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Influence of Chain Length of Gradient and Block Copoly(2-
oxazoline)s on Self-Assembly and Drug Encapsulation

Ondrej Sedlacek, Valentin Bardoula, Elina Vuorimaa-Laukkanen, Lars Gedda,
Katarina Edwards, Aurel Radulescu, Grigoriy A. Mun, Yong Guo, Junnian Zhou,
Hongbo Zhang, Véronique Nardello-Rataj, Sergey Filippov, and Richard Hoogenboom*

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,
an in-depth analysis is provided 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 nano-
particles, loading of hydrophobic drug curcumin, as well as cytotoxicities

of the prepared nanoformulations are 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, it is concluded that gradient copolymers provide
stable curcumin nanoformulations with comparable drug loadings to block

1. Introduction

In the past decades, polymeric nonionic
surfactants emerged as essential materials
for preparing diverse disperse systems
with a broad range of applications.'™
Generally, they are represented by amphi-
philic copolymers containing both hydro-
philic 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 stabi-
lized by a hydrophilic shell. Micelles based
on amphiphilic copolymers generally have

copolymer systems and benefit from more straightforward copolymer syn-
thesis. The study demonstrates the potential of amphiphilic gradient copoly-
mers as a versatile platform for the synthesis of new polymer therapeutics. the

higher colloidal stability than micelles
based on low molar mass surfactants
(e.g., sodium dodecyl sulfate).”) Among
different amphiphilic copolymer
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architectures that can be used for the preparation of micelles,
block copolymers are most commonly used due to their rela-
tively easy synthesis, using a two-step sequential monomer addi-
tion 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.[®l 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 GenexolPM by Samyang Biopharm."!

Amphiphilic gradient copolymers represent an attractive
alternative to block copolymers due to their even easier syn-
thesis and tunable properties.'%2 While the synthesis of block
copolymers is essentially a multistep process, gradient copoly-
mers can be synthesized in a single step by statistical copolym-
erization of monomers with different reactivities, leading to a
compositional drift in the formed copolymer.¥! The more reac-
tive monomer is 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 reactivi-
ties, a copolymer with steep gradient architecture (quasi-block)
is formed. Such behavior was observed in, e.g., radical copoly-
merization of (meth)acrylates and (meth)acrylamides with less
reactive vinyl esters!™l or cyclic ketene acetals,™ anionic copo-
lymerizations of functional epoxides,'® aziridines,"/] styrene/
isoprene pairl!® as well as the cationic ring-opening copolymeri-
zation (CROP) of different 2-alkyl-2-oxazolines**-*! and 2-alkyl-
2-oxazines.??! Apart from the difference in monomer reactivi-
ties, the monomer distribution along the polymer chain can be
controlled to a certain level by selecting the copolymerization
temperature or solvent.?3] 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.l?

Poly(2-alkyl-2-oxazoline)s (PAOx) are emerging polymers
with rising potential in biomedical sciences.*>%"] Generally,
they are synthesized by living cationic ring-opening poly-
merization (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 char-
acter 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 biocom-
patible polymers that are particularly suitable for biomedical
applications such as drug delivery systems or anti-fouling
coatings.?*32 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 amphi-
philic copolymer nanoformulations.*!

Several PAOx-based micellar drug delivery systems have
been reported.}*3 Probably the most promising systems com-
prise PMeOx—PBuOx—PMeOx triblock copolymers, which allow
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encapsulation of an extremely high quantity (often >50 wt%)
of hydrophobic drugs such as paclitaxel or curcumin.l*3l These
formulations show excellent anticancer properties both in vitro
and in vivo.’®¥] 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 tem-
perature T, = 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.

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.?”l 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 ellip-
soid 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.’® 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 encapsu-
lation, rather than a variation of the hydrophilic/hydrophobic
unit ratio. Despite their indisputable potential, reports on the
drug delivery systems based on amphiphilic gradient copoly-
mers are still very sparse. Kronek and co-workers reported the
encapsulation of the hydrophobic drug curcumin in amphi-
philic gradient PEtOx-grad-poly(2-(4-dodecyloxyphenyl)-2-oxa-
zoline) copolymer micelles.¥) The nanoformulations revealed
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 100.91 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
polymers 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
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diblock copolymers, with systematical variation in their chain
length, to assess their potential as drug-delivery vehicles. There-
fore, 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-assembly properties and the
micelle dynamics were studied by several light-scattering tech-
niques and Forster resonance energy transfer (FRET) spectros-
copy 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 architec-
ture 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 (Fyeox = 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 Ggol-7 (Fyeox = 0.6) and G1-7 (Fyeox = 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 copoly-
mers (B1-7) with the same MeOx content (Fyeox = 0.7) was
synthesized in two steps by sequential polymerization of MeOx
and PhOx. All copolymers were analyzed by 'H NMR spec-
troscopy, revealing the expected molecular composition. Size-
exclusion chromatography revealed the formation of relatively

www.small-journal.com

well-defined copolymers with a narrow molar mass distribu-
tion (P < 1.25, Figure S1, Supporting Information). 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.

