl-2-oxazoline) (PPhOx) or poly(2-butyl-2-
oxazoline) (PBuOx) are hydrophobic and found their application as core-forming blocks in
amphiphilic copolymer nanoformulations.[3!

Several PAOx-based micellar drug delivery systems have been reported.[** 331 Probably
the most promising systems comprise PMeOx-PBuOx-PMeOx triblock copolymers, which
allow encapsulation of an extremely high quantity (often > 50 wt.%) of hydrophobic drugs such
as paclitaxel or curcumin.?*) These formulations show excellent anti-cancer properties both in
vitro and in vivo.?% 371 The main advantages of these systems are the simplicity of preparation
and high drug loadings. The cost of the high drug loading is, however, the rapid diffusion-
driven “burst release “of the drug from the micelle, which might lead to the premature loss of
part of the cytostatic cargo before reaching the target tissue, which represents one of the major
drawbacks of such systems. In our study, we use the PPhOx as a core-forming block due to its
relative rigidity (glass transition temperature 7, = 103—107 °C), as we assume that the rigid
“glassy “ core could prevent the premature drug leakage compared to the flexible “liquid “ core
of PBuOx.?! Furthermore, the PPhOx-based micelles are expected to have higher stability,

which can lead to their extended blood plasma circulation times.
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Amphiphilic gradient PAOx can be synthesized in a single step by statistical
copolymerization of more reactive 2-alkyl-2-oxazolines with less reactive 2-aryl-2-
oxazolines.[*’! As an example, different reactivities of MeOx and PhOx lead to the formation
of an amphiphilic gradient PMeOx-grad-PPhOx copolymer that self-assembles in water into
spherical or ellipsoid micelles.!'”! The internal structure of these nanoparticles and their block
analogs were thoroughly studied by various advanced scattering techniques, including small-
angle X-ray scattering (SAXS) / small-angle neutron scattering (SANS) and light scattering.
While the block copolymers assemble into micelles with uniform core density, the gradient
copolymers form micelles with the outer part of the core denser than the center due to the chain
back-folding, resulting in a smaller diameter of the gradient micelles compared to the block
ones.l*®! However, we anticipate that this behavior is chain-length dependent and a certain
degree of polymerization (DP) is required to enable effective back-folding. Therefore, in this
study, we introduce the use of polymer DP as an important parameter for the copolymer self-
assembly and drug encapsulation, rather than a variation of the hydrophilic/hydrophobic unit
ratio. Despite their indisputable potential, reports on the drug delivery systems based on
amphiphilic gradient copolymers are still very sparse. Kronek et al. reported the encapsulation
of the hydrophobic drug curcumin in amphiphilic gradient PEtOx-grad-poly(2-(4-

31 The nanoformulations revealed

dodecyloxyphenyl)-2-oxazoline) copolymer micelles.!
decent drug-loading (12 — 22 wt.%), excellent in vitro stability and low toxicity. Very recently,
Hruby et al. compared amphiphilic gradient and diblock copolymers of methyl-2-oxazoline
(MeOx) with three different aromatic 2-oxazolines, having the total DP of 100.14°1 At some
comonomer ratios, the gradient copolymer based nanoformulations showed higher drug
loadings than diblock analogs, which was hypothesized to result from a less dense micellar core
structure. Despite the recent progress on the self-assembly and drug encapsulation by gradient
copoly(2-oxazoline)s, all reported studies were limited to rather short polymer with a maximum
DP of 100. As such, there is a lack of knowledge on the effect of the DP of gradient copolymers
on their self-assembly and drug encapsulation behavior, which will be addressed for the first
time in this work.

This study provides a detailed comparison of the micelles formed by the self-assembly
of amphiphilic gradient and diblock copolymers, with systematical variation in their chain
length, to assess their potential as drug-delivery vehicles. Therefore, we synthesized a series of
amphiphilic PMeOx-PPhOx copolymers having the same hydrophilic/hydrophobic unit ratio
while differing in the polymer architecture (gradient vs. diblock) and the total DP. The self-
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assembly properties and the micelle dynamics were studied by several light-scattering
techniques and Forster resonance energy transfer (FRET) spectroscopy to evaluate the effect of
DP and monomer distribution on the self-assembly. Furthermore, different techniques were
used for the encapsulation of the hydrophobic drug curcumin and the properties of the formed
nanoformulations were critically compared and discussed in order to find an optimal
architecture for micellar drug delivery systems.
2. Results and discussion
2.1. Copolymer synthesis

Amphiphilic gradient PMeOx-grad-PPhOx copolymers were synthesized in a one-step
procedure using a microwave-assisted statistical CROP of MeOx and PhOx initiated by methyl
p-toluenesulfonate in acetonitrile (Figure 1). Copolymers of two molar contents of MeOx
(Fmeox = 0.6 or 0.7 corresponding to 46 wt% MeOx and 57 wt% MeOx, respectively) were
prepared in different total chain lengths (DP 30, 40, 60, 80 100, 120, 150), labeled as Geol-7
(Fmeox = 0.6) and G1-7 (Fmeox = 0.7). It was noted that the gradient copolymers with lower
MeOx content (Geol-7) showed reduced water-solubility, especially at higher total DPs.
Therefore, the copolymers with higher MeOx content (G1-7) were used further for the direct
comparison of block and gradient copolymers and a series of analogous block copolymers (B1-
7) with the same MeOx content (Fmeox = 0.7) was synthesized in two steps by sequential
polymerization of MeOx and PhOx. All copolymers were analyzed by 'H NMR spectroscopy,
revealing the expected molecular composition. Size-exclusion chromatography revealed the
formation of relatively well-defined copolymers with a narrow molar mass distribution (D <
1.25). The size-exclusion chromatograms of the gradient and block copolymers with the same
DP showed very good agreement, setting a solid ground for the comparison of their self-

assembly behavior.
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Figure 1. Comparison of amphiphilic gradient and diblock copoly(2-oxazoline)s: Schematic
illustration of both architectures (A). Synthesis of PMeOx-grad-PPhOx copolymers (B).
Overview of the synthesized gradient (G1-G7), respectively diblock (B1-7) copolymers having
the same MeOx:PhOx ratio of 70:30 (C).
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2.2. Effect of copolymer architecture on self-assembly properties

All synthesized copolymers with Fior = 0.7 were water-dispersable and assembled into
nanoparticles upon simple dissolution in water. The size of the nanoparticles was studied by
dynamic light scattering (DLS, Figure 2A, B), revealing a significant effect of the total DP on
the self-assembly behavior of the block and gradient copolymers. Shorter block and gradient
copolymers with a DP below 60 resulted in micelles of nearly the same size. The formation of
the large aggregates DP 30 can be ascribed to the composition heterogeneity within the
individual copolymer chains. On the other hand, the micelles formed by the longer copolymers
with a DP above 80 were found to be signficantly smaller for the gradient copolymers compared
to the block copolymers, which is in agreement with our previous study on the comparison of
block and gradient copolymer with DP 100.['] From these results, it can be hypothesized that
a minimal DP of 60 — 80 (i.e., 18-24 hydrophobic repeating units per chain) is required for
efficient back-folding of the gradient copolymer chains, which leads to smaller nanoparticles.
The size and morphology of the self-assembled structures were studied by cryogenic
transmission electron microscopy (CryoTEM, Figure 2C, S3), corroborating the DLS data. The
size of the nanoparticles increased with the total chain length. Gradient copolymer micelles
showed a pure spherical morphology in the whole range of DPs. On the other hand, analogous
block copolymer micelles showed a transition from spherical morphology at lower DPs to a
mixture of spherical and worm-like morphology at higher DPs. This contributes to their bigger
average size and broader dispersity, as observed by DLS, at higher DP than the gradient
copolymer analogs since worm-like aggregates should have higher hydrodynamical diameter
bringing additional polydispersity to size distribution. This transition from spherical to worm-
like micelles can be ascribed to the increased interfacial tension from the longer hydrophobic
blocks. For the gradient copolymer micelles, the absence of this morphological transition may
be attributed to a denser core-shell transition region that protects these micelles from fusion in

diluted solutions.
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Figure 2. Comparison of self-assembly properties of PMeOx-PPhOx amphiphilic gradient and
diblock copolymers (Fieox = 0.7) in water. Hydrodynamic diameters (A) and size distributions
of copolymers (B) in water (cpo = 10 mg mL"). Critical micelle concentrations (CMC) of the
synthesized copolymers in water (C). CryoTEM images of G7 (top) and B7 (bottom)
copolymers in water. Arrows indicate ice crystals artifacts. Scale bars represent 200 nm. (D).
Aggregation number of copolymers in water as a function of DP (E). The gyration radius of a
polymer chain in the nanoparticle corona as a function of polymerization degree (DP) of the

copolymer micelles in water (F).

