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ABSTRACT: We report in this article on the active control of multiple micellization and dissociation transitions
of thermo- and pH-sensitive water-soluble block copolymers, poly(ethylene oxide)-b-poly(methoxydi(ethylene
glycol) methacrylate-co-methacrylic acid) (PEO-b-P(DEGMMA-co-MAA)), in aqueous solutions by combining
temperature and pH triggers. Two block copolymers and one random copolymer P(DEGMMA-co-MAA) were
prepared by atom transfer radical polymerization of a mixture of methoxydi(ethylene glycol) methacrylate
(DEGMMA) and fert-butyl methacrylate (+-BMA) with a molar ratio of 100: 13 from a PEO macroinitiator and
a small molecule initiator, respectively, and subsequent removal of #-butyl group. PDEGMMA is a thermosensitive
water-soluble polymer exhibiting a lower critical solution temperature in water at 25 °C. The cloud point of
P(DEGMMA-co-MAA) in water can be readily tuned from 24 to 60 °C by changing the solution pH. The block
copolymers dissolved molecularly in cold aqueous buffer solutions with a pH of 4.0 and underwent micellization
when the temperature was raised to a critical point. Upon judiciously changing the solution pH by injection of
a predetermined amount of a KOH solution, the block copolymer micelles were dissociated into the unimers,
which subsequently reformed micelles at the same temperature in response to the addition of a predetermined
amount of a HCI solution or heating to a higher temperature. These temperature- and pH-induced micellization/
dissociation transitions were reversible. By continuously increasing temperature from 20 to 57 °C and
simultaneously controlling the pH, three cycles of micellization and disassembly transitions of these block
copolymers in aqueous solutions were realized, demonstrating the possibility of achieving on-demand micellization
and dissociation transitions by combining temperature and pH triggers. Fluorescence spectroscopy studies showed
that a hydrophobic fluorescence dye, Nile Red, can be repeatedly encapsulated by block copolymer molecules
upon micellization and released upon dissociation of micelles under different combinations of pH and temperature.

Introduction

Block copolymer micelles that can dissociate into the
molecularly dissolved unimers upon application of an external
stimulus are of great interest for controlled encapsulation and
triggered release of substances in many technological applica-
tions including targeted drug delivery and cosmetics.' ** A
common principle for destabilizing micellar assemblies involves
the modification of the polarity or hydrophobicity/hydrophilicity
balance of the core-forming component by the use of an external
trigger." When the core-forming block becomes soluble in the
medium, the driving force for the micellization is eliminated
and the micellar assemblies are dissociated into the unimers.
The dissociation process can be reversible or irreversible
depending on the response mechanism. In many applications,
reversible dissociation/micellization transitions induced by
external stimuli can be advantageous or are desired because the
reformation of micelles allows the re-encapsulation of the
released substance.*®

Various chemical and physical stimuli including pH,' >
temperature,'~>**733 light,>*~*! specific molecules,"*' ™’ re-
dox,"*** or their combinations’**'?>%* have been employed
to induce the formation and dissociation of block copolymer
micelles or vesicles. Among them, pH and temperature are
the most commonly used external triggers.' > In general, there
are two types of pH-sensitive block copolymer micelles: (i) those
in which the core-forming blocks contain weak acid or
base moieties (e.g., carboxylic acid, tertiary amine, etc.),* "
and (ii) those in which the core-forming blocks contain

* Corresponding author. E-mail: zhao@ion.chem.utk.edu.

10.1021/ma8018238 CCC: $40.75

hydrolyzable pendant groups.'®”* In the first type, deprotona-
tion or protonation of weak acid or base groups modifies the
polarity of the core-forming block upon pH changes, triggering
the formation/dissociation of micellar assemblies. For example,
Armes et al. reported a series of schizophrenic diblock
copolymers that formed conventional and inverted micelles by
varying the solution pH.*~” In the second type of pH-sensitive
micelles, pH change-induced hydrolysis of pendant groups
converts the core-forming hydrophobic block into hydrophilic.
For example, Frétchet et al. developed block copolymers with
one block functionalized with acid-labile cyclic benzylidene
acetal groups.'®”'® The micelles were stable at physiological
pH, but once the pH was lowered to 5, hydrolysis of acetal
bonds occurred and the micelles disassembled. Lee et al. recently
reported a diblock copolymer containing citraconic amide side
groups, which were stable at pH > 7 but became unstable at
acidic pH.>' They observed that the micelles underwent fast
dissociation at pH = 5.5.