2.2. Effect of Copolymer Architecture on Self-Assembly
Properties

All synthesized copolymers with Fy.oy = 0.7 were water-dispers-
ible 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 at the lowest DP
30 can be ascribed to the composition heterogeneity within
the individual copolymer chains of these short polymers with
on average only 9 hydrophobic PhOx units. On the other hand,
the micelles formed by the longer copolymers with a DP above
80 were found to be significantly smaller for the gradient copol-
ymers compared to the block copolymers, which is in agree-
ment with our previous study on the comparison of block and
gradient copolymers with DP 100.! From these results, it can
be hypothesized that a minimal DP of 60-80 (i.e., 18-24 hydro-
phobic 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; Figure S3, Supporting
Information), 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 copol-
ymer micelles showed a transition from spherical morphology at
lower DPs to a mixture of spherical and worm-like morphology

A B ™\ MeOTs, ACN \(0
N . O . ]
v NG O + 140°C_ 4 ~ N~
e W T 0
Gradient Block
MeOx  PhOx VA

C

PMeOx-grad-PPhOx

Total DP
100 120 150

Architecture| 30 40 60 80

Gradient Gl G2 G3 G4 G5 G6 @G7
Block B1 B2 B3 B4 B5 B6 B7

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

Small 2022, 2106251 2106251 (3 of 10) © 2022 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

NANO - MICRO

Siill

www.advancedsciencenews.com

—— Gradient —— Block

100

B

—L}— Gradient
—O—Block

®
=3

o
=3
I

Y
o

‘ e/e DP =30 ﬂ 1
s
/

(o]

[
=
I

Z-averaged diameter (nm) >

40 60 80 100 120 140 160

Total DP | |
C DP = 80 ]
1004 @ Gradient i 7
—— Block
n v aaal
5 DP =100
® L N
E 10/
g 1 )
o DP =120 A\ o
1 T 1 L

8’0 11')0 1%0 11'10

Total DP

160 4

= B o
s o

www.small-journal.com

3004

—[E—- Gradient
—O— Block

Gradient DR.450

250
2001
$150-
z
100

50+

Flll T T T T T T
’a‘ 20 40 60 80 100 120 140 160
c Total DP
2 F
£ 5| —B@— Gradient o}
—0— Block /
= ]
4 /ﬁ i
@
= <)
9 34 /Q
]
9, /
&5
x 2] &
@
B/
14

80 100 120 140 160
Total DP

20 40 60

Figure 2. Comparison of self-assembly properties of PMeOx—PPhOx amphiphilic gradient and diblock copolymers (Fyeox = 0.7) in water. A) Hydrody-
namic diameters and B) size distributions of copolymers in water (c,o = 10 mg mL™). C) Critical micelle concentrations (CMC) of the synthesized
copolymers in PBS. D) CryoTEM images of G7 (top) and B7 (bottom) copolymers in water. Arrows indicate ice crystals artifacts. Scale bars represent
200 nm. E) Aggregation number of copolymers in water as a function of DP. F) The gyration radius of a polymer chain in the nanoparticle corona as a

function of polymerization degree (DP) of the copolymer micelles in water.

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 poly-
dispersity 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 transi-
tion may be attributed to a denser core—shell transition region
that protects these micelles from fusion in diluted solutions.
The structural characteristics of the B and G series of
PMeOx-PPhOx micelles were also examined by small-angle
neutron scattering (SANS; Figure 2F; Figure S4, Supporting
Information). The data were fitted using the block copolymer
elliptical micelle model, which includes four structural para-
meters extracted from the model fitting to the data (N4, G, Ry,
and €). From these fitting parameters, the micellar core radius
(Reore) was calculated (Figure 2F). The low-q region in the SANS
data is most highly influenced by variations in the aggregation
number (N,g,). Nyge 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 N,g, with increasing copolymer length compared to the gra-
dient copolymer micelles series N,,, (Table S4, Supporting Infor-
mation), which is consistent with the trends observed by DLS and
CryoTEM. It has previously been reported that N,,, 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 by increasing N,gq, which also
decreases the total number of micelles. In our system, varying
the molecular weight and copolymer architecture tunes the core/
corona interfacial tensions. D,0 is a good solvent for PMeOx and
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a poor solvent for PPhOx; thus, as the hydrophobic block length
increases, the interfacial tension and, respectively, N,,, increases.
The behavior observed in both block and gradient copolymer
micelle series, in which N4, 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 N,g, 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.l®!
The micellar asymmetry was explained by n—r stacking interac-
tions 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 com-
position (Table S4, Supporting Information). Such behavior
can be explained by the loops formed in the PMeOx gradient
copolymer micelles, resulting from hydrophobic PPhOx patches
in between hydrophilic PMeOx parts. These loops will have a
lower R, 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 pharmacoki-
netic profile of the potential drug-loaded nanoformulations as

