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Abstract. Amphiphilic block copolymers are known to self-assemble into various morphologies, including ellipsoids, tubular
structures, toroids, vesicles, micellar structures. In this paper, we discuss the synthesis of copolymeric nanostructures (CNs)
using poly(2-ethyl-2-oxazoline)-block-poly(g-caprolactone) (PEtOx-b-PCL) amphiphilic block copolymers. Our data indicate
that - varying the molecular weight and the number of repeating units dictate the nature of morphology. That is, the formation
of self-assembled morphologies from ellipsoid to rod-like architectures are observed in aqueous solution, depending on the
mass ratio of the hydrophilic block (fpgiox). To best of our knowledge, this is the first report on the morphological transitions
of PEtOx-b-PCL amphiphilic block copolymer-based CNs with different fpgiox values in the literature.
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1. Introduction

Self-assembly of the block copolymers is an active
and widescale field since it is one of the most impor-
tant nanotechnological methods to prepare nanocar-
riers for different applications. The block copolymer
self-assemblies have been intensively examined since
the 1960s, and a vast number of data have been pub-
lished about this topic [1-5]. On the other hand, the
self-assembly of block copolymers in aqueous solu-
tions has been actively studied, although the exis-
tence of various morphologies of block copolymers
in aqueous solution has been known for many years
[6-8]. Especially, small molecule amphiphilic surfac-
tant systems that form self-assembled aggregates of
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multiple morphologies in aqueous solutions have
been extensively studied for many decades and the
precise nature of the various nanostructures formed
in aqueous solution was influenced by the surfactant
concentration [9-11].

In the wake of advances in polymer synthesis, a broad
variety of amphiphilic block copolymer self-assem-
blies including ellipsoids [12], tubular structures [13],
micellar structures [7, 14—18], toroids [19], vesicles
(a.k.a., polymersomes) [7, 20—24], which ensure po-
tential and practical applications in plenty of bio-
medical fields [25], has been achieved. The large em-
phasis on these nanostructures is founded on the
observation of CNs that can respond to external
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stimuli, such as pH [26, 27], oxidation [28], temper-
ature [29] and that they offer researchers a tremen-
dous platform to formulate drug delivery systems
[25, 30]. In the early stages concerning the self-as-
sembly of amphiphilic diblock copolymers, such as
poly(styrene)-block-poly(acrylic acid) (PS-b-PAA)
or poly(styrene)-block-poly(ethylene oxide) (PS-b-
PEO), it was demonstrated that those with the hy-
drophilic blocks shorter than the hydrophobic blocks,
yield a variety of morphologies with a larger hy-
drophobic region than the structure corona [7, 8, 31—
33]. In contrast, self-assemblies (usually spherical
micelles) in which the coronas are much larger than
the core regions are often referred to as ‘star-like’
structures [32].

Concerning the synthesis of self-assembled CNss,
there has been remarkable progress in controlling
shapes (especially on the sub-100 nm scale). In that
regard, the ultimate ‘fate’ of their morphology is
contingent on a variety of physicochemical phenom-
ena, such as spontaneous curvature, hydrophobic/hy-
drophilic balance of copolymer blocks (*/hydrophilic” =
percent mass ratio of copolymer’s hydrophilic frac-
tion to total block copolymer), interfacial energy be-
tween copolymer blocks, packing parameter, and hy-
drophilic block’s state of order, as well as the nature
of the process (for instance, solvent exchange, film
rehydration, pH switch and so on) [34]. Particularly,
it is well-recognized that fydrophilic value is what gov-
erns the formation of self-assemblies, followed by
their dynamic morphological transition in solution.
Nanostructures with different morphologies were
obtained by using block copolymers where the
Jhydrophitic value is in the range of 0.2-0.3, and these
examples were described in the literature [35—40].
Naturally, this observation stems from the thermody-
namics of the whole process, wherein hydrophobic
fractions of block copolymer self-assemblies in an
attempt to minimize their contact with water, while
hydrophilic ones tend to locate on the surface of the
membrane [41].

In that regard, the morphological transitions of block
copolymers in aqueous media have been studied ex-
tensively for certain block copolymers, to date. Al-
though these studies have mostly focused on non-bio-
degradable copolymers (e.g., PS-PAA [42], PGMA-
PHPMA [43], PEO-PDMS [44]), some biodegrad-
able copolymers (PEG-PDLLA [45], ELP-PBLG
[46]) have also been taken into account, as well. To
this date, it is well-known that the morphological

transition of these block CNs can be achieved by ad-
justing the nature of the repeating unit, molecular
weight, and the relative block length [47]. Besides,
it has been reported that copolymers having a mo-
lecular weight in the range of 2-20 kDa can self-as-
semble into various nanoscopic structures [48]. To this
end, we have previously reported the design of PEtOx
based vesicles [49] and several research groups pre-
pared PEtOx-harboring block copolymers in many
forms, including scaffold [50], hydrogel [51], con-
jugate [52], micelle [53], liposome [54] for various
applications. In that context, we reported the synthe-
sis of PEtOx-b-PCL amphiphilic block copolymers,
wherein PEtOx served as hydrophilic fragment [55,
56]. In doing this, we came to notice that the nature
of CNs derived from these block copolymers and
their morphological transitions are not investigated
to date.

