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Abstract

Polymeric nanoparticles, based on amphiphilic copolymers, have been extensively evaluated as a potential material for drug
delivery systems (DDS), because they present a clear capability of forming micelles under an aqueous medium. Besides the
amphiphilic properties, the thermosensitivity of polymers under aqueous media has attracted great attention for DDS. In
this work, a well-defined amphiphilic poly(e-caprolactone)-b-poly(N-isopropylacrylamide) (PCL-b-PNIPAAm) was used to
prepare thermosensitive micelles as potential candidates for applications in drug delivery systems. First, hydroxyl-terminated
PCL (PCL-OH) was synthesized by ROP, and then, the PCL-OH was converted to PCL-Br through reaction with 2-bromo-
propionyl bromide, followed by a chemical modification to ethyl xanthate in PCL-end chains through substitution reaction.
The PCL-b-PNIPAAm block copolymers were obtained by RAFT polymerization of N-isopropylacrylamide (NIPAAm)
monomer from the PCL-EX macroagent. Different size chains of PCL and PNIPAAm were evaluated as also their influence
on the capacity of micelles formation. The polymers and their synthesis efficacy were characterized by chemical composi-
tion, molecular weight, and thermal and crystallinity properties. The CMC of the copolymers and the LCST of the micelles
increased with the increase in the segmental length of PNIPAAm and decreased with the increase in PCL segmental length.
The DLS demonstrated an increase in the micelles size with the increase of the proportion of both hydrophobic and hydro-
philic segments. Finally, the morphology observed by AFM demonstrated that the micelles are of spherical shape.
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Introduction

Among different drug delivery systems (DDS), polymeric
nanoparticles, formed by amphiphilic block copolymers,
have attracted great interest in this field. Some reasons for
their interest can be highlighted such as the fact that pro-
tein, DNA, and hydrophobic drugs can be easily incorpo-
rated into the hydrophobic core, and transported at higher
concentrations than their intrinsic water solubility [1, 2].
The presence of hydrophilic blocks in the amphiphilic
polymer’s structure can result in an interaction with the
aqueous media, forming a shell surrounding the core and
protecting the drug from the interaction with plasma pro-
teins, such as opsonins, which enhance phagocytosis by
macrophages in the liver and spleen [3, 4]. This provides
a prolonged blood circulation time for enhanced perme-
ability and retention (EPR) effect, which is based on tumor
disposition [3, 5]. Thus, the carrier can accumulate within
tumors, due to its small hydrodynamic diameter and its
high stability in an aqueous medium at low concentra-
tions [6, 7]. Besides these properties, in general, polymeric
nanoparticles can present distinctive advantages over other
formulations including easy control of biodegradability by
adjusting the composition of the employed block copol-
ymer. Moreover, the appropriate design of the diblock
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copolymer provides a rigid core structure leading to stable
incorporation of drugs, giving them long pharmacological
activity, without the need for further surface modification
to prolong the blood circulation time of nanoparticles,
which is commonly required for other nanoparticles such
as liposomes and emulsions [8].

In this context, drug carriers formed by stimuli-respon-
sive block copolymers have received special attention.
Stimuli-responsive materials can be sensitive to specific
factors, such as pH, temperature, light, ionic strength, elec-
tric field, chemicals, etc. The responses to these stimuli
may be manifested as changes in their properties, such
as chain dimensions, solubility, secondary structure, and
degree of intermolecular association that can be detected,
for example, as changes in dissolution/precipitation, swell-
ing/collapsing, conformation changes, hydrophilic/hydro-
phobic changes, and micellization [9, 10]. The sensibility
to external stimuli of copolymers can be influenced by
different parameters: the functional group present in the
block copolymer, the molecular weight, and the architec-
ture structure. Therefore, during the synthesis of the block
copolymer, these parameters can be manipulated to find
a suitable polymer for biomedical applications [9-11],
such as controlled and triggered drug delivery, diagnos-
tics, tissue engineering, ‘smart’ optical systems, sensors
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and biosensors, bio-separation, immobilized biocatalysis,
microelectromechanical systems, coatings, and textiles [9,
12, 13].

Among all smart polymers, those thermosensitive types
are frequently applied, since temperature is an important
physiological factor in the body. Because thermosensitive
polymers can drastically and reversibly change the solubility
under heating or cooling, the manifestation of some diseases,
or even with the use of hyperthermia techniques can improve
the targeting ability of thermoresponsive carriers [14, 15].
These polymers can be classified into two categories, based
on their thermosensitive behavior in solution, such as lower
critical solution temperature (LCST) and upper critical solu-
tion temperature (UCST) [16], which means that heating
above the LCST or cooling under the UCST temperature
the polymer water-solubility changes from hydrophilic to
hydrophobic.

Poly(N-isopropylacrylamide) (PNIPAAm) is a widely
studied thermosensitive polymer, which has been used in
bioactive applications, such as cell culture, controlled pro-
tein adsorption, and drug delivery [17]. PNIPAAm is water
soluble and undergoes its volume phase transition in water
at around 32 °C, close to human body temperature [16]. Sev-
eral efforts have been made to understand its phase behavior
in water. Amphiphilic block copolymers containing a smart
hydrophilic PNIPAAm block are interesting due to their
thermal stimuli-responsive properties [18]. Besides that,
poly(e-caprolactone) (PCL) has attracted great interest in
pharmaceutical and biomedical applications due to its bio-
compatibility and biodegradability properties [14]. Moreo-
ver, its miscibility with several polymers and easy process-
ability have led to a wide range of applications, especially
in food packaging, tissue engineering, and drug delivery
[19, 20]. Therefore, amphiphilic and thermosensitive block
copolymers containing a hydrophobic PCL segment and a
hydrophilic and thermosensitive PNIPAAm segment are
very useful in the delivery of active ingredients.