Temperature is a very attractive physical stimulus for the
formation and dissociation of micelles.' "> Thermosensitive
water-soluble polymers undergo a transition from a hydrated
to a dehydrated state when the temperature is above a criti-
cal point, known as lower critical solution temperature
(LCST).' 3467 Water-soluble block copolymers with one or
more blocks exhibiting thermoresponsive properties in water
have attracted growing interest in recent years.>* > These block
copolymers undergo reversible micellization and dissociation
in water in response to temperature changes. Note that one
advantage of stimuli-responsive water-soluble block copolymers
for the preparation of micelles is the elimination of the use of
organic solvents. It is known that the LCST of a thermosensitive
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Scheme 1. Synthesis of Thermo- and pH-Sensitive Water-Soluble Poly(ethylene oxide)-b-poly(methoxydi(ethylene glycol)
methacrylate-co-methacrylic acid) (PEO-b-P(DEGMMA-co-MAA))
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polymer can be modified by copolymerization with a second
monomer,' >**737 which has been utilized to design block
copolymer micelles with controlled instability.'->*~>* Hennink
et al. developed a series of block copolymers composed of
poly(ethylene oxide) (PEO) and thermosensitive polymers that
contained lactate side chains.">*~>* Hydrolysis of lactate side
groups caused an increase of the LCST of the thermosensitive
block. When the polymer became soluble in water, dissociation
of micelles occurred and the encapsulated molecules were
released. The LCST of a thermosensitive water-soluble polymer
can also be tuned by changing the solution pH if the polymer
contains a small amount of weak acid or base groups.’®**® The
transition temperature is higher if more charges reside on the
polymer chain, which is in turn controlled by the solution pH.
For example, Yin et al. recently reported that the LCST of
poly(N-isopropylacrylamide-co-propylacrylic acid) copolymers
can be tuned from 4.8 to 63.8 °C by varying the acid content in
the copolymer and the solution pH.>® The pH dependence of
the LCST has been exploited by Lokitz et al. to control the
critical micellization temperature (CMT) of a thermosensitive
block copolymer in aqueous solution.®®

We have been interested in developing multiresponsive water-
soluble block copolymers that can undergo multiple micelliza-
tion and dissociation transitions by combining two external
stimuli. In a previous publication,*® we reported a thermo- and
light-sensitive block copolymer, which dissolved molecularly
in cold water but formed micelles when the temperature was
above the CMT. Upon UV irradiation, the micelles were
dissociated into the unimers, which on further increasing
temperature formed micelles again. Although the thermo-
induced micellization/dissociation transitions were reversible,
the UV-triggered disassembly of micelles of this block copoly-
mer was irreversible.** For many applications, it is more desired
if stimuli-induced dissociation transitions are reversible. In the
present work, two stimuli, pH and temperature, are employed
to achieve multiple reversible micellization and dissociation
transitions of thermo- and pH-sensitive poly(ethylene oxide)-
b-poly(methoxydi(ethylene glycol) methacrylate-co-methacrylic
acid) (PEO-b-P(DEGMMA-co-MAA), Scheme 1). PDEGMMA
is a thermosensitive water-soluble polymer with a LCST
reportedly at 25 °C in water.®”*® We show that by continuously
increasing temperature and simultaneously controlling the pH,
three complete cycles of micellization and dissociation transi-
tions of PEO-b-P(DEGMMA-co-MAA) were realized (Scheme
2), demonstrating the possibility of achieving on-demand
reversible micellization/dissociation transitions by combining
two external triggers.

Results and Discussion

Synthesis and Hydrolysis of Random Copolymer P(DE-
GMMA-co-fBMA) and Block Copolymer PEO-b-P(DEGMMA -
co-tBMA). Poly(methoxydi(ethylene glycol) methacrylate) (PDE-
GMMA) belongs to a new family of thermosensitive water-
soluble polymers in which short oligo(ethylene glycol) groups
are covalently bonded to the polymer backbone as a pendant
group from each repeating unit.?* 30:40-36-57.67780 The cloud
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Scheme 2. Multiple Micellization and Dissociation Transitions of
Thermo- and pH-Sensitive Block Copolymer PEO-b-P-
(DEGMMA-co-MAA) by Controlling Temperature and pH
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point can be readily tuned by varying the type of polymer
backbone, the length and end group of oligo(ethylene glycol)
pendant, or the chain end group, or by copolymerizing with a
second monomer. One advantage of these thermosensitive water-
soluble polymers is that the short oligo(ethylene glycol) pendant
groups render the polymers a property of biocompatibility.®'
In this work, thermo- and pH-sensitive water-soluble block
copolymers, PEO-b-P(DEGMMA-co-MAA), with controlled
molecular weights and narrow polydispersities were prepared
and used to pursue multiple reversible micellization and
dissociation transitions by controlling both temperature and pH.
We chose PDEGMMA because its reported cloud point in water
is 25 °C, which is located in a convenient temperature range.