In this study, we report the synthesis of copolymeric
nanostructures from PEtOx-b-PCL amphiphilic
blocks and studied their morphological transitions.
The CNs with different fpriox values were obtained
via the solvent-switch method [57] using these
copolymers, and the morphological transitions from
ellipsoid to rod-like architectures were monitored
with transmission electron microscopy (TEM), in
keeping with relevant literature [41, 43]. After all,
for the first time, the morphological transitions of
PEtOx-b-PCL copolymers in aqueous solution were
proved by adjusting the molecular weight and the
number of repeating units. Overall, after further in-
vestigations, these strong findings suggest that
PEtOx-b-PCL amphiphilic block copolymer-based
CNs can be used as drug/biomacromolecule delivery

Ellipsoid/rod Rod
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Figure 1. The morphological transitions of PEtOx-b-PCL
CNs in aqueous solution upon altering the molec-
ular weight, and the number of repeating units.
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and release tools, diagnostic imaging agents, and
nanoreactors for diverse bioapplications [58]. The
morphological transition is shown schematically in
Figure 1.

2. Experimental

2.1. Materials

2-Ethyl-2-oxazoline (EtOx, >99%, 137456, Aldrich,
Germany), and e-caprolactone (CL, 99%, 173442500,
Acros, Japan) were dried over calcium hydride
(95%, 208027, Aldrich, Germany) overnight and pu-
rified by vacuum distillation. These monomers were
stored under nitrogen atmosphere until use. Methyl
p-toluenesulfonate (MeTos, >98%, 158992, Aldrich,
China), and propargyl alcohol (PA, 99%, 131452500,
Acros, Germany) were purified via vacuum distilla-
tion. Tin (IT) 2-ethylhexanoate (Sn(Oct),, 92.5-100%,
S3252, Aldrich, Japan) was directly used. Acetoni-
trile (ACN, >99.8%, 8149, J. T. Baker, US), tetrahy-
drofuran (inhibitor-free, for HPLC, >99.9%, 34865,
Aldrich, France), and toluene (>99.7%, 32249,
Aldrich, France) were distilled from calcium hydride
under reduced pressure, before use. All other reagents,
as well as solvents, were directly used without fur-
ther purification. All dialysis tubings with indicated
molecular weight cut-off and closures were pur-
chased from Spectrum labs (MWCO 6-8 kDa, Spec-
tra/Por).

2.2. Characterizations of block-co-polymers
and polymeric self-assemblies
Attenuated total reflectance Fourier transform in-
frared (ATR-FTIR) spectroscopy measurements were
recorded using a Perkin-Elmer Spectrum BX FT-IR
spectrometer over the range of 4000-500 cm™" with
a maximum OPD resolution of 1 cm™.
All proton nuclear magnetic resonance ('H-NMR)
measurements were carried out on a Varian 600 Spec-
trometer operating at 599.90 MHz. Coupling con-
stant values were given in Hertz, and chemical shifts
were reported in & [ppm] with respect to the internal
standard TMS. Splitting patterns were described as
follows: s (singlet), d (doublet), t (triplet), q (quar-
tet), m (multiplet), and br (broad signal).
Gel permeation chromatography (GPC) measure-
ments were carried out in two different systems: an
Agilent instrument (Model 1100) was used for PCL-
alkyne, as well as resulting amphiphilic block copoly-
mers, whereas a Viscotek TDA302 GPC instrument
was solely used for PEtOx-N3. The Agilent system

was equipped with a pump, refractive index (RI),
and ultraviolet (UV) detectors and four Waters
Styragel columns (guard, HR 5E, HR 4E, HR 3, and
HR 2), (4.6 mm internal diameter, 300 mm length,
packed with 5 pm particles) with the effective mo-
lecular weight ranges of 2000-4000000, 50—
100000, 500-30000, and 50020000, respectively.
The samples were eluted with tetrahydrofuran (THF)
at a flow rate of 0.3 ml/min at 30 °C. The apparent
molecular weights (M, gpc and My, Gpc), as well as
polydispersity indexes (PDI), were determined upon
calibration with linear polystyrene (PS) standards,
using PL Caliber Software from Polymer Laborato-
ries. The Viscotek system was equipped with a Vis-
cotek GPCmax pump, refractive index, and right-
angle light scattering detectors, and Tosoh TSKGel
G3000PWxI (300 mmx7.8 mm) column. Phosphate-
buffered saline (pH 7.4, 12 mM) with 0.05% NaNj3
was used as a mobile phase at a flow rate of
0.8 ml/min, and the detectors were calibrated with
poly(ethylene oxide) (10 kDa standard solutions).
All samples were filtered with 0.2 um regenerated cel-
lulose syringe filters.