The structural characteristics of the B and G series of PMeOx-PPhOx micelles were also
examined by small-angle neutron scattering (SANS; Figure 2F and Figure S4). The data were
fitted using the block copolymer elliptical micelle model, which includes four structural
parameters extracted from the model fitting to the data (Nagg, 0, Rg, and €). From these fitting
parameters, the micellar core radius (Rcore) Was calculated (Figure 2F). The low-q region in the
SANS data is most highly influenced by variations in the aggregation number (Nagg). Nage Was
extracted from the model and is shown in Figure 2E. We note that the gradient structure and
molecular weight of the copolymers significantly impact the structural parameters of the
micelles as will be discussed in the following.

The block copolymer micelle series showed a steeper increase in Nagg With increasing
copolymer molecular compared to the gradient copolymer micelles series Nagg (Table S4),
which is consistent with the trends observed by DLS and CryoTEM. It has previously been
reported that Nag, increases as the interfacial tension of the core—corona interface increases.!*!!

When the interfacial tension is high, the total interfacial area of the micelle system is decreased

9
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by increasing Nagg, Which also decreases the total number of micelles. In our system, varying
the molecular weight and copolymer architecture tunes the core/corona interfacial tensions.
D0 is a good solvent for PMeOx and a poor solvent for PPhOx; thus, as the hydrophobic block
length increases, the interfacial tension and, respectively, Nagg increases. The behavior observed
in both block and gradient copolymer micelle series, in which Nag increased with increasing
the length of the PPhOx block, is consistent with prior studies.'® However, the gradient
copolymer micelles exhibited a less pronounced increase of Nage as the copolymer molecular
weight increased. We consider this as proof that the gradient structure impacts the core-corona
interfacial tension due to the existence of additional interphase layers and loop formation.

The SANS experiments showed that spherical micelles are formed at low DP values below
60, whereas ellipsoidal micelles with eccentricity 1.1-2 are formed for copolymers with a DP
above 80. This observation is not surprising since the asymmetry of PMeOx-PPhOx micelles
was already reported previously.'® The micellar asymmetry was explained by m-n stacking
interactions of the phenyl rings in the PhOx block. Another interesting finding is the smaller
R value for hydrophilic corona in the gradient copolymer micelles series compared to the
micelles of block copolymers with similar molecular weight and composition (Table S4). Such
behavior can be explained by the loops that are formed in the PMeOx gradient copolymer
micelles, resutling from hydrophobic PPhOx patches in between hydrophilic PMeOx parts.
These loops will have a lower Rg value in comparison with stretched polymer chains of the same
length. Furthermore, the loops consist of a lower number of MeOx units, further reducing the

R value.

2.3. Effect of copolymer architecture on nanoparticle stability

The stability of the micelles plays a key role in the pharmacokinetic profile of the potential
drug-loaded nanoformulations as more stable micelles will have longer blood circulation times
and show slower non-specific leaching of encapsulated drugs.[**) On the other hand, micelles
with extremely rigid, vitrified, cores show limited excretion and very slow drug release. In
solution, self-assembled micelles theoretically exist in equilibrium with their unimers, if no
kinetically trapped structures are formed. Upon dilution below their critical micelle
concentration (CMC), such equilibrium micelles disassemble into unimers. Herein, the CMC
of the prepared PMeOx-PPhOx copolymers was determined to assess the impact of the
copolymer architecture and chain length on the equilibrium stability. The obtained CMC values

ranged from 3.8 mg/L to 96 mg/L, which is in good agreement with previously reported data.['*]

10
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Increasing the total length of the copolymers led to increased micelle stability, as indicated by
lower CMC values (Figure 2C, Tables S2 and S3), corroborating previous reports.[*3 This can
be attributed to the larger interfacial tension of the micelles assembled from copolymers with
longer hydrophobic segments. The block copolymer micelles are slightly more stable than the
gradient analogs as indicated by slightly lower CMC values, which can be ascribed to the
destabilization of the latter by the presence of a small fraction of hydrophilic units in the
hydrophobic core.

The micelle-unimer exchange dynamics were studied by time-resolved Forster resonance
energy transfer (FRET) of fluorescently labeled micelles (Figures 3, S5, Table S5). Two
different micelle solutions of the same copolymers containing a minor fraction of covalently
labeled copolymers functionalized with either a FRET donor (fluorescein) or a FRET acceptor
(thodamine B) were mixed and the fluorescence intensity of the acceptor (575 nm) was
measured as function of time upon the excitation of the donor (455 nm). Directly after mixing
there is no FRET emission, but when the labeled unimers start to exchange between the micelles
the FRET emission increases due to the colocalization of the FRET donors and FRET acceptors
within the same micelles. The increase in FRET emission in time was used to compare the
dynamic stability of micelles prepared from gradient copolymer G5 and diblock copolymer BS5.
This fluorescence increase is rather small; however it is sufficient for the purpose of our
experiment. The gradient copolymer micelles show a faster increase in FRET emission than the
diblock copolymer analogs, presumably due to their higher CMC and, therefore, a higher
concentration of unimers leading to faster unimer exchange between micelles. Alternatively,
this observation could be explained in terms of the polymer residence time within the micelles,
which, like the CMC, is governed by the free energy cost of dissolving the polymeric unimers
in the aqueous phase. The measured increase in FRET intensity was fitted with a double
exponential plot, revealing two distinct exchange rate constants for each system. This is likely
related to the different relative hydrophilicity of the fluorescent labels. The acceptor molecule
(thodamine B) is more hydrophilic than the donor (fluorescein), which lowers the energetic
barrier for the micelle-unimer equilibrium for the rhodamine B-labeled copolymers. These
rhodamine-labeled unimers are then exchanged at a higher rate (with an exchange half-life (t1,2)
of 11 min for G5 and16 min for B5) than the fluorescein-labeled copolymers (ti2= 146 min for
G5, 218 min for B5). Based on these dynamic exchange experiments, it can be concluded that
both G5 and B5 with DP 100 show dynamic unimer exchange and that the diblock copolymer

micelles manifest higher stability than the gradient analogs. Besides the micelle-unimer

11
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stability, other parameters might influence the stability of micelles in a biological environment,
such as their interactions with serum proteins, which leads to their accelerated clearance of the
micelles by the mononuclear phagocyte system. As these interactions depend mainly on the
structure of the micelle shell, one might expect a difference between both copolymer
architectures. However, this biological evaluation is beyond the scope of this article, focusing
mainly on synthesis and physicochemical comparison of gradient and block copolymer

nanoformulations.
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Figure 3. Dynamics of unimer exchange between fluorescently labeled micelles determined by
the increase of the Forster resonance energy transfer (FRET) after mixing at 25 °C
(cpot = 1 mg mL"). (A) Schematic illustration. (B) Comparison of the unimer exchange

dynamics of G5 and BS.