Some reports about the synthesis of linear block copolymers
containing hydrophobic PCL block and hydrophilic PNIPAAm
block can be found in the literature. Choi et al. [21], Duan et al.
[22], and Lee et al. [23] showed the synthesis of PNIPAAm-
b-PCL diblock copolymers by first synthesizing the hydroxyl-
terminated PNIPAAm (PNIPAAm-OH) through radical
polymerization of NIPAAm monomer using either 2-mercap-
toethanol [21, 23] as the chain-transfer agent (CTA) or bifunc-
tional initiator, 4,4"-azobis (4-cyano-1-pentanol) [22], in which
both reactions were followed by ring-opening polymerization
(ROP) of e-CL using the PNIPAAm-OH as the initiator. Patil
and Wadgaonkar [24] reported the synthesis of acetal contain-
ing PCL-b-PNIPA Am block copolymer by alkyne-azide click
reaction of azido-terminated PNIPAAm (PNIPAAm-N,) with
propargyl-terminated PCL (PCL-propargyl). The PNIPAAm-
N; was obtained by ATRP using a new ATRP atom initiator,

namely 2-(1-(2-azidoethoxy)ethoxy)ethyl-2-bromo-2-methyl-
propanoate, which contains both “cleavable” acetal linkage
and “clickable” azido groups. Finally, using a combination
of three techniques (enzyme-catalyzed anionic ROP, RAFT
polymerization, and triazolinedionediene click chemistry), the
PCL-b-PNIPAM copolymers were prepared by Vandewalle
et al. [25]. In the context of triblock copolymers, Chang et al.
[26] reported the synthesis of PCL-b-PNIPAAm-b-PCL using
the RAFT polymerization of NIPAAm mediated by the trith-
ioncarbamate-based PCL macro-chain-transfer agent. Xu et al.
[27], Loh et al. [28], and Li et al. [29] reported the synthesis
of PNIPAAm-b-PCL-b-PNIPAAm prepared through CuB1/
HMTETA (1,1,4,7,10,10-hexamethyltriethylenetetramine)-
mediated atom transfer radical polymerization (ATRP) using
Br-PCL-Br as the macroinitiator. Later, Mishra et al. [18]
showed the controlled synthesis of PNIPA Am-b-PCL-b-PNI-
PAAm triblock copolymers by combining the controlled ROP
of e-CL and the xanthate-mediated RAFT polymerization of
NIPAAm using a bifunctional-based PCL xanthate as RAFT
agent.

Based on the above literature reports, in this work, we
report the synthesis of well-defined linear AB-type amphi-
philic, thermosensitive diblock copolymers, PCL-b-PNIPAAm
with different blocks lengths, by combining the controlled
ring-opening polymerization (ROP) followed by reversible
addition—fragmentation chain-transfer (RAFT) polymeriza-
tion. First, PCL containing hydroxyl end-group (PCL-OH) was
synthesized by ROP using benzylic alcohol as an initiator. The
OH end-group was then converted to the corresponding Br
end-group (PCL-Br) through reaction with 2-bromopropionyl
bromide. Then, this Br end-group was converted to the corre-
sponding ethyl xanthate end-group (poly(e-caprolactone)-ethyl
xanthate, PCL-EX) through an ionic substitution reaction with
potassium ethyl xanthate. PCL-EX was used as a macro-chain-
transfer agent (macro-CTA) for the controlled/living radical
polymerization of NIPAAm to obtain PCL-5-PNIPA Am block
copolymers. All (co)polymers were characterized by SEC,
FTIR, '"H NMR, DSC, and XRD measurements. Then, the
effect of PCL and PNIPAAm chain lengths on the amphiphi-
licity of the copolymers, and their ability of micelles forma-
tion were evaluated. Finally, aiming for future application in
drug delivery systems, PCL-b-PNIPA Am-based micelles were
prepared by solvent evaporation method, and their physico-
chemical characteristics and thermosensitive behavior were
investigated as well.

Experimental
Materials

e-Caprolactone (e-CL, Aldrich, 97%) was dried over
CaH, and distilled under reduced pressure before use.

gBlpPI @ Springer
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Scheme 1 Synthetic route
favored in the synthesis of
poly(e-caprolactone)-ethyl xan- lo)
thate (PCL-EX) chain-transfer

agent

(Epsilon-CL)

@OM%SIOV

(PCL-EX)

N-isopropylacrylamide (NIPAAm, Kohjin Co. Ltd.) was
purified by recrystallization with toluene/hexane (6/4 v/v).
2,2'-Azobis(isobutyronitrile) (AIBN) was recrystallized in
ethanol and stored at 4 °C. Benzyl alcohol (Synth, 99%)
was dried over CaO and distilled under reduced pressure.
Toluene (Synth, 99.5%), tetrahydrofuran (THF, Synth, 99%),
1.4-dioxane (Synth, 99%), triethylamine (TEA, Aldrich,
99%), and pyridine (Synth, 99%) were dried and fraction-
ally distilled from sodium. Stannous octoate (Sn(Oct),,
Aldrich, 92.5-100%), 2-bromopropionyl bromide (BPB,
Aldrich 97%), potassium ethyl xanthate (KEX, Aldrich,
96%), 1,3,5-trioxane (>99%, Aldrich), sodium hydrogen
carbonate (NaHCO;, Synth, 99.7-100%), ammonium chlo-
ride (NH,Cl, Synth, 100%), anhydrous magnesium sulfate
(MgSO, XH,0, Synth, 98%), pyrene (Aldrich, 98%), deu-
terated chloroform (CDCl;, Sigma, 99.8%) acetone (Synth,
99.5%), and the solvents used in the polymer purification
steps, such as dichloromethane (DCM, Synth, 99.5%), dieth-
ylether (Synth, 98%), and methanol (Synth, 99.5%), were
used as received. The water used in the entire process was
deionized.