The size of polymeric structures (0.5 mg/ml) was an-
alyzed by dynamic light scattering (DLS) method by
using Zetasizer Nano ZS (Malvern Ltd.). The analy-
sis conducted in five replicates and expressed as av-
erage. The morphologies of polymeric structures were
evaluated by transmission electron microscopy (TEM,
FEI Tecnai G2 Spirit) at 80 kV, wherein the structures
were visualized with negative staining via phospho-
tungstic acid (PTA) [59].

2.3. The synthesis of amphiphilic block
copolymers
2.3.1. The synthesis of azide capped
poly(2-ethyl-2-oxazoline) (PEtOx-N3)
(3a-b) [49, 60]
A flask equipped with a stirring bar was preheated
with a heat gun. Then, the flask was capped with a
rubber septum, and it was once again heated with a
heat gun under vacuum. After cooling down to room
temperature under vacuum, the flask was charged
with a solution of 2-ethyl-2-oxazoline (1) (10 ml,
99.06 mmol for both PEtOx;(¢9, and PEtOx4900), and
methyl p-toluenesulfonate (2) (747 ul, 4.95 mmol
for PEtOx,000, and 373 ul, 2.47 mmol for PEtOx4000)
in acetonitrile (30 ml) under an inert atmosphere at
room temperature. After polymerization for 15 hours
at 130°C, the reaction mixture was cooled to room
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temperature, and then, sodium azide (1.29 g,
19.80 mmol for PEtOx;0¢9, and 0.64 g, 9.88 mmol for
PEtOx4009) was added as a powder in one portion,
and the reaction was further stirred for 24 hours at
65 °C in the dark to terminate the polymerization re-
action. The reaction mixture was cooled down to
room temperature and the solvent was removed
under reduced pressure. Then, the crude material was
dissolved in dichloromethane (10 ml). The product
was precipitated from the excess amount of cold ether
and dried under vacuum overnight. Molecular weight
characteristics of the PEtOx-N; homopolymers were
summarized in Table 1.

"H-NMR (CDCl;): § 3.5-3.3 (4H, -N-CH,-CH ),
3.0-2.9 (3H, CH;-N-CH,—CH,—N-), 2.4-2.2 (2H,
—N-CO-CH,—CH;), 1.1-0.9 3H,-N-CO-CH,—CH5).
FT-IR (ATR): v [em™'] 2100 (azide) and 1630 (car-
bonyl).

2.3.2. The synthesis of alkyne end-functionalized
poly(e-caprolactone) (PCL-alkyne) (6a-f)
PCL-alkyne (6) was synthesized through ring-open-
ing polymerization of e-caprolactone (4) (CL) in the
presence of Sn(Oct),, and propargyl alcohol (5), as
the catalyst, and the initiator, respectively. CL (10 ml,
90.24 mmol for PCL4000, PCL6000, PCLgOO(), PCL]O 0005
PCL12 000 and PCL14 000), and propargyl alcohol (PA,
278 wul, 5.15 mmol for PCLy4ggp; 159 pl, 2.94 mmol
for PCLgggo; 111 pl, 2.06 mmol for PCLgggo; 100 pl,
1.72 mmol for PCLjggp0; 86 pl, 1.47 mmol for
PCL12000; 75 pl, 1.29 mmol for PCL409) were added
and a solution of Sn(Oct); (24.94 pl, 0.077 mmol for
PCL4000, PCLg000, PCLgo00, PCL10 000, PCL12 000 and
PCL4000) in toluene (10 ml) was introduced. Then,

the reaction mixture was deaerated with nitrogen and
then immediately immersed in a thermostatic oil bath
at 120°C for 5 h. Upon the completion of the poly-
merization reaction, the solvent was removed under
reduced pressure, and the crude material was dis-
solved in dichloromethane (10 ml). The product was
precipitated from the excess amount of cold methanol
and dried under vacuum oven overnight at room
temperature [60]. Molecular weight characteristics
of the PCL-alkyne homopolymers were summarized
in Table 2.

"H-NMR (CDCl): § 4.66 (s, 2H, CH,-C=CH), 4.00
(m, CH,0 on PCL), 3.65 (t, 2H, CH,OH), 2.50 (s,
1H, CH,—C=CH), 2.35-2.27 (m, CH,C=0 on PCL),
1.67-1.57 (m, CH, on PCL), 1.40-1.38 (m, CH; on
PCL). FT-IR (ATR): v [cm™'] 3265, 2945, 2865,
1730, 1460, 1410, 1390, 1365, 1295, 1245, 1165,
1105, 1045, 1005, 960, 730.

2.3.3. The synthesis of PEtOx-b-PCL
amphiphilic block copolymers (7a-f)

A flask, equipped with a stirring bar, was capped
with a rubber septum and dried with a heat gun under
vacuum. In this flask, PEtOx-N3 (3a-3b) (0.13 mmol),
PCL-alkyne (6a-6f) (0.13 mmol), copper sulfate
(0.13 mmol), and ascorbic acid (0.65 mmol) were
dissolved in dichloromethane (20 ml). The reaction
mixture was deaerated through bubbling with nitro-
gen for 5 minutes, then, the reaction was stirred at
room temperature and in the dark for 24 hours. Upon
the completion of the reaction, the reaction mixture
was passed through a silica column to remove undis-
solved materials, and the solvent was removed under
reduced pressure. The resulting crude material was

Table 1. Molecular weight characteristics of the PEtOx-N3 homopolymers.