2.4. Effect of copolymer architecture on hydrophobic drug loading

The drug solubilization ability of the prepared amphiphilic copolymers was investigated
using curcumin as a model drug. In contrast to the study of Hruby and co-workers,*") who
loaded the micelles with relatively hydrophilic drug rifampicin (solubility in PBS reported as
9.9 mg mL™"),* curcumin shows negligible solubility in water (<8 ug mL™"),[*3! and, therefore,
represents an ideal model compound for our thorough encapsulation study that aims to enhance
the soluble of hydrophobic drugs. Inspired by the ultra-high drug loading of poly(2-oxazoline)
and poly(2-oxazine)s based micelles as reported by Kabanov and Luxenhofer, we first explored

the thin-film rehydration approach (Figure 4A).13: 3546471 Therefore, a solution of copolymer

12
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(G1-G7 or B1-G7) and curcumin in ethanol was evaporated in a stream of air, forming a thin
film in the vial. This film was then re-hydrated in PBS, which led to the formation of drug-
loaded nanoparticles. As the solubility of curcumin in water is extremely low, the non-
encapsulated or aggregated curcumin was removed by centrifugation. The amount of
solubilized curcumin was measured by UV-VIS spectroscopy in ethanol (Figure 4B, Table S6).
The final copolymer concentration was kept constant (10 mg/mL) while the curcumin feed was
varied in the range from 1 mg mL! to 4 mg mL!. The maximal drug loading (DL, the weight
content of curcumin in the nanoformulation) that could be achieved was 16 wt.%. At low
copolymer DPs and low curcumin feed, the loading efficiency (LE) was high and the amount
of solubilized curcumin increased with curcumin feed. However, the highest curcumin feed (4
mg mL!) led to the formation of a water-insoluble polymer/curcumin precipitate due to the
drug-polymer interactions and hydrophobization of the entire system. This effect was more
pronounced for copolymers of higher DPs as well as for gradient copolymers compared to block
copolymer analogs. Such behavior can be explained by the presence of a small quantity of
hydrophobic PPhOx units in the hydrophilic PMeOx segments, which, in solid thin film blend,
leads to increased inter-chain interactions, preventing efficient stabilization of the formed
nanoparticles by the hydrophilic corona. As the thin film method was not very efficient for the
preparation of curcumin-loaded gradient copolymer nanoformulations, other methods were

explored that avoid the formation of a solid blend of curcumin with the copolymer.
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Figure 4. Solubilization of curcumin by PMeOx-PPhOx (Fueox = 0.7) gradient (G2-G7) or
diblock (B2-B7) copolymers using the thin-film hydration method. (A) Schematic illustration
of the rehydration method for the preparation of the curcumin-loaded micelles. (B) Amount of
curcumin solubilized by amphiphilic copolymers (cpoi = 10 mg mL") with the different feed of

curcumin.

Stable nanoformulations of curcumin loaded amphiphilic copolymer micelles were
obtained by the direct dissolution method. The surfactant properties of the amphiphilic
copolymers in PBS (10 mg mL"!") were used to directly solubilize the solid curcumin (12 mg
mL-!) upon heating and vortexing, leading to drug loadings around (DL) 15 wt.% (Figure 5A,B,
Table S7), which is similar as observed for the rehydration method with low DP polymers.
Interestingly, there was no significant difference in drug loadings between gradient,
respectively block copolymer-based systems, nor for the copolymers with different DP above
DP 60; only the very short polymers (DP 40) showed lower drug loading, presumably due to
the lower stability of the DP 40 micelles. It can be assumed that the DL values obtained by
direct dissolution depend on the ratio of hydrophobic/hydrophilic segments rather than the
copolymer architecture. This was supported by a drug loading experiment using a gradient
copolymer with a higher content of hydrophobic PPhOx (Ggeo5), which led to higher curcumin
loading (18.1 wt.% compared to 15.0 wt.% for GS5). . The size of the curcumin-loaded
nanoparticles was slightly larger compared to drug-free micelles, as determined by DLS
measurements (Figure SE,F,S7 Table S9). Their morphology follows a similar pattern as
observed for the unloaded micelles. All gradient copolymer-based formulations formed
spherical micelles, while the block copolymer micelles formed a mixture of spherical and
worm-like micelles in which the fraction of worm-like micelles increases with increasing
copolymer DP.

Next, the stability of the G5 and B5-based curcumin nanoformulations was studied in
solution (Figure 5C). A minor, insignificant, drop in curcumin content was observed after
incubation of as-prepared nanoformulations at room temperature for 30 days, indicating
excellent stability of the system, with no significant difference between gradient and block
copolymer-based systems. For storage and transport purposes, the curcumin nanoformulations
can be freeze-dried. The re-dissolution of the solid formulations obtained by the direct freeze-
drying of G5, respectively B5-based nanoformulations led to the solutions containing nearly

the same amount of solubilized curcumin as the samples before freeze-drying (Figure 5D). In
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summary, direct drug loading proved as a superior method for loading curcumin into PMeOx-
PPhOx copolymer nanoparticles. The only drawback consists in relatively longer encapsulation
times (72 h) needed for saturation of micelles with curcumin. This can be partly eliminated by
pre-dissolving the curcumin in a meager amount of DMSO. After adding the micelles solution
in PBS, the curcumin forms a fine suspension that is quickly uptaken by nanoparticles, reducing
the encapsulation time to less than 30 min. The drug loadings obtained by this method were
similar to the values obtained by the DMSO-free method (Figure S6). The relative content of
DMSO in nanoformulations is low (<3% v/v). Finally, a popular nanoprecipitation method was
used to prepare curcumin-loaded nanoformulations, resulting in slightly higher drug loadings
(ca 16 wt.%, Table S8). Herein, a mixture of the copolymer with curcumin was
nanoprecipitated from ethanol into PBS, followed by ethanol evaporation under vacuum.
However, extreme care has to be taken during the evaporation process to avoid the formation

of the dry, thin-film, which leads to a sparingly soluble precipitate as described above.
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Figure 5. Solubilization of curcumin by PMeOx-PPhOx (Fieox = 0.7) gradient (G2-G7) or
diblock (B2-B7) copolymers using the direct dissolution method. (A) Schematic illustration of
the loading of curcumin in preformed micelles. (B) The maximal amount of curcumin
solubilized by amphiphilic copolymers (cpot = 10 mg mL™") in PBS using an excess feed of
curcumin (12 mg mL™"). (C) Stability of G5, respectively B5 curcumin nanoformulations in
PBS 5, 10 and 30 days after loading. (D) Amount of curcumin solubilized by G5, respectively
B35, before and after freeze-drying and re-dispersion (cpot = 10 mg mL™). (E) The hydrodynamic
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diameter of the G2-G7, respectively B2-B7 nanoparticles before and after curcumin loading
(cpot = 10 mg mL). (F) Cryo-TEM image of curcumin-loaded G5 nanoparticles (scale bar 200
nm). (G) Fluorescence decay curves for curcumin-loaded G5 and B5 with Aex = 405 nm, the

decays were monitored at 620 nm.

To conclude, the direct dissolution of curcumin by an aqueous gradient or block copolymer
solution provides straightforward access to nanoformulations with decent loading of a
hydrophobic drug. For instant clinical application, pre-dissolving curcumin in a small amount
of DMSO leads to the nanoformulations in a short time (< 30 min). When storage of the solid
freeze-dried nanoparticles is needed, the direct dissolution of solid curcumin by the copolymer
micelles is preferred, however, at the cost of a longer encapsulation time. These DMSO-free
samples were then used for further investigations, from now on abbreviated as, e.g., B5Cur,
G5Cur and GeoSCur representing nanoformulations based on copolymer BS, G5 respectively
Geo5. Interestingly, we have shown that the copolymer architecture does not play a significant
role in the maximal curcumin loading, as both gradient and diblock analogs show similar drug
loadings. These results are in line with the recently published study by Hruby et al.[**! On the
other hand, the drug loading can be improved by increasing the amount of PPhOx in the
copolymer. This suggests that the curcumin loading depends on the hydrophobic/hydrophilic

ratio of the amphiphilic copolymers rather than the monomer distribution or chain length.

2.5. Spectroscopic characteristics of nanoformulations

Six formulations were selected for the spectroscopic studies of the curcumin-loaded
micelles, namely B2Cur, G2Cur, and Geo2Cur (DP 40) as well as B5Cur, G5Cur, and Geo5Cur
(DP 100). Two examples of the absorption spectra for the micelles in PBS are shown in Figure
S8A. In aqueous buffers, the absorption spectra of free curcumin exhibit a characteristic broad
peak at 430 nm and a small shoulder at 355 nm. In the PMeOx-PPhOx micelles, the broad peak
around 430 nm becomes prominent, and the shoulder peak at 355 nm disappears with the
appearance of a new shoulder at 450 nm. These changes in the absorption spectrum indicate
that curcumin is in a nonpolar-like environment. Minor differences in the maximum absorption
wavelength were observed for the present samples (Table S10). For DP = 40, the absorption
maximum is always at 2-4 nm shorter wavelength as for the corresponding DP = 100 system,
whereas for the MeOx molar content of 0.7, the absorption maximum is at ~5 nm shorter

wavelength than for 0.6. The absorption spectra for the corresponding block polymer and
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gradient polymer were equal, implying that curcumin is not entirely buried inside the PPhOx
core but interacts with water.