more stable micelles will have longer blood circulation times

© 2022 Wiley-VCH GmbH
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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 to 96 mg L7}, which is in good
agreement with previously reported data.'” Increasing the total
length of the copolymers led to increased micelle stability, as
indicated by lower CMC values (Figure 2C; Tables S2 and S3,
Supporting Information), in line with previous reports.l*}l This
can be attributed to the larger interfacial tension of the micelles
assembled from copolymers with longer hydrophobic seg-
ments. 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 flu-
orescently labeled micelles (Figure 3; Figure S5 and Table S5,
Supporting Information). 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 (rhodamine B) were mixed
and the fluorescence intensity of the acceptor (575 nm) was

RITC label;
Unimer & o0
exchange J
Scrambling
Equilibrium
FRET ON

= Gradient G5
t”2 =11 min, 146 min

= Block BS
tﬂ2 =16 min, 218 min

T T T T T T T T T T
0 2 4 6 8 10 12
Equilibration time (h)

Figure 3. Dynamics of unimer exchange between fluorescently labeled
micelles determined by the increase of the Férster resonance energy
transfer (FRET) after mixing at 25 °C (¢c,oy = 1mg mL™). A) Schematic
illustration. B) Comparison of the unimer exchange dynamics of G5
and BS.
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measured as a function of time upon the excitation of the
donor (455 nm). Directly after mixing, there is no FRET emis-
sion, but when the labeled unimers start to exchange between
the micelles, the FRET emission increases due to the colocali-
zation 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 B5. This fluores-
cence increase of the selected FRET dye-couple 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 poly-
meric 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 (t;;) of 11 min for G5 and16 min for B5) than the fluo-
rescein-labeled copolymers (t;;, = 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 stability, other parameters might influence the
stability of micelles in a biological environment, such as their
interactions with serum proteins, which leads to their acceler-
ated 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 copol-
ymer nanoformulations.

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™),* cur-
cumin shows negligible solubility in water (<8 pg mL™),*
and, therefore, represents an ideal model compound for our
thorough encapsulation study that aims to enhance the solu-
bility 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).>>3>%#] Therefore,

© 2022 Wiley-VCH GmbH
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Figure 4. Solubilization of curcumin by PMeOx—PPhOXx (Fy.ox = 0.7) gra-
dient (G2-G7) or diblock (B2-B7) copolymers using the thin-film hydra-
tion method. A) Schematic illustration of the rehydration method for the
preparation of the curcumin-loaded micelles. B) Amount of curcumin
solubilized by amphiphilic copolymers (c,o = 10 mg mL™) with the dif-
ferent feed of curcumin, expressed as mean = SD (n = 3).

a solution of copolymer (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, Supporting
Information). The final copolymer concentration was kept
constant (10 mg mL™) while the curcumin feed was varied in
the range from 1 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 for-
mation 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 interchain interactions, preventing
efficient stabilization of the formed nanoparticles by the hydro-
philic corona. As the thin film method was not very efficient
for the preparation of curcumin-loaded gradient copolymer
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nanoformulations, other methods were explored that avoided
the formation of a solid blend of curcumin with the copolymer.