PEtOx-N; Yield M, theo M, Gec M, Grc PDI
homopolymers [g/%] [Da] [Da] [Da] (My/M,)
PEtOx5000  (32) 8.94/91 1800 2000 2200 1.10
PEtOx4000  (3b) 9.13/93 3700 4000 4300 1.07
Table 2. Molecular weight characteristics of the PCL-alkyne homopolymers.
PCL-alkyne Yield M heo M, Gpc M, Gpc PDI
homopolymers [g/%] [Da] [Da] [Da] (M/M,)
PCL4o00 (6a) 8.65/84 1700 4000 5400 1.35
PCLgo00 (6b) 8.86/86 3000 6000 7900 1.31
PCLgg00 (6¢) 8.34/81 4100 8000 10200 1.27
PCL 10000 (6d) 8.24/80 4800 10000 12900 1.29
PCL13 000 (6e) 9.06/88 6200 12000 16100 1.34
PCL 14000 (6f) 9.27/90 7200 14000 19200 1.37
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dissolved in dichloromethane (10 ml), and the prod-
uct was precipitated from an excess amount of cold
ether. Then, the title compound was isolated with
suction and dried under vacuum for overnight (the
thorough structural characterizations of 7a-7f are re-
ported in the discussion part) [49, 60].

2.4. Self-assembly process

Self-assemblies were obtained via the solvent-switch
method that relies on the controlled mixing of copoly-
mer solution with aqueous solution [57]. In a typical
experiment, PEtOx-b-PCL amphiphilic block copoly-
mer (10 mg) was dissolved in THF (1 ml) and was
stirred overnight. Once a clear solution is obtained,
an aliquot of PBS buffer (pH 7.4, 3 ml, 12 mM) was
injected into a vigorously stirring copolymer solu-
tion at 1 ml/h rate with a syringe pump, and the poly-
meric dispersion was obtained. Afterward, the formed
polymeric dispersion was placed into a dialysis tube
(MWCO 6-8 kDa) and dialyzed against PBS (pH =
7.4, 1 1); the external buffer solution was replaced by
fresh PBS three times (minimum 4 h intervals) to re-
move THF. Afterward, the resulting dispersion was
subjected to three cycles of freeze-thaw, at —77 and
37°C, respectively, to stabilize the products. In the
final step, the dispersion was centrifuged at 800xG
for 5 min to remove any impurities, and the final
product was stored at +4 °C, until use. The morpholo-
gies of the self-assemblies were monitored by using
transmission electron microscopy (TEM) [59].
Briefly, 5 pl of polymeric dispersion (0.5 mg/ml)
was deposited onto carbon-coated grids for 1 min
then treated with 0.75% (w/v) PTA staining solution
at pH = 7.4 for 10 seconds. The excess amount of
solutions was blotted with filter paper, and the sam-
ples were dried under vacuum.

3. Results and discussion

In designing the chemical architecture of am-
phiphilic block copolymers which can self-assemble
in solution, a variety of distinct self-assembled mor-
phologies including worms, micelles, vesicles, rods,
and spheres could be formed, and these studies (non-
biodegradable copolymers [42—44], biodegradable
copolymers [45, 46]) have been reported in the lit-
erature. It is well known that several studies indicat-
ed that the shape and size of the self-assembled mor-
phologies depend on used solution conditions and
polymer properties such as the nature of repeating

unit, the molecular weight or the relative block length.
Moreover, the ability to control the morphology and
dimensions of self-assembled structures fabricated
from a given copolymer was investigated by adjust-
ing the solution conditions. The aforementioned
morphogenic factors comprise the solvent nature and
composition, the water content in the solvent mixture,
the polymer concentration and the presence of addi-
tives (ions, surfactants, and homopolymer) [47]. Here-
in, for the first time, we have demonstrated the mor-
phological transitions of PEtOx-b-PCL copolymers
in aqueous solution by adjusting the nature of the re-
peating unit, molecular weight, and the relative block
length.

Therefore, we have investigated the self-assembly
behavior of PEtOx-b-PCL copolymers having a mo-
lecular weight between 6.7-20.9 kDa and have mon-
itored different PEtOx-h-PCL morphologies, which
were attained by taking advantage of these block
copolymers where the fiydrophitic value is in the range
of 0.2-0.3 [35-40], via same self-assembly proce-
dure, depending on the molecular architecture of the
copolymer [48]. Several nanostructures were ob-
tained, including ellipsoids, rods, and intermediate
structures, which have a broad application area, es-
pecially in the biomedical field ranging from drug/
biomacromolecule delivery to protocell develop-
ment. In particular, since the shape properties of el-
lipsoid structures are known to provide enhanced
cellular phagocytosis [61], the utilization of PEtOx-
b-PCL ellipsoids as intracellular cargo delivery ve-
hicles might be advantageous.