In a nonpolar environment, the fluorescence spectrum of curcumin blue-shifts to 500 nm
compared to 550 nm in an aqueous solution. However, the fluorescence spectra of the curcumin-
loaded micelles (Figure S8B) exhibit a considerable red shift having their maxima close to 620
nm. This can be explained by the well-known keto—enol tautomerism of curcumin, which
induces aggregation and causes a significant decrease in the fluorescence intensity accompanied
by a red-shifted fluorescence. The micelles with DP = 100 have higher relative fluorescence
efficiency, @,.; , and their fluorescence maximum is at shorter wavelengths than those with DP
=40. This could indicate that curcumin is more aggregated in the micelles resulting from shorter
copolymers with DP 40 and/or in a more polar environment. For the systems based on
copolymers with a MeOx molar content of 0.7, the ¢,,; is lower than for corresponding
micelles with a MeOx molar content of 0.6. Also, the block copolymer micelles have higher
relative fluorescence efficiency than the corresponding gradient polymer.

The fluorescence decays of curcumin measured for the selected formulations show a
multiexponential behavior (Figure S8C). This is typical for curcumin systems since its
fluorescence lifetime varies with changes in, for example, viscosity, polarity, and hydrogen-
bonding ability of the environment. In the present study, the lifetime values were obtained by
fitting the decays with the three-exponential decay model (eq S1) (and are tabulated in
Table S10). The shortest ~100 ps component dominates the decays with ~10-20 % contribution
of the ~450 ps component. The proportion of the longest-living 0.8 - 1.5 ns component is very
small (~0.1%), but without its presence, it was not possible to obtain acceptable fitting results.
This minor population could represent small amounts of monomeric curcumin molecules in a
highly nonpolar environment. The observed complex fluorescence decay curves suggest a local
heterogeneity in the distribution and degree of aggregation of the curcumin inside the micelles.
When comparing the different formulations, it is simpler to consider the average fluorescence
lifetimes <t> (Table S10) instead of emphasizing all the decay components. The <t> is shorter
for systems based on copolymers with a MeOx molar content of 0.7 than for corresponding
micelles with a MeOx molar content of 0.6. Also, <t> are ~50 ps longer for micelles based on
copolymers with a DP of 100 compared to polymers with a DP of 40. As a summary, the
spectroscopic studies of the curcumin-loaded micelles indicate that in micelles based on
copolymers with a DP of 100 the curcumin is more shielded from the polar environment than

in the micelles based on copolymers with a DP of 40. Also, according to the fluorescence
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measurements, there is a small difference between the block polymer and gradient copolymer
micelles: either the curcumin is less aggregated or better shielded in the block copolymer

micelles.

2.6. In vitro drug release

The release of curcumin from the nanoformulations was studied in PBS at 37 °C using a
dialysis method. A relatively high molecular weight cut-off dialysis membrane (50 kDa) was
selected to mimic the sink conditions in vivo and ensure the rapid permeability of both released
curcumin and macromolecular unimers. Generally, two main mechanisms contribute to the drug
release from the micellar formulation. In the beginning, the diffusion-driven leaching of the
drug from the outer parts of the core results in so-called “burst release “, which leads to the
rapid loss of a significant part of the drug cargo. This is considered one of the main drawbacks
of micellar nanoformulation systems.[*¥! After this initial release, the remaining drug is trapped
inside the hydrophobic core and the diffusion-driven release is slowed down. At this moment,
the micelle disassembly, due to the micelle-unimer equilibrium, mostly drives the drug release.
From the biomedical point of view, the ideal micellar system should combine low burst drug
release with sustained release afterward. Comparing the curcumin release from the synthesized
gradient and block copolymer nanoformulations G2Cur, B2Cur, G5Cur, and B5Cur revealed a
relatively small burst release (ca 12% of curcumin released after 2 h of incubation), which is
statistically independent of the copolymer architecture and length. This can be explained by
several factors, such as the rigidity of the micellar core, interactions between curcumin and the
aromatic core, as well as the relatively low drug loading. On the other hand, upon longer
incubation times, faster drug release was observed from the gradient copolymer formulations,
presumably due to their lower stability. This corroborates the fact that the less stable shorter-
DP micelles release curcumin faster than their longer polymer analogs. The faster sustained
drug release from the gradient copolymer nanoformulations might be beneficial for the

pharmacokinetic profile of the carried drug.
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Figure 6. (A) Release of curcumin from micellar nanoformulations in PBS (pH = 7.4, 37 °C).
(B) Uptake of curcumin nanoformulations B5SCur, respectively G5Cur into MDA-MB-231 cells
after 2 h of incubation. Scale bars represent 10 um. (C) Viability of MCF-10A cells after 48 h
incubation with nanoformulations loaded by BSCur or G5Cur and free curcumin, respectively.

The concentrations refer to curcumin content.

2.7. In vitro biological evaluation

For application as drug delivery vehicles, the nanoformulations should be rapidly
internalized by cells. This was confirmed by confocal microscopy, which confirmed the rapid
internalization of the curcumin-loaded nanoformulations G5Cur and B5Cur by MDA-MB-231
cells upon short incubation times (2 h, Figure 6B). Furthermore, the cytotoxicity of G5Cur,
B5Cur, and free curcumin was evaluated by an in vitro experiment using normal breast MCF-
10A cells and breast cancer MDA-MB-231 cells respectively (Figure 6C, S9). The cells were
incubated in the presence of the copolymer nanoformulations for 48 h at 37 °C, after which the
cell viability was assessed by WST-1 assay. The results showed that in MCF-10A cells,
curcumin-loaded B5C and curcumin-loaded G5C have no cytotoxicity, while the free curcumin
has significant cytotoxicity with increasing concentration (P <0.0001). On the other hand,
MDA-MB-231 cells are less sensitive to free curcumin. Within the studied concentration range,
free curcumin, as well as curcumin-loaded B5C and G5C, show very similar cytotoxicity
profiles, with signs of cytotoxicity observed only for the highest concentrations tested. These
results suggest that there are no significant differences between both curcumin-loaded B5C and

G5C and underline the potential of amphiphilic gradient copolymers as drug delivery vehicles.

3. Conclusions
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In summary, we studied aqueous self-assembly and hydrophobic drug encapsulation of a
series of amphiphilic gradient copoly(2-oxazoline)s with different chain lengths and compared
them to diblock copolymer analogs. We observed strong dependence of the self-assembly
characteristics on the total polymer length. While shorter block and gradient copolymers with
a DP below 60 self-assembled into micelles of nearly the same size, the micelles formed by the
longer copolymers were found to be smaller for the gradient copolymers compared to the block
copolymers. The stability of the nanoparticles showed chain length dependence, with gradient
copolymer micelles being more dynamic and slightly less stable than block analogs but still
sufficiently stable for intended biomedical applications. The potential of the prepared
copolymers as drug delivery systems was thoroughly examined using model drug curcumin.
Three different methods for drug-loaded nanoformulations fabrication were studied, where the
direct encapsulation of solid curcumin by pre-assembled micelles provided the best results. The
prepared nanoformulations were stable upon storage, showed significant cellular uptake and
cytotoxicity. Interestingly, there were no significant differences between the maximal drug
loadings of analogous gradient and diblock copolymer nanoparticles. Considering their
straightforward single-step synthesis, gradient copolymer nanoformulations represent an
attractive alternative to block copolymer amphiphiles for the construction of novel drug
delivery systems. To fully evaluate their biomedical potential, further biological assessment of
gradient copolymer nanoparticles will be necessary, including in vivo toxicity,

pharmacokinetics and therapeutic effectivity.

Supporting Information
Supporting Information is available from the Wiley Online Library or from the author: Full
experimental procedures, characterization of polymers, polymer nanoparticles and drug-loaded

nanoparticle formulations.
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We provide an in-depth analysis of micelles based on amphiphilic gradient poly(2-oxazoline)s
with different chain lengths to evaluate their potential for micellar drug delivery systems and
compare them to the analogous diblock copolymer micelles. In addition to several interesting
differences between the two copolymer architecture classes, we can conclude that gradient
copolymers provide stable nanoformulations with comparable drug loadings to block

copolymer systems and benefit from more straightforward copolymer synthesis.
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Materials
2-Methyl-2-oxazoline (MeOx) and 2-phenyl-2-oxazoline (PhOx) were obtained from Acros

Organics and Sigma-Aldrich, respectively, and were distilled from barium oxide prior to use.
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Methyl p-toluenesulfonate (MeOTs) was obtained from Sigma-Aldrich and was distilled from
calcium hydride prior to use. Acetonitrile (Sigma-Aldrich) was purified over aluminum oxide
using a solvent purification system from J.C. Meyer. Curcumin (>98%) was obtained from
Across Chemicals (product code 10286890). All other chemicals, including piperazine,
fluorescein isothiocyanate (FITC), rhodamine B isothiocyanate (RITC), triethylamine and
phosphate buffer-saline tablets were purchased from Sigma-Aldrich and were used as received.