Synthesis of PCL macro-chain-transfer agent
(PCL-EX)

The macro-chain-transfer agent (macro-CTA), poly(e-
caprolactone)-ethyl xanthate (PCL-EX), was synthesized in
three chemical steps, as shown in Scheme 1.

In the first step, PCL-OH was synthesized by ROP of
e-CL using benzyl alcohol as initiator, Sn(Oct), as the
catalyst, and toluene as solvent (Scheme 1). Two differ-
ent e-CL molar concentrations were used, proportional
to the molar amount of benzyl alcohol ([e-CL],:[benzyl
alcohol], molar ratio=66.67 and 133.33) aiming to obtain
PCL homopolymers with two different lengths chain. In a
typical experiment, 20 g e-CL, 284.2 mg benzyl alcohol,
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354.9 mg Sn(Oct),, and 20 mL toluene were introduced in
a 100 mL dry round-bottom flask equipped with a magnetic
stirrer under a dry nitrogen atmosphere. Then, the flask was
immersed in an oil bath preheated at 100 °C and kept for
8 h. The polymerization was stopped by cooling the reaction
mixture in the ice bath. The polymer was purified in cold
diethyl ether, and dried under vacuum at room temperature
for 24 h.

In the second step, PCL-Br was prepared by a reac-
tion between hydroxyl-terminated PCL (PCL-OH) and
2-bromopropionyl bromide (BPB) in the presence of tri-
ethylamine (TEA) ([PCL-OH],:[BPB],:[TEA], molar
ratio=1:7.5:10) (Scheme 1). In brief, 17 g (2.32 mMol,
M, ayr=7328 g mol™!) PCL-OH and 2.35 g (23.2 mMol)
TEA were dissolved in 150 mL THF in a nitrogen purged
round-bottom flask. The reaction system was kept in an
ice bath and a BPB solution (3.87 g in 20 mL THF, 17.94
mMol) was added dropwise over 1 h. Then, the temperature
was increased to room temperature (RT), and the mixture
was stirred for 72 h. The precipitate formed during the reac-
tion (white precipitate corresponding to triethylammonium
chloride) was removed by filtration, and THF was evapo-
rated in a rotary evaporator. The reaction product was dis-
solved in 150 mL dichloromethane (DCM) and was washed
first with 5% sodium bicarbonate solution (5x 100 mL) and
then with water (5 X 150 mL). After, the organic layer was
dried over anhydrous MgSO, and filtered. Finally, the filtrate
was concentrated in a rotary evaporator, and the polymer
was precipitated in cold methanol/ether (2:8 v/v) and dried
under vacuum at room temperature for 24 h.

Finally, PCL-Br was reacted with potassium ethyl xan-
thate (KEX) (Scheme 1) using the following molar ratio
[PCL-Br],:[KEX]:[pyridine],=1:5:50. In a nitrogen purged
round-bottom flask, 15.5 g (2.06 mMol, M, \yr=7538 g/
mol) of PCL-Br, 1.72 g (10.71 mMol) of KEX and 125 mL
of THF were mixed. A pyridine solution (8.13 g in 30 mL
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THEF, 102.81 mMol) was then added to the mixture and
stirred under a nitrogen atmosphere. The reaction mix-
ture was stirred at room temperature (RT) for 48 h. After
the removal of the precipitate by filtration, the THF was
eliminated by rotary evaporation. The crude polymer was
then dissolved in 150 mL DCM and washed with saturated
NH,CI solution (5 X 150 mL), saturated NaHCOj; solution
(5% 150 mL), and water (5x 150 mL). After, the organic
layer was dried over MgSO, and filtered. The filtrate was
concentrated by rotary evaporation, and the polymer was
then precipitated in cold methanol/ether (2:8 v/v) and dried
under vacuum at room temperature for 24 h.

Synthesis of PCL-b-PNIPAAm block copolymers

PCL-b-PNIPAAm block copolymers were synthe-
sized through RAFT polymerization of NIPAAm
monomer from PCL-EX macroagent, using AIBN as

o

HN

(NIPAAmM)

©\4 2

O. S _O._
(PCL-EX)

AIBN, 1,4-dioxane, 70 °C

o
ol/\/\/\}o 2 o~
n oS
NH
(PCL-b-PNIPAAM) )\
Scheme 2 Synthetic route favored in the synthesis of poly(e-

caprolactone)-b-poly(N-isopropylacrylamide) (PCL-b-PNIPAAm)
block copolymers

initiator and 1,4-dioxane as solvent at 70 °C (Scheme 2).
Different NIPAAm molar concentrations relative to
PCL-EX were used to obtain block copolymers with dif-
ferent PCL and PNIPAAM block lengths (Table 1). In
a typical experiment, using the following molar ratio,
[NIPAAm],:[PCL-EX]:[AIBN],=62.5:1:0.2; for exam-
ple, 1.9756 g PCL-EX (M, xmqr =7763 g/mol), 1.8802 mg
NIPAAm, and 8.36 mg AIBN were dissolved in 10.8 mL
1.4-dioxane. A homogeneous solution was obtained after
stirring and degassing under nitrogen for 45 min. Next, the
flask was immersed in an oil bath preheated at 70 °C for 6
or 8 h. The reaction was stopped by cooling the reaction
mixture in the ice bath. The copolymer was purified in cold
diethyl ether and dried under vacuum at room temperature
for 24 h.