Stable nanoformulations of curcumin-loaded amphiphilic
copolymer micelles were obtained by the direct dissolution
method. The surfactant properties of the amphiphilic copoly-
mers 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 15 wt% (Figure 5A,B; Table S7,
Supporting Information), 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, presum-
ably 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 (Gg,5), which led to
higher curcumin loading (18.1 wt% compared to 15.0 wt%
for G5). The size of the curcumin-loaded nanoparticles was
slightly larger compared to drug-free micelles, as determined
by DLS measurements (Figure 5E,F; Figure S7 and Table S9,
Supporting Information). 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 BS5-based curcumin nano-
formulations was studied in solution (Figure 5C). A minor,
insignificant, drop in curcumin content was observed after
incubation of as-prepared nanoformulations at room tempera-
ture for 30 d, indicating excellent stability of the system, with no
significant difference between gradient and block copolymer-
based systems. For storage and transport purposes, the cur-
cumin nanoformulations can be freeze-dried. The redissolution
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 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 predissolving the curcumin in a
meager amount of dimethyl sulfoxide (DMSO). After adding
the micelles solution in PBS, the curcumin forms a fine sus-
pension 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, Supporting Informa-
tion). 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 (=16 wt%, Table S8, Supporting
Information). Herein, a mixture of the copolymer with cur-
cumin was nanoprecipitated from ethanol into PBS, followed
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Figure 5. Solubilization of curcumin by PMeOx—PPhOx (Fyeox = 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 (cpo =10 mg mL™) in PBS using an excess feed of curcumin (12 mg mL™), expressed as mean + SD (n = 3). C) Stability of G5, respec-
tively B5 curcumin nanoformulations in PBS 5, 10, and 30 d after loading. D) Amount of curcumin solubilized by G5, respectively B5, before and after
freeze-drying and redispersion (c,o = 10 mg mL™), expressed as mean  SD (n = 3). E) The hydrodynamic diameter of the G2-G7, respectively B2-B7
nanoparticles before and after curcumin loading (¢, = 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 A, =405 nm, the decays were monitored at 620 nm.

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.

To conclude, the direct dissolution of curcumin by an
aqueous gradient or block copolymer solution provides straight-
forward access to nanoformulations with decent loading of
a hydrophobic drug. For instant clinical application, predis-
solving 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 investi-
gations, from now on abbreviated as, e.g., B5Cur, G5Cur, and
Ggo5Cur representing nanoformulations based on copolymer
B5, G5 respectively Gg5. 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.
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2.5. Spectroscopic Characteristics of Nanoformulations

Six formulations were selected for the spectroscopic studies
of the curcumin-loaded micelles, namely B2Cur, G2Cur,
and Gg2Cur (DP 40) as well as B5Cur, G5Cur, and G4,5Cur
(DP 100). Two examples of the absorption spectra for the
micelles in PBS are shown in Figure S8A in the Supporting
Information. 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 spec-
trum indicate that curcumin is in a nonpolar-like environment.
Minor differences in the maximum absorption wavelength
were observed for the present samples (Table S10, Supporting
Information). 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 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
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aqueous solution. However, the fluorescence spectra of the
curcumin-loaded micelles (Figure S8B, Supporting Informa-
tion) 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 sys-
tems 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, Supporting Information). 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 (Equation S1, Supporting Information) (and
are tabulated in Table S10 in the Supporting Information).
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 flu-
orescence 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, Supporting Information) instead of empha-
sizing all the decay components. The <t> is shorter for sys-
tems based on copolymers with a MeOx molar content of
0.7 than for corresponding micelles with a MeOx molar con-
tent 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 fluores-
cence 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)
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was selected to mimic the sink conditions in vivo and ensure
the rapid permeability of both released curcumin and macro-
molecular unimers. Generally, two main mechanisms con-
tribute 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 draw-
backs of micellar nanoformulation systems.8! 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 biomed-
ical point of view, the ideal micellar system should combine
low burst drug release with sustained release afterward. Com-
paring the curcumin release from the synthesized gradient
and block copolymer nanoformulations G2Cur, B2Cur, G5Cur,
and B5Cur revealed a relatively small burst release (=12% of
curcumin released after 2 h of incubation), which is statisti-
cally 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 aro-
matic 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, pre-
sumably 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.

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 internaliza-
tion 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; Figure S9, Supporting
Information). 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 B5Cur and curcumin-
loaded G5Cur 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 concentra-
tion range, free curcumin, as well as curcumin-loaded B5Cur
and G5Cur, show very similar cytotoxicity profiles, with signs
of cytotoxicity observed only for the highest concentrations
tested. These results suggest that there are no significant dif-
ferences between both curcumin-loaded B5Cur and G5Cur and
underline the potential of amphiphilic gradient copolymers as
drug delivery vehicles.
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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 B5Cur, 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 nanoformula-
tions loaded by B5Cur or G5Cur and free curcumin, respectively. The concentrations refer to curcumin content. All data are expressed as mean £ SD

(n=3-6).

3. Conclusions

In summary, we studied aqueous self-assembly and hydro-
phobic drug encapsulation of a series of amphiphilic gradient
copoly(2-oxazoline)s with different chain lengths and com-
pared 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 biomed-
ical 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 preassembled micelles
provided the best results. The prepared nanoformulations
were stable upon storage, showed significant cellular uptake
and cytotoxicity. Interestingly, there were no significant differ-
ences between the maximal drug loadings of analogous gra-
dient 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 nano-
particles will be necessary in future work, including in vivo
toxicity, immunogenicity, pharmacokinetics, and therapeutic
effectivity.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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