In regards to the morphology of self-assemblies, the
hydrophobic/hydrophilic balance of copolymer
blocks (fnydrophilic» for short or simply f) is decisive.
To characterize the CNs-based architectures, it is,
therefore, necessary to evaluate the amphiphilic
copolymer nature individually, in terms of fhydrophilic-
The copolymers having varied fiydrophitic values such
as 0.25-0.45 for PEG-PLA [48], 0.12-0.32 for PEG-
poly(caprolactone) [62, 63], 0.31-0.34 for poly(bu-
tadiene)-poly(ethylene oxide) [64], 0.42 for hyaluro-
nan-poly(g-benzyl-L-glutamate) [65], 0.25 for poly-
styrene-poly(acrylic acid) [66], 0.36 for poly[oligo
(ethylene glycol)methyl methacrylate]-poly(2-(di-
isopropylamino)ethyl methacrylate) [67], have been
reported to be self-assembled to form CNs. In com-
pliance with these observations, we envisioned to
prepare PEtOx-b-PCL 7a-7f with fiydrophilic (OF fpEtOxs
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in our case) in this range (Table 3) to investigate
their morphological transition through transmission
electron microscopy (TEM) (Figure 15).

Our synthetic route to access 7a-7f, which is summa-
rized in Figure 2, relied on the independent synthesis
of PEtOx-N; and PCL-alkyne blocks, followed by
their assembly through copper-catalyzed azide-alkyne
cycloaddition (CuAAC) click chemistry [49, 60].
Therein, PEtOx-N3 3a-3b was prepared by living
cationic ring-opening polymerization (CROP) of
2-ethyl-2-oxazoline whilst PCL-alkyne 6a-6f was
synthesized via the coordination-insertion ring-open-
ing polymerization of e-caprolactone. In the final step,
7a-7f was obtained through the CuAAC reaction be-
tween these two polymers [68, 69]. The relative

amounts of the precursors and the reactants, in tan-
dem with the overall yield of the reactions, are given
below (Table 3).

In this synthetic route, the living CROP of 2-ethyl-
2-oxazoline was initiated by methyl p-toluenesul-
fonate (monomer to initiator concentrations [M]/[I]
were 40:1 and 20:1 for PEtOx49g9 and PEtOx;(, re-
spectively) and was terminated with an excess amount
of sodium azide [53]. The number-average molecu-
lar weights (M,) of PEtOx-N3 blocks 3a-3b were
measured by gel permeation chromatography and
were found to be 4000 Da (PDI= 1.07), 2000 Da
(PDI = 1.10), respectively (Figure 3). On the other
hand, clickable PCL-alkyne 6a-6f were prepared by
coordination-insertion ROP of e-caprolactone, using

Table 3. The relative amounts of the precursors and the reactants used in the synthesis of amphiphilic block copolymers.

Et

Amphiphilic block copolymers frEtox PE[tg;S?g_]s b) P[?n 1;1(1(:)211/-2]0 [ri:ilso(l);g] As[crz:::; /Z]ud [‘E/loe/lgd]
PEtOx2000-b-PCLgg00 (7a) 0.20 0.13/0.26 0.13/1.00 0.13/0.02 0.65/0.12 84/1.05
PEtOx2000-b-PCLg000 (7b) 0.25 0.17/0.34 0.17/1.00 0.17/0.03 0.85/0.15 79/1.06
PEtOx2000-b-PCLag00 (7¢) 0.33 0.25/0.50 0.25/1.00 0.25/0.04 1.25/0.22 84/1.26
PEtOx4000-b-PCL 4000 (7d) 0.22 0.07/0.28 0.07/1.00 0.07/0.01 0.35/0.06 78/1.00
PEtOx4000-b-PCL 2000 (7e) 0.25 0.08/0.32 0.08/1.00 0.08/0.01 0.40/0.07 85/1.12
PEtOx4000-b-PCL 000 (71) 0.29 0.10/0.40 0.10/1.00 0.10/0.02 0.50/0.09 77/1.08
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Figure 2. The synthetic route to PEtOx-5-PCL amphiphilic block copolymers 7a-7f.
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Figure 3. GPC chromatograms of PEtOx009 and PEtOx400o.