Polymeric particles’ preparation

The particles were prepared by nanoprecipitation tech-
nique (also known as the solvent displacement method). An
amount of 12.5 mg block copolymer was dissolved in 5 mL
THEF; thereafter, 1 mL of this organic polymer solution was
added dropwise into 45 mL of ultrapure water and stirred at
25 °C. The solvent THF was then removed using a rotary
evaporator, and the obtained dispersion was transferred into
a 50 mL volumetric flask, followed by dilution to the calibra-
tion mark with water.

Characterization
Polymer characterization

Number average molar masses (M,) and dispersity (D)
were determined by size exclusion chromatography (SEC)
(Waters 1515, USA), using a triethylamine solution in THF
(0.3% v/v) as eluent. The characterizations were performed
at 35 °C with a flow rate of 1.0 mL min~! on three Phenogel

Table 1 Characteristic dat 3
of PCL_b_P?\ﬁ‘; :Zsm“];loac 13 Sample PCL-EX  NIPAAm®  Conv: Myper®  Mynwr'  Myspc® D
(Mn \r)  (equiv.) (%) (g/mol) (g/mol) (g/mol)

copolymer
PCL,,76-b-PNIPAAmsg, 4 7763 62.5 972 14,639 13,576 14,574 132
PCL;,79-b-PNIPAAM, 5,," 125 975 21,557 21,585 18,901  1.40
PCL,,5,-b-PNIPAAMS,,;* 14316 62.5 949 21,029 20,059 17738 130
PCL,403,-b-PNIPAAM, 33" 125 957  27.855 27,626 19919 141
PCL, 3;-b-PNIPA Amm,yg;s5” 250 95.8 41,423 44,071 24,329 144

Reaction time: *8 or %6 h; ‘using 0.2 equivalent of AIBN concerning to PCL-EX, and solvent volume
(14dioxane) = (MNpaam T M pcpgx)/0-35; ddetermined by 'H NMR by comparing the peak area of the resid-
ual vinyl segment of the NIPAAm monomer at around 6.0 ppm with that of the methylene proton of the
1,3,5-trioxane using as internal standard at 5.1 ppm; °M, ... =(NIPAAm]/[PCL-EX])). MM yipaam-
conv+M, pcr gx fdetermined by 'H NMR by comparing the benzylic protons of the end of the polymeric
chain at 5.11 ppm with that of the methylene protons of the PCL segment at 4.05 ppm and the methane
protons of PNIPAAm segment at 3.80-4.20 ppm; determined by SEC in THF and TEA (0.3% v/v) at

35°C
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columns (103, 10%, and 10° 10\) connected in series to a 2414
differential refractive index detector. The columns were
calibrated against polystyrene (PS) standard samples. The
IR spectra were collected in an IR Prestige-21 spectrometer
(Shimadzu, Japan) using KBr disks method. The '"H NMR
spectra were obtained in a Mercury-300 NMR spectrometer
(Varian, USA) operating at 300 MHz. These analyses were
performed at room temperature using CDCl; as the solvent
and are reported in parts per million (6) from internal stand-
ard tetramethylsilane (TMS). The absorbance measurements
of the polymer organic solutions in THF were performed on
a UV-1800 spectrophotometer (Shimadzu, Japan) in a range
of 190-1100 nm. The (co)polymers’ thermal properties were
evaluated using a differential scanning calorimeter (DSC)
(TA Instruments, USA) under a nitrogen atmosphere. The
instrument was calibrated with indium before use. The sam-
ples were submitted in two heaters running consecutively at
a heating rate of 10 °C/min, first from — 80 to 180 °C, and
followed by quenching to — 80 °C. Then, the samples were
re-heated to 220 °C. X-ray diffraction patterns were obtained
by a PAN-analytical Empyrean ACMS 101 (Malvern, UK)
diffractometer at room temperature. The diffractometer was
used with a monochromatic radiation beam of the CuKa.
Experiments were conducted with a scan range from 10 to
90° (26), a step size of 0.01° (26), and a counting time of
10 s per step.

Micelles characterization

Critical micelle concentrations (CMC) of the block copol-
ymers were determined by fluorescence measurements at
390 nm emission wavelength (Varian Cary Eclipse fluores-
cence spectrophotometer) using pyrene as a probe. A pyrene
solution in acetone was added into a series of volumetric
flasks in such an amount that the final concentration of pyr-
ene in each solution was 6x 10”7 mol/L. The acetone was
then allowed to completely evaporate. The polymer solu-
tion was added into the volumetric flasks and diluted to the
calibration mark using deionized water to obtain different
copolymer concentrations ranging from 5x 107> to 0.05 mg/
mL. The samples were stored at room temperature overnight
to equilibrate micelles and pyrene. The size distribution of
micelles was determined by dynamic light scattering (DLS)
using a Malvern Nano ZS instrument. A 0.45 pm filter was
used to remove the dust particles from the aqueous suspen-
sion solutions before the measurements. The LCST results
were investigated on a Thermo Scientific Genesys 10UV
spectrophotometer with a Thermo Fisher Scientific air-
cooled temperature controller. The transmittance of the poly-
meric micelles aqueous solutions at =500 nm was recorded
in a 1.0 cm path length quartz cell. Atomic force microscope
(AFM) images of the micelles were obtained using a Park
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Systems XE7 microscope. The samples were dropped onto
a mica slide and dried at -4 °C.