Water was deionized with a Millipore Milli-Q water purification system.

Instrumentation

All stock solutions and samples were prepared in a VIGOR Sci-Lab SG 1200/750 glovebox
system with a water concentration < 0.1 ppm. For the polymerizations, a Biotage Initiator EXP
microwave system with Robot Sixty was used. Gas chromatography (GC) was used to monitor
the kinetics of the CROP employing an Agilent 7890A system equipped with a VWR Carrier-
160 hydrogen generator and an Agilent HP-5 column of 30 m length and 0.32 mm diameter.
An FID detector was used, and the inlet was set to 240 °C with a split injection ratio 25:1.
Hydrogen was used as carrier gas at a flow rate of 2 mL min™! Size exclusion chromatography
(SEC) was used to determine the molecular weights (M, - mass-averaged molecular
weight, M, - number-averaged molecular weight) and the dispersity (P = M,/M,) of the
prepared polymers. This was performed using an Agilent 1260-series HPLC system equipped
with a 1260 ISO-pump, a 1260 automatic liquid sampler, a thermostatted column compartment
at 50 °C equipped with two PLgel 5 um mixed-D columns and a precolumn in series, a 1260
diode array detector 1260 RI detector and multi-angle light scattering detector (Wyatt
miniDawn Treos II). The used eluent was DMA containing 50 mM of LiCl at a flow rate of 0.5
ml min"!. Molar mass values and P values are calculated using narrow-dispersity PEtOx
standards. Nuclear magnetic resonance (NMR) spectra were measured with a Bruker Advance
MSL 400 MHz NMR spectrometer. All chemical shifts are given in ppm. Dynamic light
scattering (DLS) measurements were used to measure hydrodynamic diameters (D;) of
prepared polymers using a Zetasizer NanoZS instrument, Model ZEN3600 (Malvern
Instruments, UK). The polymer samples were prepared in Mili-Q water or PBS by direct
dissolution and were filtered prior to measurement through a 0.22 um PTFE filter. Due to the
possible multimodal peak distribution, the volume-weighted mean D; was determined at a
scattering angle of 8 = 173° and the DTS (Nano) program was used to evaluate the data. The
volume distribution was derived from the intensity distribution using Mie theory.
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Copolymer synthesis

For the synthesis of the gradient copolymers, the respective monomers (MeOx and PhOx) were
mixed with acetonitrile in the desired molar ratio in microwave vial; the total monomer
concentration was 3 M in all cases. The calculated amount of MeOTs initiator was added, the
monomer to initiator ratio varied from 30 (for copolymer G1) to 150 (for copolymer G7). As a
representative example, the solution for copolymer G5 (target DP=100) was obtained by mixing
of MeOx (3.21 g, 37.8 mmol), PhOx (2.71 g, 16.2 mmol), acetonitrile (12.1 mL) and MeOTs
(81.4 pL, 0.54 mmol). The vials were sealed and polymerized at 140 °C in a microwave reactor
for times indicated in Table S1. The analogous block copolymers were prepared in a similar
way by sequential copolymerization of both monomers, starting with MeOx. After the
polymerization of the first block, the vial was transferred into the glovebox and the second
monomer (PhOx) and a part of acetonitrile were added. The vial was again closed and the
second block was polymerized as described above. After the polymerization, the copolymers
were terminated with methanolic KOH (1 M, 3 eq) for 2 h at room temperature and isolated by
precipitation in cold diethyl ether, followed by filtration and drying under reduced pressure. 'H
NMR spectra of copolymers were recorded in DMSO-d6. The copolymer composition was
calculated from the ratio of the aromatic PPhOx protons (6.8-7.6 ppm) and the aliphatic -CH3
protons of PMeOx (2 ppm). Before further use, these samples were further dried under reduced
pressure to remove all monomer traces. Molecular weights and dispersity (P) values were
measured by SEC in DMA.

Table S1. Polymerization times for G1-7, respectively B1-7 copolymers at 140 °C.

Polymerization Polymerization time Polymerization time
Copolymer Copolymer
time (min) 1. block (min) 2. block (min)
Gl 18 B1 3.1 18
G2 24 B2 4.2 24
G3 36 B3 6.3 36
G4 48 B4 8.3 48
G5 60 B5 10.4 60
G6 72 B6 12.5 72
G7 90 B7 15.6 90

27



WILEY-VCH

Table S2. Properties of the amphiphilic gradient PMeOx-PPhOx copolymers
([PMeOx]:[PPhOx] = 70:30)
Target M, Dy CMC
Copolymer Feos® pP PDI*
DP (kDa)® (nm)® (mg L)
Gl 30 0.71 3.7 1.08 19.4 0.243 n.d.
G2 40 0.69 5.1 1.07 20.6 0.285 96
G3 60 0.70 7.4 1.10 20.1 0.056 43
G4 80 0.71 9.5 1.12 241 0.050 23
G5 100 0.70 11.4 1.15 28.5 0.053 15
G6 120 0.71 13.2 1.20 33.8 0.032 9.2
G7 150 0.72 15.9 1.23 49.9 0.088 4.6

%Fraction of MeOx units in polymer determined by NMR. ®Determined by SEC. °Z-averaged

hydrodynamic diameter and dispersity determined by DLS in water (cpo=10 mg L!).
Table S3. Properties of the amphiphilic block PMeOx-PPhOx copolymers ([PMeOx]:[PPhOx]

= 70:30)
Polymer R Y Db Dy (nm)¢  PDI¢ eME
DP (kDa)® (mg L)

Bl 30 0.70 3.8 1.09 19.3 0479  n.d.

B2 40 0.72 5.2 1.08 16.6 0.088 68

B3 60 0.72 7.6 1.08 19.1 0.077 32

B4 80 0.71 10.2 1.08 304 0.190 19

B5 100 0.70 11.9 1.13 50.6 0281 9.6

B6 120 0.72 13.2 1.15 64.8 0226 5.8

B7 150 0.73 16.3 120 821 0.158 3.8

%Fraction of MeOx units in polymer determined by NMR. ®Determined by SEC. °Z-averaged

hydrodynamic diameter and dispersity determined by DLS in water (cpo=10 mg L1).

Table S4. Properties of the amphiphilic gradient PMeOx-PPhOx copolymers
([PMeOx]:[PPhOx] = 60:40).
Target M, CMC
Polymer Fueod PP Dy (nm)¢  PDI®
DP (kDa)® (mg L)
Gleo 30 0.62 3.8 1.09 14.4 0.089 n.d.
G260 40 0.61 5.0 1.10 17.4 0.039 71
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G360 60 0.60 7.6 1.09 22.4 0.024 n.d.
G460 80 0.62 9.8 1.10 30.7 0.065 n.d.
G560 100 0.61 11.6 1.14 71.5 0.158 12
G660 120 0.62 13.7 1.17 123.7 0.274 n.d.
G760 150 0.63 16.6 1.20 Insoluble

%Fraction of MeOx units in polymer determined by NMR. ®Determined by SEC. °Z-averaged
hydrodynamic diameter and dispersity determined by DLS in water (cpo=10 mg L1).