The macroinitiator, PEO with a molecular weight of 5000
Da and one end functionalized with an ATRP initiator (PEO-
Br), was prepared by following a procedure in the literature.*’
Block copolymers PEO-b-P(DEGMMA -co-tert-butyl methacry-
late) (PEO-b-P(DEGMMA-co-tBMA, BR3 and BR4 in Table
1) were synthesized from macroinitiator PEO-Br by ATRP of
a mixture of DEGMMA and rfBMA with a molar ratio of 100:
13 at 60 °C in anisole using CuBr/N,N,N',N',N" -pentameth-
yldiethylenetriamine as catalyst. The polymers were purified by
repeated precipitation in a mixture of hexanes and diethyl ether
(v/v, 80: 20). Gel permeation chromatography (GPC) analysis
showed that the peaks of block copolymers shifted to the high
molecular weight side compared with that of the macroinitiator
PEO-Br and were narrow.®* For the study of pH effect on cloud
point, one homopolymer PDEGMMA (H1) and one random
copolymer P(DEGMMA-co-tBMA) (R2) were prepared by the
use of ethyl 2-bromoisobutyrate as initiator. The degrees of
polymerization (DPs) of H1 and R2 were calculated from the
monomer conversion and the monomer-to-initiator ratio, as-
suming that the initiator efficiency was 100%. The numbers of
DEGMMA and rBMA units in the two samples of PEO-b-
P(DEGMMA-co-tBMA) (BR3 and BR4) were determined from
"H NMR spectra. The molar ratios of DEGMMA to BMA units
in the two block copolymers were essentially identical (~ 100:
18), and were also close to that in the random copolymer R2
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Table 1. Characterization Data for PDEGMMA,
P(DEGMMA-co-tBMA) and the Corresponding
P(DEGMMA-co-MAA), Two Samples of
PEO-b-P(DEGMMA-co-tBMA) and the Corresponding
PEO-b-P(DEGMMA-co-MAA) Used in this Work

M, Grc NEOIDEGMMA'
no. polymers (Da)* PDI* nema’
H1 PDEGMMA 16200 1.11 0:85:0°
R2 P(DEGMMA-co-BMA) 15000 1.14 0:71:115¢
R2-H P(DEGMMA-co-MAA) NA NA 0:71:11

BR3 PEO-b-P(DEGMMA-co-tBMA) 21800 1.06 113:100:18
BR3-H PEO-b-P(DEGMMA-co-MAA) NA NA  113:100:18
BR4 PEO-b-P(DEGMMA-co-tBMA) 30200 1.07 113:144:25
BR4-H PEO-b-P(DEGMMA-co-MAA) NA NA  113:144:25

“ The number average molecular weight (M, cpc) and polydispersity
index (PDI) were determined by gel permeation chromatography using
polystyrene calibration. ® ngo, npegmma, and npma (Or nyaa) are the
numbers of EO (in the PEO block), DEGMMA, and tBMA units (or the
corresponding MAA units) in the polymers, respectively. The values of
npeemma and 7;sma in the block copolymers were determined from 'H
NMR spectra. © The degrees of polymerization of PDEGMMA and
P(DEGMMA-co-tBMA) were calculated from the monomer conversion
and the monomer-to-initiator ratio assuming that the initiator efficiencies
were 100% in the polymerizations. ¢ The molar ratio of DEGMMA and
tBMA in the random copolymer was determined from '"H NMR spectrum.

(~100:16). The molecular characteristics of the polymers used
in this work are summarized in Table 1. The polydispersities
of all these polymers, determined from GPC using PS standards,
were <1.15.

The tert-butyl groups of P(DEGMMA-co-tBMA) and PEO-
b-P(DEGMMA-co-tBMA) were removed by the use of
CF;COOH, which has been shown to selectively cleave the fert-
butyl ester group without affecting other types of esters.”'H
NMR spectroscopy analysis of BR3 and BR4 before and after
treatment with CF3COOH revealed that the peak located at 1.40
ppm, which is characteristic for the tert-butyl group, disap-
peared, indicating that the hydrolysis was essentially complete.
To confirm that the ester group of PDEGMMA was not affected
by CF3COOH, we carried out a control experiment by treating
PDEGMMA (H1) with CFzCOOH under the same condition.
No changes were observed from '"H NMR spectra and GPC
analysis.