Results and discussion

In this work, PCL-b-PNIPA Am block copolymers were syn-
thesized by a combination of ROP and RAFT polymeriza-
tion techniques, as shown in Scheme 1, and used to prepare
self-assembly micelles in aqueous media. The copolymer
synthesis can be divided into two steps: (i) synthesis of
macro-chain-transfer-agent (PCL-EX) through ROP of ¢-CL
using two different proportions of benzyl alcohol followed
by conversion of PCL-OH to PCL-Br through reaction with
2-bromopropionyl bromide and the insertion of EX-end
chains through substitution reaction with potassium ethyl
xanthate and (ii) polymerization of NIPAAm monomer from
the PCL-EX macroagent. Finally, the block copolymer PCL-
b-PNIPA Am was used to prepare self-assembly micelles in
aqueous media.

Synthesis of PCL-EX

Figure 1a shows the 'H NMR spectrum of the PCL-OH
homopolymer obtained through the PCL-OH [1] reac-
tion. As expected, the sample gave the typical resonance
signals of PCL-OH at & (ppm) =4.05 (-CH;C(=0)0-, f),
3.64 (-CH,0H-, f°), 2.30 (-C(=0O)CH,—, ¢), 1.64 and 1.37
(-CH,—, d and e, respectively). The characteristic resonance
signals at 5.11 ppm (-CH,, b) and 7.35 ppm (-CH- of the
aromatic ring, a) refer to the protons of the methylene and
methane groups, respectively, from the benzylic alcohol.
Through the '"H NMR spectrum of PCL-OH (Fig. 1a), it
was possible to determine the degree of monomer conver-
sion in the polymerization reaction, resulting in 94.3% for
PCL-OH[1] and 90.8% for PCL-OH[2], as observed in
Table S1 of Supporting Information. Then, to evaluate the
conversion of the hydroxyl end-group of the PCL-OH into
bromopropionyl group and, subsequently, this last one into
the corresponding ethyl xanthate group, PCL-Br and PCL-
EX were analyzed by '"H NMR. Figure 1b and ¢ shows the
typical "TH NMR spectra of PCL-Br and PCL-EX polymers
obtained in their corresponding PCL-Br[1] and PCL-EX[1]
reactions. The incorporation of the 2-bromopropionyl group
in the PCL segment was confirmed from the displacement
of methylene (f’) protons at 3.64 ppm to 4.15 ppm, and
from the appearance of methine (1H, -CH(CH;)Br, g) and
methyl (3H, -CH(CH;)Br, h) protons of 2-bromopropionyl
end-group of the PCL-Br at 4.30 and 1.80 ppm, respec-
tively. The conversions (%) of PCL-OH into PCL-Br were
estimated at 100% for PCL-Br[1] and PCL-Br[2] reactions
by comparing the resonance area of methyl protons “h” of
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Fig. 1 'H NMR spectra of the a PCL-OH[1], b PCL-Br[1] and (¢) PCL-EX[1]

2-bromopropionyl end-group with the resonance area of
methylene protons “b” of the benzyl end-group.

The conversion of bromo end-group into xanthate end-
group was confirmed by the appearance of a new charac-
teristic resonance signal relative to the methylene protons
of the xanthate end-group at 4.62 ppm (2H, -OCH,CH;, i)
(Fig. 1c). The methyl protons’ resonance signals character-
istics of the propionyl group of PCL-Br at 1.80 ppm (3H,
h) had shifted to 1.6 ppm. In addition, the resonance signal
characteristics of the methyl protons “j” (3H, -OCH,CH;)
from of xanthate end-group were overlapped by the reso-
nance signal of the methylene protons “c” from PCL
backbone chain. The estimated conversion (%) of bromo
end-group into xanthate end-group was 100% for both PCL-
EX[1] and PCL-EX][2] reactions. This conversion value was

[TPL)

obtained by comparing the resonance of methine protons “‘g
from the propionyl group with that of the methylene protons
“i”” from the xanthate end-group. UV/Vis technique was used
as a complementary approach to confirm the presence of the
xanthate group in PCL chain (PCL-EX) and the spectrum
showed in Fig. S1 of Supporting Information and revealed
an intense absorption band at around 250-320 nm due to the
S—(C=S)- functional group that provided high absorption at
A~280 nm [30-32].

Figure 2 shows the SEC chromatogram obtained for
the PCL-OH prepared using two different [e-CL],:[benzyl
alcohol], molar ratios. The number average molar mass
(M) and dispersity (D) values for these two homopolymers
are presented in Table S1 of Supporting Information. The
PCL-OH][2] prepared with higher ratio of [e-CL],:[benzyl
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alcohol], showed higher molar mass than PCL-OH[1], as
expected. The theoretical molar masses (M, 4,..,) calculated
on the basis of monomer conversion are close to the M
determined using 'H NMR technique (M, xyg)- The differ-
ence in M \yr and M, gpc can be attributed to PS standards
used for calibration in the analysis of the SEC method. In
addition, both materials have shown low dispersity values
(D <1.28). However, the SEC chromatogram of the PCL-
OH[2] showed a shoulder at a higher molar mass (Fig. 2),
which was probably due to an intermolecular transesterifica-
tion reaction during the ROP.

Table S2 and Table S3 in Supporting Information show
the molar masses and dispersity data of PCL-Br and PCL-
EX homopolymers, respectively. As expected, the Mn .
Mn ggc, and D values of the converted PCL-Br were close
to the values observed for the corresponding PCL-OH, and
PCL-EX values were close to the values observed for the
corresponding PCL-Br. Moreover, after the conversion of
the hydroxyl end-group into bromo, and then xanthate, there
was no significant change observed in the chromatograms,
which could demonstrate only the chemical modification of
the end-group without secondary reactions or degradation
of the polymers.

Therefore, based on SEC, '"H NMR, and UV/Vis results,
it was possible to confirm that PCL-EX was successfully
prepared.