Sn(Oct), as catalyst and propargyl alcohol as initia-
tor ((M]/[1] =18, 31, 44, 53, 62, and 70 for PCL40o,
PCL6000, PCLgooo, PCLIO 0005 PCL12 000 and
PCL 4000, respectively). According to GPC analysis,
M, values of PCL-alkyne polymers were found to be
4000 Da (PDI= 1.35), 6000 Da (PDI= 1.31),
8000 Da (PDI= 1.27), 10000 Da (PDI= 1.29),
12000 Da (PDI = 1.34), 14000 Da (PDI = 1.37), re-
spectively (Figure 4). The structures of 3a-3b and 6a-
6f were also confirmed by FT-IR (Figures 5 and 6),
'H-NMR (Figures 7 and 8), and they are in concert
with our previous results [49, 60]. In the final step,
the CuAAC click reactions of 3a-3b with 6a-6f
([PEtOx-N3]:[PCL-alkyne] = 1:1) at room temperature
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Figure 5. FT-IR spectra of PEtOx,9 and PEtOx4g0-

afforded 7a-7f, as detailed in the experimental sec-
tion. The molecular weights of the precursors and the
resulting block copolymers, their PDI and fpgiox for
7a-7f were summarized in Table 4.

CuAAC click reactions are monitored through FT-
IR, wherein the azide band of PEtOx-N3 at 2100 cm™
and alkyne bands (C=C and C=C—H) of PCL-alkyne
at 2125 and 3320 cm™' disappeared, whereas new
peaks corresponding to C=0 and C—O—C bonds of
ether groups on PCL emerged at 1728 and 1240 cm™,
respectively. In addition, the distinctive amide, me-
thine, methylene, and methyl bands of PEtOx were

i
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PCLIDQOD
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Elution time [min] Wavelength [cm']
Figure 4. GPC chromatograms of PCL4o00, PCLg000, PCLgoo0, ~ Figure 6. FT-IR spectrum of PCLggo-
PCL10 000, PCL12000 and PEtOX 14000
Table 4. The molecular weights of the precursors and resulting amphiphilic block copolymers, as well as fpgiox-
o PEtOx (3a-3b) PCL (62a-6f) PEtOx-b-PCL (7a-7f)
Amphiphilic block copolymers
M, M, PDI M, M, PDI M, M,, PDI JPEtOx

PEtOx2000-b-PCLg000 (7a) 2000 2200 1.10 8000 | 10200 1.27 8700 | 10500 1.21 0.20
PEtOx,000-b-PCLg000 (7b) 2000 2200 1.10 6000 7900 1.31 6900 8600 1.25 0.25
PEtOx5000-b-PCL4g00 (7¢) 2000 2200 1.10 4000 5400 1.35 5200 6700 1.29 0.33
PEtOx4000-b-PCL14000  (7d) 4000 4300 1.07 14000 | 19200 1.37 16100 | 20900 1.30 0.22
PEtOx4000-b-PCL12000 (7€) 4000 4300 1.07 12000 | 16100 1.34 14300 | 18200 1.27 0.25
PEtOx4000-b-PCL 1000 (7f) 4000 4300 1.07 10000 | 12900 1.29 12400 | 15100 1.22 0.29
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Figure 7. 'H-NMR spectrum of PEtOx-Nj.

fully assigned in both block copolymer samples (Fig-
ures 9 and 10). The final products 7a-7f were also
characterized with '"H-NMR; therein, the key evi-
dence is the peak of the triazole ring formed after
Click reaction, which appears at ca. 8.0 ppm [60].
Furthermore, the characteristic protons of both PEtOx
with PCL segments were fully assigned (Figure 11
for details); however, it is worth noting that the me-
thine (CH,—C=CH) proton of PCL alkyne protons at
2.4 ppm overlapped with methylene protons of PEtOx
(c) and that the methylene (CH,—C=CH) protons of
PCL (h) at 4.6 ppm distinctly shifted to 5.2 ppm.
Overall, the FT-IR and 'H-NMR spectra of 7a-7f res-
onate well with our previous results [53, 60, 70], and
they account for the successful synthesis of the block
copolymers through CuAAC click reaction between
PEtOx and PCL blocks.

The GPC analysis of amphiphilic block copolymers
also reveals the tethering of both blocks, when
compared to those of 3a-3b and 6a-6f. The GPC

e
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Figure 9. FT-IR Spectra of PEtOx»(00, PCLggoo and PEtOX»g00-
b-PCLgggo.

V-

IR (2l

Absorbance [-]

—PCL
—— PEtOX,0,
—— PEtOXoo,-b-PCL

10000

4000 3500 3000 2500 2000 1500 1000
Wavelength [cm™]

Figure 10. FT-IR spectra of PEtOx4000, PCL1g000 and
PEtOX40()Q—b—PCL 10 000-

chromatograms of the latter exhibited rather uni-
modal patterns with narrow molecular weight distri-
butions, which distinctly suggests that control over
molecular weight had been achieved through both
coordination-insertion ROP and living CROP. Upon
the click reactions, the GPC traces of PEtOx-b6-PCL
block copolymers were monomodal and shifted
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Figure 8. 'H-NMR spectrum of PCL-alkyne.