Small-angle neutron scattering (SANS)
SANS experiments were performed at the Heinz Maier-Leibnitz Zentrum (FRM II reactor,
Garching, Germany) on the KWS-2 beamline. Measurements were made on a 128 x 128
multidetector (pixel size 0.8 cm x 0.8 cm) using a non-polarized, monochromatic (wavelength
A set by a velocity selector) incident neutron beam collimated with rectangular apertures for
two sample-to-detector distances, namely 2 and 8 m (with 4 = 0.6 nm). With this setup, the
investigated g-range was 0.06 nm! to 3 nm™. In all cases, the two-dimensional scattering
patterns were isotropic and were azimuthally averaged, resulting in the dependence of the
scattered intensity /i(q) on g. The curves were corrected for background scattering and detector
efficiency. The intensities of neutron scattering are given in absolute units, cm™'. All polymers
were used as is without deuteration and dissolved either in DO or D,O/H20 mixtures. The
concentration of all samples was set to 5 mg/ml and the measurements were performed at 25°C.
SANS data fitting
The scattering length densities of the micelle components are shown in Table SANS SI-1.
The scattered intensity curves were fitted using the model of block copolymer ellipsoidal
micelle implemented in SASFit software!!l based on the model developed by Pedersen et al.l?!
The scattering curves in D20 could be fitted using the following function:
1(q) = Psgc(@)S(q)

(SANS 1)
We assume that S(q) = 1 due to low concentration of nanoparticles in solution, 5 mg/mL. The

overall scattering intensity of the block copolymer ellipsoidal micelle written as:

ngc = Nc%ggﬁczorepcore (Q) + Naggﬂl?rushpbrush(Q) + ZNgggﬁcoreﬁbrushsbrush—core (Q) +

Nagg (Nagg - 1)ﬁl§rush5brush—brush(Q)
(SANS 2)
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where N2 B%rePeore(q) is the self-correlation term of the core; NpyggBErush Porusn (@) is the
self-correlation term of the chains; 2NZg 4 BeoreBorushSprusn—core (q) is the cross-term between
the core and chains and Nagg(Nagg — 1)B5rushSprush-prusn(q) is the cross-term between
different chains. N4, is the aggregation number of polymers forming the nanoparticle per

surface area, ﬁbrush = Vbrusn (nbrush - nsolv) and ﬁcore = Veore (ncore - nsolv) are the excess

scattering lengths of a block in the corona and in the core, respectively. Vp,,sn and V., are the
total volume of a block in the corona and in the core, respectively. Np,usn and Ncore are the

corresponding scattering length densities (SLDs). P.,,.(q) is scattering of spherical core

) =3 (sin(qRcore) —qRcorec0S(qRcore))

PCOTB (q' RCOT'B (qRCOTe)3

(SANS 3)

The scattering intensity for the brush is given by:

exp(—x)—1+x

Pbrush(q' Rgchain) =2
(SANS 4)

x2

where x = Rf]chainqz; Rychain 1 the gyration radius of a polymer chain.
The contribution of the cross term between core and chains which form a brush of worm-like
micelle is calculated using the equation:

Sin(q [Reore +ngchain])
q[RcoretdRgchainl

Sbrush—core (q' Rcore' Rgchain' d) = l/)(ngchain)Pcore (q' Rcore)
(SANS 5)
where tp(ngchain) = P%M is the form factor amplitude of the chain.

The contribution of the cross term between chains is calculated using the equation:

, 2
Sln(q [Reore +ngchain])
A[Rcore+dRgchain]

Sbrush—brush(q' Rcore' Rgchain' d) = lpz (ngchain) [

(SANS 6)
where d is the parameter that accounts for non-penetration of the chains into the core and should
be mimicked by d~1 for Reore“Rgcnain-
The model has the following fitting parameters: N4, —aggregation number; V... —molecular
volume of single block unit in the micellar core; Vs — molecular volume of single block unit
in the micellar corona; 7., — scattering length density of spherical core; 1y,,sn — Scattering
length density of the block unit in the corona; 7., — scattering length density of solvent;

Ry chain — gyration radius of polymer chains in the corona.
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Excess scattering lengths of solvent and polymeric shell, V., ¢, Viyrusn, were known from
literature data and polymer composition and were chosen to be fixed during the fitting
procedure.

To account for nanoparticles polydispersity, a Schulz-Zimm distribution of Ng4, with

polydispersity parameter o was included in the following way:

_ Nagg( Z+1 )Z+1 ex [ (Z+1)Nagg]
I'(Z+1) \<Nagg> p <Nagg>

(SANS 7)
where Z = iz -1
g

(SANS 8)
The gyration radius R, of nanoparticles was calculated from the Guinier regime to evaluate the

overall size of nanoparticles.

Cryo-TEM

Samples were analyzed by cryogenic transmission electron microscopy (cryo-TEM) following
the previous description.[®! Initially, samples were equilibrated at 25 °C at high relative
humidity (> 90%) within a climate chamber. A small drop (< 1 pl) of each sample was deposited
on a carbon-sputtered copper grid covered with a perforated polymer film. Excess liquid was
removed by blotting with a filter paper, leaving a thin film of the solution on the grid.
Subsequently, the sample was vitrified in liquid ethane and transferred to the microscope.
Samples were kept below —160°C and protected against atmospheric conditions during both
transfer and examination. Analyses were performed with a Zeiss Libra 120 Transmission
Electron Microscope (Carl Zeiss AG, Oberkochen, Germany) operating at 80kV and in zero-
loss bright-field mode. Digital images were recorded under low-dose conditions with a
BioVision Pro-SM Slow Scan CCD camera (Proscan Elektronische Systeme GmbH, Scheuring,
Germany).

Determination of critical micelle concentration (cmc)

Solutions of the copolymers were prepared by direct dissolution in phosphate-buffered saline
(PBS, 150 mM, pH 7.4) at a concentration of 1 mg mL™! and were successively diluted to a
concentration of 10> mg mL™!. A pyrene stock solution (1.2 x 10 mol L™! in acetone) was
added to each polymer sample to obtain a final concentration of pyrene in PBS of 6 10~7 mol L~
I, Fluorescence spectra of the samples were recorded with a Cary Eclipse spectrophotometer

(under stirring) equipped with a Varian Cary Temperature Controller, equilibrated for 10 min
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at 37 °C, using excitation at 333 nm. The ratio of the fluorescence emission intensities at 373 nm
(I1) and at 384 (I5) were plotted against the polymer concentration. The cmc was determined as
the intersection between the plateau at d(I1/I3)/dc = 0 and the tangent of the curve where the

I1/15 ratio decreased with an increasing copolymer concentration.

Forster resonance energy transfer (FRET) spectroscopy
First piperazine end-capped G5 and BS5 copolymers were synthesized according to the
abovementioned general procedure, whereby the polymerizations were terminated with a five-
fold excess of piperazine in anhydrous methanol (1M) followed by precipitation in cold diethyl
ether, filtration and drying under vacuum. These polymers (100 mg) were then dissolved in
N,N-dimethylacetamide (5 mL) together with FITC (1.2 eq.) or RITC (1.2 eq) and triethylamine
(2 eq.). The mixture was vortexed at room temperature overnight, followed by removal of
unreacted dye using Sephadex LH-20 column in methanol. The polymer containing fractions
were evaporated under reduced pressure, dissolved in distilled water and freeze-dried.
The dynamic stability of the micelles was studied by FRET exchange experiments. Therefore,
stock solutions of mixed micelles containing 9.8 mg/mL of the unlabeled copolymer (e.g., G5)
and 0.2 mg/mL of the fluorescently labeled copolymer (e.g., G5-FITC or G5-RITC) of the same
type were prepared by dissolution in PBS and were allowed to equilibrate at RT overnight.
Afterward, 100 uL of the FITC labeled, respectively RITC labeled copolymer were mixed with
1.8 mL of PBS and the fluorescence emission of the sample at 575 nm (excitation 460 nm) was
measured immediately to obtain /yp. The samples were then left for equilibration in the
thermostatted Peltier cell (25 °C) of the fluorescence spectrometer, recording the emission at
575 nm (/;) every 2 min. The emission intensity time-dependence data was fitted with a double-
exponential equation

I, = a;(e7*1t) + a, (e *2t) + I,
where I; accounts for the emission intensity at time t, kiand k» being the rate constants, a; and
a> the corresponding amplitudes, yo the emission intensity offset. To visualize the difference
between the copolymers, the emission intensities were normalized to the 0 - 100% scale, where

0% is Ip and 100% represents tlim I value. All measurements were performed in triplicates with

independently prepared micelle samples.