Synthesis of PCL-b-PNIPAAm block copolymers

Aiming to evaluate the livingness of the RAFT polymeriza-
tion of the NIPAAm mediated by PCL-EX macro-CTA, and
choose the appropriate reaction time, a study on polymeri-
zation kinetics was carried out using a [NIPAAm]:[Macro-
CTA]:[AIBN] molar ratio of 62.5:1:0.2. Figure S2a in
Supporting Information shows the plot of the % monomer

conversion and In([M,]/[M]) as a function of the reaction
time. A good linear correlation for In[([M,]/[M])] against
time was observed as high as 95.5% conversion, indicat-
ing the pseudo-first-order monomer conversion kinetics. A
plot of M, and D of the block copolymer versus monomer
conversion showed a linear increase of M, as a function of
NIPAAm conversion, while P remained almost constant
(1.28-1.35) (Fig. S2b).

After the kinetic estimation, copolymerization was car-
ried out to obtain PCL-b-PNIPAAm block copolymers syn-
thesized from different lengths of hydrophobic PCL and
hydrophilic PNIPAAm segments. The results obtained for
conversion, molar masses, and dispersity are presented in
Table 1.

The molar mass of the resultant block copolymers
increases with an increase in NIPAAm monomer loading,
which can be evidenced by the displacement of the SEC
curve to lower values of retention time (Fig. 3), as expected.
The M, 4., values of the PCL-b-PNIPAAm block copoly-
mers were close to their M, \\r Values. However, in general,
the M|, gz of the block copolymers were quite different from
their M, e, and M, \vg> mainly for the material formed with
the highest NIPAAm segment length. These results may be:
(i) due to the change in the hydrodynamic volume owing to
the incorporation of PNIPAAm in the block copolymer, or
(ii) the use of PS polymers as standard in the SEC analyses,
or (iii) the formation of PNIPAAm homopolymers, or even
(iv) to the sum of the three hypotheses. Nonetheless, the
SEC chromatograms of the block copolymers (Fig. 3) were
monomodal without the tailing caused by residual macro-
CTA. In addition, the five polymerization products showed
dispersity values (P) below 1.5 (Table 1).

The IR and '"H NMR spectra of the block copolymer
PCL,;79-b-PNIPA Amysg ; are shown in Figs. 4 and 5, respec-
tively. As expected, the IR spectrum of the block copolymer

Fig.2 SEC chromatograms ( a)
of the a PCL-OH[1], PCL-

Br[1], and PCL-EX[1] and b
PCL-OH][2], PCL-Br[2] and
PCL-EX[2]

PCL-Br[1]

RI

(b)

PCL-OH[2]

RI

PCL-EX[1]
i

T T T

21 23 25 27
Retention time (min)
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Fig.3 SEC chromatograms

of the a; PCL-EX[1], a,
PCL;,79-b-PNIPAAmsg, ;and
a; PCL479-b-PNIPAAM 5455,
and b, PCL-EX[2], b,

PCL, 403,-b-PNIPAAms7,3, by
PCL | 493:-b-PNIPAAm, 33,4, and
b, PCL | 403,-b-PNIPAAm,g;55

(b)

b, b,b,b,

RI

21 23 25 27
Retention time (min)

(Fig. 4b) showed the characteristic vibration bands of both
PCL and PNIPAAm. The PCL absorption bands high-
lighted in the spectrum showed in Fig. 4a are the band of
characteristic methylene (CH,) groups at 2944 cm™! (C-H
asymmetric axial deformation), 2895 cm™"' (C-H symmet-
ric axial deformation) and 1472 cm™! (C—H symmetrical
angular deformation in the plane), two C-O axial deforma-
tion bands at 1180 cm™' and 1050 cm™!, C=0 stretching of
esters at 1730 cm™', and C—C axial deformation at 960 cm™".
The characteristic bands of PNIPAAm, such as C=0 absorp-
tion of amides at 1643 cm™!, NH stretching vibration at
3600-3000 cm™!, and NH-deformation vibration of amides
at 1541 cm™!, are observed IR spectrum shown in Fig. 4b.
The 'H NMR spectrum of the block copolymer showed
the typical resonance signals of both PCL and PNIPAAm

T T T

20 31 21 23 25 27 29 31
Retention time (min)

segments. In Fig. 5a, it is possible to observe the resonance
signal characteristics of PCL, previously discussed, and
after the copolymerization reaction, there is the appear-
ance of characteristic resonance signals of the PNIPAAm
backbone, such as methane (-CH-, j, 2, 2-2, 4 ppm) and
methylene (-CH,—, i, 1, 8-2, 3 ppm) protons, and the methyl
(-CH(CHs;),, m, 1.13 ppm), imine (-NH-, k, ~6.45 ppm),
and methane (-CH(CH,),, 1, 3.80-4.20 ppm) protons of the
isopropyl amide group are present in the spectrum shown
in Fig. 5b.

A comparative study of the crystallinity and thermal
properties of the homopolymer PCL-EX and the block
copolymer PCL-b-PNIPAAm was performed through dif-
ferential exploratory calorimetry (DSC). The DSC thermo-
grams of these materials are shown in Fig. S3 of Supporting

Fig.4 IR spectra of the
a PNVCL-EX[1] and b
PCL,;9-b-PNIPAAmgg 5

(a)

(b)

H_J

3600-3000 $
2044 1730—> 1541
1643 1180
4500 4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)
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Fig.5 'H NMR spectra of the a PNVCL-EX[1] and b PCL,474-b-PNIPAAmsg, 5

Information, and their main transition temperature data are
shown in Table 2.