Figure 11. 'H-NMR spectrum of PEtOx-h-PCL amphiphilic
block copolymer.
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towards higher molecular weight regions, as expect-
ed (Figures 12 and 13). Of course, the fact that GPC
equipment was calibrated with polystyrene standards
caused molecular weights of copolymers to exceed
theoretical molecular weights to some extent. Yet, an
increase in the molecular weights of PEtOx-b-PCL
block copolymers was apparent in GPC chromato-
grams, further conforming to the synthesis of 7a-7f.
With these amphiphilic block copolymers in hand,
copolymeric self-assemblies were obtained via the
solvent-switch method that involves the vigorous
mixing of amphiphile solution with an aqueous buftfer
solution [57]. In compliance with the relevant liter-
ature, the morphological transitions between these
CNs from ellipsoid to rod were observed by altering
frEtox, and the careful monitoring of CNs via trans-
mission electron microscopy (TEM) revealed the
evolution of the particle morphology [41, 43].

In the literature, we, for the first time, investigated
the morphological transitions of PEtOx-b-PCL am-
phiphilic block copolymer-based CNs and observed
that PEtOx-b-PCL copolymers with fpgi0x in the range
0f 0.20-0.30, self-assemble to form ellipsoidal and/or
tubular structures and the obtained CNs were in good
agreement with the relevant literature [71-73]. There-
in, Table 5 shows that CNs with 329, 196, 71, 222,
204 and 122 nm average particle sizes (hydrodynamic
radius, Ry) were obtained from PEtOx;0g-b-PCL4gq,
PEtOx5000-b-PCLg000, PEtOx5000-b-PCLg000,

PEtOx.

PEtOX 000

PEtOX;00

PEtOX;000
PEtOX;000-b-PEtOX, 0,
PEtOX,q0o-b-PEtOX.o;
PEtOX,q0-b-PEtOxXgop,

PEtOx4000-b-PCL 10000, PEtOx4000-b-PCL15 009 and
PEtOx4000-b-PCL14 000 copolymers, respectively. The
PDI values from 7a to 7¢ vary between 0.14 to 0.54,
which indicates the narrow self-assemblies diameter
distribution, whereas the PDI values from 7d to 7f
diversify between 0.06 to 0.33.

The fabrication of self-assemblies was carried out
via a bottom-up approach (solvent-switch) where
copolymer monomers self-assemble to generate
thermodynamically stable separate nanoscopic struc-
tures [74]. The solvent-switch method, also called
solvent displacement or nanoprecipitation, which is
usually preferred at fabrication of self-assemblies
from copolymers having glassy hydrophobic frac-
tion such as PCL, was utilized to yield CNs at phys-
iological pH and salt concentration. Afterward, poly-
meric dispersion was placed into the dialysis tube
(MWCO 6-8 kDa, Spectra/Por) and dialyzed against
pH 7.4 PBS (1 L); the external buffer solution was
replaced by fresh PBS three times (minimum 4 h in-
tervals), to remove THF.

The data in Figure 14 and Table 5 revealed that in-
creasing fhydrophilic value causes the formation of larg-
er and then tubular nanostructures, respectively. As
the fpriox value increases, it was observed that the CNs
evolve from ellipsoid to rod-like structures. This sit-
uation was proved thanks to increment in hydrody-
namic diameter. The difference between the width
and length of the rod-like structures triggered a wide

PEtOX,
PEtOX o-b-PEtOX

[T

14000

6 ) 8 ) 10 ) 1l2 ) 1:1 ) 16 ) 18
Elution time [min]

Figure 12. The GPC traces of precursors and resulting
PEtOx3000-b-PCL4go0, ~ PEtOx2000-b-PCLgg00,
PEtOx7000-b-PCLgg00 amphiphilic block copoly-
mers.

Elution time [min]

Figure 13. The GPC traces of precursors and resulting
PEtOx4000-b-PCL10 000, PEtOX4000-b-PCL12 000,
PEtOx4000-b-PCL 14000 amphlphlhc block COpOly-
mers.
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Table 5. fpiox, hydrodynamic radius and PDI values of PEtOx-b-PCL self-assemblies.

Amphiphilic block copolymers frEtOX [::1] PDI
PEtOx000-b-PCLg00o (PEtOx,0-b-PCL7p) (7a) 0.20 70.71+1.09 0.137+0.05
PEtOx2000-b-PCL6000 (PEtOx29-b-PCLs3) (7b) 0.25 195.70+2.81 0.226+0.14
PEtOx2000-b-PCL4g0o (PEtOX29-b-PCL3s) (7¢) 0.33 329.20+19.52 0.544+0.21
PEtOx4000-b-PCL14000 (PEtOX49-b-PCL 23) (7d) 0.22 121.90+1.06 0.061+0.02
PEtOx4000-b-PCL12 000 (PEtOX49-H-PCL0s) (7e) 0.25 204.20+3.10 0.125+0.08
PEtOx4000-b-PCL 0 000 (PEtOx49-b-PCLgg) (7) 0.29 222.40+11.72 0.326+0.17

distribution of the beam falling on them during the
DLS analysis by refracting at very different angles
and intensities. As the structures of self-assemblies
move away from the ellipsoids, the broader distrib-
uted results were obtained. Thus, the nano self-as-
semblies, like long rods, which obtained by using the
PEtOx5000-b-PCL4000 (7¢) copolymer, were demon-
strated by a broad DLS profile in Figure 14. More-
over, DLS data in Figure 14 reveal the morphologi-
cal transition from ellipsoid to rod architectures of
prepared copolymeric self-assemblies within 70.71—
329.20 nm and 121.90-222.40 nm size ranges, in ac-
cordance with DLS data for A—C and D-F, respec-
tively [71-73].