Drug loading

Thin-film rehydration method
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The stock solution of the copolymer (500 uL, 20 mg mL"! in ethanol) and curcumin (200 uL,
400 uL or 600 uL, 5 mg mL! in ethanol) were mixed in the desired ratio in 2 mL Eppendorf
tube, dried at 55 °C in a stream of air, followed by drying at high vacuum overnight. Preheated
PBS solution (1 mL, pH 7.4, 150 mM, 55 °C) was added to each tube, followed by vortexing
for 1 h. Insoluble curcumin was removed by centrifugation (10 000 rpm). 50 uL was taken for
UV-Vis spectroscopy (diluted with 950 uL ethanol (diluted 10x with ethanol if necessary)), 200
uL for DLS (diluted with 800 uL PBS) and 600 uL for picture and stability. The supernatant
was filtered through a 0.22 um syringe filter. The amount of loaded curcumin was determined
by UV-Vis spectroscopy in ethanol at 424 nm using curcumin calibration. Then, the drug
loading was calculated as DL = mcyr / (mpol + Meyr) % 100 %, where meyr and mwps are the
weight amounts of the solubilized curcumin and copolymer in the dispersion and the loading
efficiency LE = mcur / Meur added X 100 %, where meuradded 1S the initial amount of curcumin added
to the polymer solution. Each loading experiment was performed in triplicate.

Direct dissolution

Solid curcumin (12 mg) was dispersed in 1 mL of the copolymer solution in PBS (10 mg mL"
1 and incubated at 65 °C for 72 h with an occasional vortex. The solution gradually changed
color to dark brown. Insoluble curcumin was removed by centrifugation (10 000 rpm). Samples
of nanoformulations were further analyzed as mentioned above: 50 uL was taken for UV-Vis
spectroscopic analysis (diluted with 950 uL ethanol, further diluted with ethanol if necessary)),
200 uL for DLS (diluted with 800 uL PBS) and 600 uL for stability assay. Each loading
experiment was performed in triplicate.

DMSO-assisted direct dissolution

The polymer was dissolved in PBS (10 mg mL!) and equilibrated at RT for 1 h. The
concentrated stock solution of curcumin in DMSO (100 mg mL™') was added and the mixture
was vigorously vortexed for 15 min. The maximal amount of DMSO in nanoformulations was
3% (v/v). Insoluble (if any) curcumin was removed by centrifugation (10 000 rpm). The
formulations were analyzed by UV-VIS spectroscopy and DLS as described above. Each
loading experiment was performed in triplicate.

Nanoprecipitation

The solution of curcumin (10 mg) and copolymer (10 mg) in ethanol (5 mL) was injected into
the rapidly stirred solution of PBS (5 mL). After equilibration at 40 °C for 3 h, the volume of
the nanoformulation solution was reduced to 3.5 mL using rotary evaporation, followed by
adding 1.5 mL of distilled water. Insoluble curcumin was removed by centrifugation (10 000
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rpm) and the nanoformulations were analyzed as described above. Each loading experiment
was performed in triplicate.

Spectroscopic studies of the curcumin-loaded micelles

In all the measurements, the concentration of the curcumin-loaded micelles was 50 mg L. UV-
Vis absorption spectra were recorded using a Shimadzu UV-2501PC (Shimadzu, Japan)
spectrophotometer. Steady-state fluorescence and phosphorescence spectra were recorded with
an FLS-1000 (Edinburgh Instruments, UK) spectrofluorometer equipped with double excitation
and emission monochromators. Time-resolved fluorescence was measured using a time-
correlated single-photon counting (TCSPC) system (Pico-Quant GmBH, Chaussee, Germany)
consisting of a PicoHarp 300 controller and a PDL 800-B driver. The samples were excited
with the pulsed diode laser head LDH-P-C-405 at 405 nm at a time resolution of 64 ps. The
signals were detected with a microchannel plate photomultiplier tube (Hamamatsu R2809U).
The influence of the scattered excitation light was reduced with a cutoff filter (transmission >
420 nm) in front of the monitoring monochromator. Fluorescence decays were collected at 620
nm. The instrumental response function (IRF) was measured separately, and the decays were
deconvoluted and fitted by applying the iterative least-squares method to the sum of 3 exponents
(eq FLIMI)

1(t) = X;a;e”t/7 (FLIM 1)

In this equation, 7; is the fluorescence lifetime and a; is the amplitude (pre-exponential factor)
of each decay component. The mean amplitude weighted lifetime (7) was calculated using eq

FLIM2:

_TaT;
<t >=2% (FLIM2)

Stability of the formulations

The formulations prepared by direct dissolution method (cpol = 10 mg mL"!, ceuro=2 mg mL!)
were freeze-dried to remove water. Afterward, the dry samples were re-dissolved in distilled
water, centrifuged (10 000 rpm) to remove insoluble curcumin (if any) and analyzed by DLS
and UV-VIS spectroscopy.

Curcumin release

The curcumin release experiments were performed at 37 °C in a buffered medium (PBS, pH
7.4). Aliquots of the formulations prepared by direct dissolution method (2 mL, cyo1 = 10 mg
mL!, ceuro = 2 mg, three independently prepared formulations per copolymer) were loaded into

the dialysis tubings (MWCO = 50 kDa) and dialyzed against 5 L of PBS (pH 7.4, 150 mM) at
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37°C. The buffer was replaced frequently due to the low equilibrium solubility of free curcumin.
At predetermined time points, 50 uL of the micellar solution was removed from the dialysis
system and 50 uL was taken for curcumin content analysis by UV-VIS. No macroscopic
precipitation was observed during the dialysis experiment. The experiment was performed in

duplicates with three independently prepared formulations per copolymer (n = 6).

Cell cultures

Human breast cancer MDA-MB-231 cells are cultured with DMEM (Lonza)-containing 10%
FBS (Gibco). Human normal breast cells MCF-10A were cultured in DMEM/F12 medium
(Gibco) containing 5% FBS (Gibco), Glucose (Sigma, 4,5g/L), human insulin, (Sigma,
10pg/mL), hydrocortisone (Sigma, 0.5ug/mL), cholera toxin (Sigma, 0.1pug/mL), epidermal
growth factor EGF (Peprotech, 20ng/mL) and 2 mM L-glutamine (Gibco), in a humidified
incubator with 5% CO2. MCF-10A cells are kindly provided by Prof. Jukka Westermarck

(Turku Bioscience Centre, Turku, Finland).

Cytotoxicity assay
The efficacy of the free curcumin and curcumin-loaded B5Cur and G5Cur polymers in cancer
cells and normal cells was determined by the WST-1 cell viability assay. MDA-MB-231 cancer
cells and MCF-10A cells were placed in a 96-well plate (2000 cells per well, three parallel wells
for each concentration) in a complete growth medium with 5% FBS at 37 ° C, 5% CO; overnight.
Then, the medium was replaced with a fresh medium containing curcumin or curcumin-loaded
polymers at indicated concentrations for 48 hours. The curcumin-loaded B5Cur and G5Cur
micelles were prepared in water and cell medium. The stock solution of free curcumin was
dissolved in absolute ethanol, followed by a high dilution with cell medium into working
concentration. For WST-1 assay, 10 uL. of WST-1 reagent (Roche) dissolving in 100 pL
complete growth medium to replace the drug-contained medium for each well. After incubated
in a cell incubator for 2 hours, the absorbance was measured at 440 nm with a Varioskan™
LUX Multimode Reader (Thermo Scientific Inc., Waltham, MA, USA).
Statistical analyses
All data are presented as the means + standard deviations (SD). Statistical graphs were
generated using GraphPad Prism 8 software (GraphPad Software, Inc., San Diego, CA). The
statistical significance of differences between the two groups was determined by two-way
ANOVA analysis. *p < 0.05 was considered statistically significant.
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Figure S1. SEC traces of all synthesized PMeOx-PPhOx copolymers eluted with DMA-LiCl.
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Figure S2. '"H NMR spectra of copolymers G7 (top), B7(bottom) DMSO-ds.
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Figure S3. CryoTEM images of G2-7, respectively B2-7 nanoparticles in water. The scale bars

represent 200 nm.
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Figure S4. SANS curves of copolymers in water at 25 °C. SANS curves of block copolymers
in DO (A). SANS curves of gradient copolymers in DO (B). SANS curves of B5Cur
copolymer in the mixture D,O/H,O (C). SANS curves of B5 copolymer in the mixture
D>0/H20 (D). SANS curves of G5 copolymer in the mixture D>O/H>0O (E). SANS curves of
G5Cur copolymer in the mixture DoO/H>0O (F).

Table S4. Fitting results of SANS data for copolymers in D>O.