PNIPAAm is an amorphous polymer, with a glass transi-
tion temperature (Ty) of around 140 °C [34, 35]. The deter-
mined Tg and T, values of both PCL-EX[1] and PCL-EX][2]
were about -57.2 and 55.2 °C, respectively, which are close
to the T, and T, values of PCL homopolymer reported in
the literature [36]. Comparing the T, and the crystallinity
degree (Xc) of both macro-CTAs (PCL-EX[1] and PCL-
EX{[2]), the second one showed the highest T, and crystal-
linity degree (Xc) values due to its higher molar mass, as
expected. On the other hand, by comparing the T, and Xc
of the PCL-EX with its corresponding block copolymers,
these values were inversely proportional to the length of
the PNIPAAm segment incorporated in the PCL. Therefore,
the copolymers with the same length of semicrystalline
block (PCL) presented a lower crystallinity and a smaller
T,, value and thermal stability when a larger amorphous
polymer block (PNIPAAm) was applied. This trend agrees
with the literature [18], and it may be due to the PNIPAAm
segments chemically linked to the PCL which restrict the

gslppl @ Springer

Table2 Thermal characterization of the PCL-EX and the PCL-
b-PNIPAAm by DSC

Material Typcr,  Tepnipaam Tmpc, AHm  Xc*
) (O O dg %

PCL-EX[1] -556 - 54.5 60.6 44.6

PCL,,-b-PNI- —49.3 nd 48.0 227  16.7
PAAmMgg,;

PCL,,,-b-PNI- nd 133.6 45.7 142 10.5
PAAm, 357,

PCL-EX][2] —58.8 — 55.9 62.6 45.1

PCL, ;,-b-PNI- —51.7 nd 54.3 355 26.1
PAAmM;7,;

PCL, ;,-b-PNI- nd 132.1 53.0 293 215
PAAm, 33,

PCL, ;,-b-PNI- nd 136.4 50.5 145 10.6
PAAm, ;55

nd It was not determined
X.(%) = %.IOO; AH7 = fusion enthalpy of 100% crystalline
PCL =136 J/g[33]
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crystallization of the PCL, so the enthalpy associated with
this phase transition is smaller and the fusion is shifted to
lower temperature values. In addition, the thermograms of
the PCL,7¢-b-PNIPAAM 34,5, PCL 403,-0-PNIPAAM 33,
and PCL,3,-0-PNIPAAm,q;55 did not show any event
that could be attributed to T, of the PCL segment. This is
due to the longer length of the PNIPAAm segment. How-
ever, a T, at 134 °C was observed for the block copolymers
PCL479-b-PNIPAAmM 355,, PCL443,-b-PNIPAAmM 35,
and PCL, 4y3,-b-PNIPAAm,y,55, which can be attributed
to the Tg of PNIPAAm block, and a shift toward a lower
temperature due to the plasticizing effect of the PCL
block [37]. Nevertheless, this event was not observed for
PCL,,79-b-PNIPAAmsg,5 and PCL ,(3,-b-PNIPAAms,3,
probably due to the PCL block being the dominant phase
and/or the plasticizing effect of the PCL block being more
pronounced due to the longer PCL segment.

Typical X-ray diffractograms (XRD) of the PCL-EX and
PCL-b-PNIPAAm block copolymers are shown in Fig. 6.
The X-ray diffractogram of the PCL-EX showed intense
diffraction peaks located at 20=21.3°, 22°, and 23.8° that
may correspond to the (110), (111), and (200) PCL reflec-
tion planes (Fig. 6a). Comparing the diffractograms of the
PCL-EX, it was observed that the PCL-EX[2] showed higher
intensity peaks than PCL-EX[1], confirming that the longer
size of the chain resulted in a higher crystallinity degree.
In addition, comparing the macro-CTA diffractograms
with those of their block copolymers (Fig. 6b and c), it was

2000
1750

1500 1
1250
1000 A

750

(1)

Intensity (a.u.

500
250

2 30 35
20()

T
20 40

2000

observed that the intensity of characteristic peaks of the PCL
crystalline structure was inversely proportional to the length
of PNIPAAm segment chemically linked to PCL, which sug-
gests that an increase in the PNIPAAm segment length leads
to a decrease in the crystallinity of the copolymer. There-
fore, these results determined by XRD agree with the data
obtained by DSC analyses.

Preparation of thermoresponsive micelles based
on PCL-b-PNIPAAm block copolymers

Determination of the critical micelle concentration (CMC)

The onset of micellization and the critical micelle concen-
tration (CMC) were obtained using a fluorescence technique
with pyrene as the fluorescence probe, and the CMC values
of the PCL-b-PNIPAAm block copolymers are shown in
Table 3. As expected, the results demonstrated lower CMC
values for the copolymers containing a larger hydrophobic
PCL segment, and higher CMC values as the proportion of
the hydrophilic PNIPAAm segment were increased. These
results agree with those previously reported in the literature
for amphiphilic block copolymers [18, 28, 38]. This trend
is strictly related to the hydrophilicity of the copolymer.
For amphiphilic block copolymers, the longer the hydro-
philic block, the higher their CMC, as the solubility in water
of such copolymers shall increase with the increase in its
hydrophilic block length. On the other side, the CMC will
decrease with the increase in the hydrophobic block length

2000
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— 1500+
1250
1000+

Intensity (a.u

20 40

1750
15001
1250
1000

~
(&
=}

Intensity (a.u.