Figure 15 also supported our main idea and demon-
strated that block copolymer self-assemblies indicate
the morphological transition from ellipsoid to rod-like

structures owing to the increased fpgiox value [71—
73]. The lengthy rod-like nanostructures were formed
by the self-assembly of PEtOx;¢9o-b-PCLu4ggo (7¢)
block copolymer, whereas shorter rod-like nano self-
assemblies were fabricated by utilizing PEtOx4000-b-
PCL ¢ g00 (7f) which have similar fpgiox value. This is
due to the fact that the system energy in the self-as-
sembly process formed the longer rod-like nanostruc-
tures by making the hydrophobic PCL block with
shorter chain length more easily bent in the PEtOx5000-
b-PCL4g00 (7¢) block copolymer. However, the same
system energy created less elongated rod-like block
copolymer self-assemblies by making the hydrophobic
PCL block with longer chain length less bent in the
PEtOx4000-b-PCL 0000 (7f) block copolymer.

The six different PEtOx-b-PCL CNs were analyzed
by TEM to assess their morphology (see Figure 15).

PEtOX,,-b-PCL,,

PEtOX,,-b-PCL ,,

20 20
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Figure 14. Effect of molecular weight and fpgiox value on the size/size distribution of the PEtOx-b-PCL self-assemblies.
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Figure 15. TEM images of self-assembled structures generated from PEtOx;009-b-PCLgggo (2), PEtOX2000-b-PCLg0oo (b),
PEtOx2000-b-PCL4900 (¢), PEtOX4000-b-PCL 14000 (d), PEtOx4900-b-PCL12 000 (€) and PEtOX4000-b-PCL ¢ 00 ().

PEtOx5000-b-PCLgoo (7a) generated exclusively el-
lipsoids (see Figure 15a). Decreasing the PCL block
length leads to a mixture of (mainly) short, rod par-
ticles, and some remaining ellipsoid particles for
PEtOx5000-b-PCLgo (7b) (see Figure 15b). Using a
block composition of PEtOx;g00-b-PCL4goo (7¢)
leads to longer rods, with some ellipsoidal structures
(see Figure 15¢). On the other hand, when the re-
maining 3 block copolymeric particles were investi-
gated, an increase of just 20 PEtOx units results in
the generation of ellipsoids for PEtOx4000-5-PCL 14000
(7d) (see Figure 15d). PEtOx4000-b-PCL 12000 (7€)
forms an intriguing intermediate phase comprising el-
lipsoid-like particles and small rod-like structures
(see Figure 15¢). Finally, a pure rod-like structure
phase is observed when utilizing PEtOx4gg0-b-
PCL 1000 (7f) (see Figure 15f%).

As evidenced in Figure 16, when fpgiox value of the
copolymer is ~0.20, the ellipsoid-like morphology
was observed, whereas the rod-like morphology was
detected when fpgiox value of the copolymer is ~0.30.
Firstly, the ellipsoid structures closed up each other

and then merged. Finally, these structures were trans-
formed into dispersed rod-like structures associated
with the increased fppiox value from 0.20 to 0.30. The
lengths of the molecular chains exposed to the same
system energy played an important role in the trans-
formation of the ellipsoids. When the copolymers
having a similar fpgiox value and exposed to the same
system energy were examined, it was found that
shorter rod-like structures were obtained by using
higher chain length copolymers while longer rod-
like structures were obtained by the utilization of
copolymers having shorter chain length, depending
on the ease of molecular flexibility of shorter chain
length copolymers.

Figure 16 shows the phase behavior of copolymeric
particles as functions of fpgiox and molecular weight.
For all six block copolymers with different molecu-
lar weights, the particle shape and morphology dra-
matically changed with fpgiox. The frequency of par-
ticle morphologies (from ellipsoid to rod) was ob-
served for a given molecular weight copolymeric
structures and fpgiox.
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Figure 16. Effect of molecular weight and fpgiox value on the
morphology of the PEtOx-b-PCL self-assemblies
(Scales correspond to 20 nm).

4. Conclusions

We have shown how different fi,ygrophitic values of the
amphiphilic block copolymers can significantly influ-
ence the resulting morphologies of the self-assembled
structures. To the best of the authors’ knowledge, this
is the first investigation for morphological transitions
of PEtOx-b-PCL amphiphilic block copolymer-based
CNs in the literature. In addition, our findings were
concluded that PEtOx-b-PCL amphiphilic block
copolymer-based CNs including ellipsoids, rods, and
intermediate structures would be utilized in the fab-
rication of new generation biomaterials for important
applications such as drug/gene delivery systems,
pharmaceutics, and protocell development.
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