Sample DP Nager o R, A €

Bl 30 35 0.11 15 1.1
B3 60 78 0.58 19 1.1
B4 80 97 0.5 27 1.5
B5 100 197 0.82 31 1.6
B6 120 220 0.41 40 1.2
B7 150 297 0.56 51 1.5
Gl 30 27 0.07 16 1.1
G3 60 76 0.6 22 1.1
G4 80 101 0.67 27 1.5
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G5 100 133 0.57 33 1.4
Go6 120 169 0.46 39 1.2
G7 150 231 0.49 43 1.3
B5Cur 100 137 0.45 52 1.4
G5Cur 100 158 0.27 50 1.3
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Figure S5. Measurement of the monomer exchange kinetics by time-resolved Forster resonance
energy transfer (FRET) spectroscopy of fluorescently labeled micelles (cpo = 1 mg mL™!) in
PBS (pH =7.4) at 25°C. (A) Fluorescence emission spectra of G5 micelles (Aex =455 nm) were
measured at increasing equilibration time (step 10 min). (B) The fluorescence emission
intensity of G5, respectively B5, micelles at 575 nm (Aex = 455 nm) measured at increasing

equilibration time (step 2 min). (B)

Table S5. Unimer exchange kinetics measured by FRET at 25 °C.

Polymer ki (107 s ti/2,1 (min) ks (107 s ti2,2 (min)
G5 1044+ 6.4 11.1 £0.7 7.9+0.5 145.8 £ 8.7
B5 71.9+0.9 16.1 £0.2 5.3+0.2 218.2+£6.9
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Table S6. Achieved curcumin concentrations, loading efficiencies (LE) and drug loadings (DL)
in PBS (pH = 7.4) solubilized by different copolymers using the thin film hydration technique.

Polymer concentration 10 mg mL-!, differing in the curcumin feed.

_ Solubilized

Polymer Curcumin feed curcumin LE (%) DL (%)

(mg mL")

(mg mL)

1 0.80 £0.02 80.1 £2.5 7.4+0.2
G2 2 1.66 + 0.06 82.8+4.7 142+0.9

4 0.75 £0.07 18.7+3.6 70+1.4

1 0.89 +£0.03 89.3+3.3 82+0.3
B2 2 1.94 +0.05 96.8 +2.3 16.2+0.5

4 1.76 £ 0.07 440+ 1.8 15.0+0.7

1 0.82 £0.04 81.7+4.1 7.6 +0.4
G3 2 1.37 £0.07 68.7 £3.6 12.1+0.7

4 0.03 £0.01 0.8+0.1 0.3+0.1

1 0.97 £0.01 96.7+1.3 8.8+0.1
B3 2 1.94 £0.02 97.0+ 1.1 16.2+0.2

4 1.31 £0.04 327+ 1.0 11.6+04

1 0.83 £0.04 83.2+3.9 7.7+0.4
G4 2 0.06 £0.10 3.0+49 0.6+1.0

4 n.d. n.d. n.d.

1 0.99 £0.01 98.6 £ 0.9 9.0+0.1
B4 2 1.90 £ 0.04 948 +1.8 159+04

4 0.42 £0.28 10.5+7.0 4.0+2.7

1 0.19+£0.11 19.4+£11.3 1.9+1.1
G5 2 n.d. n.d. n.d.

4 n.d. n.d. n.d.

1 0.97 £0.03 97.1+3.0 8.8+0.3
BS 2 1.55+0.07 77.6 £3.4 13.4+0.7

4 0.07 £0.01 1.7+0.4 0.7+0.1

1 0.09 £0.01 9.0+0.7 0.9+0.1
06 2 n.d. n.d. n.d.
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4 n.d. n.d. n.d.

1 0.97 £ 0.05 96.5+4.5 8.8+0.5
B6 2 0.55+0.08 27.7+4.2 53+0.8

4 0.02 £0.01 0.5+0.3 0.2+0.1

1 0.03 £0.02 2.8+1.8 03+0.2
G7 2 n.d. n.d. n.d.

4 n.d. n.d. n.d.

1 0.46 £ 0.08 46.2 £ 8.0 44+0.8
B7 2 0.07 +£0.03 3.5+ 1.6 0.7+0.3

4 n.d. n.d. n.d.

Table S7. Achieved curcumin concentrations, loading efficiencies (LE) and drug loadings (DL)

in PBS (pH = 7.4) solubilized by different copolymers via direct dissolution of solid curcumin.

Polymer concentration 10 mg mL™!, curcumin feed 12 mg mL!.

Polymer Solubilized curcumin LE (%) DL (%)
(mg mL")

G2 1.32 £ 0.01 13.2+£0.1 11.7+0.1
B2 1.34 + 0.003 13.4+0.03 11.8+0.02
G3 1.84 +0.02 18.4+£0.2 15.6 +0.1
B3 1.75+£0.07 17.5+0.7 149 +0.5
G4 1.67+0.13 16.7+ 1.3 143 +0.9
B4 1.62 +0.07 16.2£0.7 13.9+0.5
G5 1.77 £ 0.05 17.7+0.5 15.0+0.4
B5 1.74 £ 0.03 17.4+0.3 14.8+0.2
G6 1.65 +0.02 16.5+0.2 142+0.1
B6 1.63 +0.32 16.3+3.2 14.0+24
G7 1.72 £ 0.17 17.2+1.7 147+1.2
B7 1.72 £ 0.09 17.2+£0.9 14.7 £ 0.6
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Figure S6. Achieved concentrations of curcumin solubilized by gradient copolymers G2-7 by
addition of different amounts of concentrated curcumin solution in DMSO (100 mg mL"!) into

the polymer solution in PBS (cpoi = 10 mg mL™") or a buffer without any polymer.

Table S8. Achieved curcumin concentrations, loading efficiencies and drug loadings in PBS
(pH = 7.4) solubilized by different copolymers using the nanoprecipitation technique. Polymer

concentration 2 mg mL"!, curcumin feed 2 mg mL"!.

Solubilized curcumin

Polymer LE (%) DL (%)
(mg mL)

G2 0.39 +0.01 19.3+0.6 16.1 £0.5
B2 0.39 +0.02 19.6 £ 1.0 16.4 +0.9
G5 0.40 = 0.02 20.0+1.2 16.7 £1.1
B5 0.39 +0.01 16.9 £ 0.7 16.5 £0.7
G7 0.40 = 0.02 20.1£0.8 16.7 £0.8
B7 0.41+0.03 20.4 £1.3 169 +1.3
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Figure S7. Size of the nanoparticles before and after the direct incapsulation of solid curcumin

(Table S7) by different copolymers, diluted to cpoi = 2 mg mL™! in PBS (pH = 7.4, 25 °C).

Table S9. Size of the nanoparticle before and after the direct incapsulation of solid curcumin

(Table S7) by different copolymers, diluted to cpoi = 2 mg mL™! in PBS (pH = 7.4, 25 °C).

Polymer Curcumin-free micelles Curcumin-loaded micelles
Dn (nm) PDI Dn (nm) PDI
G2 19.78 0.24 19.44 0.07
B2 18.82 0.24 19.02 0.11
G3 20.24 0.07 28.94 0.13
B3 24.09 0.15 29.12 0.15
G4 24.16 0.07 31.09 0.08
B4 27.23 0.04 30.6 0.06
G5 29.53 0.08 39.97 0.13
B5 36.01 0.20 41.97 0.13
G6 34.83 0.03 40.61 0.06
B6 37.41 0.04 50.97 0.04
G7 48.44 0.07 56.56 0.03
B7 57.98 0.02 63.2 0.04
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Figure S8. A) Normalized absorption spectra, B) fluorescence spectra and fluorescence decay
curves of selected formulations. For both fluorescence spectra and decay curves, the excitation

wavelength was 405 nm and the fluorescence decays were monitored at 620 nm at T = 25 °C.

I,/AA.I-OS nm

L .

— L ——— where [; is the area
Igesc/AGesC

The relative fluorescence efficiency was calculated by ¢,..; =
under the fluorescence spectrum, A%° ™™ is the absorbance at 405 nm for the sample. The

values of Geo5SCur were chosen as reference for the other samples since it gave the highest

I;/ AP ™™ _ratio.

Table S10. Maximum light absorption wavelengths and average fluorescence lifetimes <t> for

selected formulations.

Formulation Adbs <t> (ns)
Ge02Cur 430 0.155
Geo5Cur 432 0.201
G2Cur 425 0.105
G5Cur 428 0.170
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Figure S9. Viability of MDA-MB-231 cells after 48 h incubation with nanoformulations BSCur

and G5Cur. The concentrations refer to curcumin content.
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