[
(=}
S

N
(&2
o o

Fig.6 a X-ray diffractograms of the a, PCL-EX[1]

and a,
PCL-EX][2]. b X-ray diffractograms of the b, PCL-EX[1], b,
PCL,,79-b-PNIPAAmsg, 3 and by PCL,,79-b-PNIPAAM, 345,. ¢ X-ray

35 40

diffractograms of the ¢; PCL-EX]2], ¢, PCL 4)3,-b-PNIPAAmj;3, €3
PCL, 403,-b-PNIPAAm, 35,5 and ¢, PCL | 403,-6-PNIPAAm,g;55
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Table 3 Critical micelle concentration (CMC) of PCL-b-PNIPAAm
block copolymers, and characteristic data of PCL-b-PNIPAAm block
copolymer micelle

Sample CMC.10%(mg/ Z,,/PDI 5" Z,/PDIjz; )"
mL)
PCL,,4-b-PNI- 1.62 97.50/0.076  81.48/0.063
PAAmgyg 5
PCL,,;4-b-PNI- 2.88 118.20/0.179  104.00/0.112
PAAM, 34,
PCL, 493,-b-PNI- 1.82 129.90/0.108  106.40/0.066
PAAm, 33,9
PCL, 43,-b-PNI- 3.39 175.10/0.171  110.90/0.106
PAAM, 9755

*Determined by dynamic light scattering (DLS) of polymeric
micelles aqueous solution (0.05 mg/mL)

due to the decrease in the solubility of the copolymers in
water [18].

Effect of hydrophobic and hydrophilic block lengths
and temperature on the diameter of polymeric
micelles

To evaluate the hydrodynamic diameter (Z,, ) of the poly-
meric micelles composed of these block copolymers, the
micellar solutions were analyzed by DLS. The measure-
ments were taken at two different temperatures (25 and
37 °C). Then, from the data presented in Table 3, it is
possible to assert that the length of both hydrophobic and
hydrophilic segments and the temperature affect the Z,, of
the micelles. The micellar diameter ranged from 97.50 to
175.10 nm at 25 °C, since the larger the PNIPAAm and/
or PCL block length, the higher the Z,, values of the poly-
mer micelles. In addition, as expected, a decrease in Z,,
values could be observed as soon as the temperature of the

Fig.7 Images of the
micelles formed by

MM D s

PCL 403,-b-PNIPAAm, 33, 150 =
block copolymers
L
N~
100 -
NE
50- 5w
°Y -
3\
50 =
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micellar solution was increased from 25 to 37 °C. This last-
mentioned behavior is due to a change in the solubility of
the PNIPAAm hydrophilic segment caused by an increase
in solution temperature, which led to the dissolution of this
segment, and the consequent reduction of the hydrodynamic
diameter of the micelles, without micellar aggregation.

Morphology of the polymeric micelles

As visualized by AFM, the morphology of the micelles
formed by PCL,3,-b-PNIPAAm,33,, block copolymers
is shown in Fig. 7. It appears that most micelles showed a
spherical-shaped morphology. However, the wide particle-
size distribution and the presence of aggregates made it dif-
ficult to estimate the average diameter size of such nanopar-
ticles from the AFM images.

Effect of hydrophobic and hydrophilic block lengths
on the LCST of polymeric micelles

To evaluate the effect of hydrophobic and hydrophilic
block lengths on the LCST of PCL-b-PNIPAAm block
copolymers, the optical transmittance of micellar solutions
(0.1 mg/mL) obtained by the nanoprecipitation process was
measured as a function of temperature (Fig. 8). LCST of
the block copolymers was estimated to be the temperature
value relative to the inflection point of the second deriva-
tive of the curves shown in Fig. 8. Thus, the LCST values
of the PCL,79-b-PNIPAAmsg, 3, PCL;479-b-PNIPAAM  345,,
PCL, 403,-b-PNIPAAm, 33, and PCL | 4o3,-b-PNIPAAm, 555
block copolymers were estimated in 26.8, 28.2, 27.4, and
28.6 °C, respectively. As expected, these results confirmed
that the LCST decreases with the increase in PCL block
length, and increases with the increase in PNIPAAm
block length due to the overall copolymer hydrophilicity.
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lengths on the LCST of the a PCL;;9-b-PNIPAAmsg;;, b
PCL,479-b-PNIPAAmM 355, € PCL,403,-b-PNIPAAm; 33,5, and d
PCL, 403,-b-PNIPAAm, ;55 block copolymers micelles

Therefore, these results agree with the literature [39, 40],
and show that the phase transition of the copolymers can be
controlled within a temperature range by tuning the hydro-
phobicity of the (co)polymers.

Conclusion

Poly(e-caprolactone)-b-poly(N-isopropylacrylamide) (PCL-
b-PNIPAAm) block copolymers with different PCL and
PNIPAAm block lengths were successfully obtained by
combining ring-opening polymerization (ROP) and sub-
sequent reversible addition-fragmentation chain-transfer
(RAFT) polymerization as evidenced by SEC, FTIR, and
NMR analyses. The DSC and XRD analysis showed that the
PCL-b-PNIPAAm block copolymers are less crystalline than
PCL-based macro-chain-transfer agent. The CMC of the
block copolymers was affected by their composition, since
the CMC values decreased with the enlargement of PCL
segment and/or with the decrease of the length of PNIPAAm
segment. The copolymers showed the formation of micelles,
and the size and the thermosensitivity properties of these
nanostructures were investigated as functional attributes of
the block copolymers’ composition. The average micelles
sizes, determined by DLS, increased with the increase in
the extension of both PCL and/or PNIPAAm segments. On
the other hand, the LCST decreased with the increase in
PCL chain length, and nevertheless, it increased with the
increase in PNIPAAm chain length. Polymeric micelles with
the micellar diameter and phase transition, easily adjusted
as a function of chemical composition of amphiphilic block
copolymer, is of great interest for several fields of applica-
tion including controlled drug delivery.
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tary material available at https://doi.org/10.1007/s13726-023-01230-4.
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