Thermosensitive Properties of P(DEGMMA-co-MAA)
and PDEGMMA. Our hypothesis of achieving multiple revers-
ible micellization and dissociation transitions as shown in
Scheme 2 is based on that the LCST transition temperature of
the thermosensitive block that contains a small amount of
carboxylic acid groups can be tuned in a large temperature range
by changing the solution pH. Thus, we first studied the
thermoresponsive properties of P(DEGMMA-co-MAA) (R2-
H) in 10 mM aqueous potassium hydrogen phthalate (KHP)
buffer solutions with pH ranging from 4.0—7.0. The pH was
adjusted by addition of an aqueous KOH solution and was
measured by a pH meter. We used KHP buffers instead of pure
water to make polymer solutions because the pH can be readily
tuned and precisely controlled.

Figure la shows the optical transmittances of 0.2 wt %
aqueous buffer solutions of R2-H with pH values of 4.0, 5.5,
6.0, and 6.5 at wavelength of 550 nm as a function of
temperature. At pH values of 4.0, 5.5, and 6.0, the thermo-
induced phase transitions were sharp and there were essentially
no hystereses between heating and cooling processes. Appar-
ently, the cloud point (CP) increases with the increase of pH
(Figure 1b, the CP is defined as the temperature at which the
optical transmittance drops by 50%). A higher pH results in a
higher degree of ionization of carboxylic acid groups, which
shifts the hydrophobic/hydrophilic balance of the thermosen-
sitive block, making the transition occur at a higher temperature.

Macromolecules, Vol. 41, No. 23, 2008

The LCST transition of R2-H in the buffer with pH = 6.5 is
noticeably broader than in other three buffers, indicating that
the transition at this pH is weaker, which is likely because more
charges residing on the polymer chains at a higher pH result in
less structured or “frozen” water being released from hydrated
polymer chains during the transition as discussed by Urry.®
At pH = 7.0, no LCST transition was observed up to 70 °C.
From Figure 1, we can conclude that the CP of R2-H can be
tuned in a temperature range from 24 to 60 °C, providing great
flexibility in controlling the micellization and dissociation
transitions of the corresponding block copolymers in water. In
contrast, the pH has little effect on the CP of PDEGMMA (CP
of H1 =27.5 °C at pH = 4.1, 27 °C at pH = 5.3, and 26.5 °C
at pH = 6.1).%?

Temperature-Induced Reversible Micellization and Dis-
sociation Transitions of PEO-b-P(DEGMMA-co-MAA) in
Aqueous Buffer Solutions. Two samples of PEO-b-P(DE-
GMMA-co-MAA) with different molecular weights but es-
sentially the same compositions for the thermosensitive blocks
(BR3-H and BR4-H) were used for the study of thermo- and
pH-induced multiple reversible micellization and dissociation
transitions in aqueous KHP buffer solutions. We first studied
their reversible micellization in response to temperature changes
at pH = 4.0 by dynamic light scattering (DLS) and fluorescence
spectroscopy (FS).

Figure 2 shows the intensity of scattered light at scattering
angle of 90° and the hydrodynamic size as a function of
temperature for a 0.2 wt % aqueous buffer solution of BR3-H
with a pH of 4.0. When the temperature was <29 °C, the
scattering intensity was very low and the apparent hydrodynamic
size was <8 nm, indicating that the block copolymer was
dissolved molecularly in water. With the increase of temperature,
the scattering intensity gradually increased, and two size
distributions, one ascribed to the unimers and one to the
micelles, were observed at 30 °C with an average apparent
hydrodynamic size of 26.1 nm, indicating that the thermosen-
sitive block was undergoing a hydration-to-dehydration transi-
tion at 30 °C. The critical micellization temperature (CMT4,.1),
determined from the plot of intensity of scattered light versus
temperature in the heating process (Figure 2a), was 30 °C, which
was 6 °C higher than the CP of P(DEGMMA-co-MAA) at the
same pH. This observation is similar to that of thermo- and
light-sensitive block copolymer PEO-b-poly(ethoxytri(ethylene
glycol) acrylate-co-o-nitrobenzyl acrylate) in our previous
work.*® Tt is known that the LCST transition temperature is
slightly higher when a thermosensitive polymer is attached to
a hydrophilic block.'® When the temperature reached 32 °C,
only micelles with apparent hydrodynamic diameter (Dy,) of 33.4
nm were observed. The micelle size eventually became stabi-
lized around 36 nm. The polydispersity of micelles at 50 °C
was 0.018, indicating that the micelles were uniform in size.®?
Moreover, we found that the value of I'/g> was essentially
independent of scattering angle,®* suggesting that the micelles
were of a spherical shape. The thermo-induced micellization
was reversible; decreasing the temperature caused the micelles
to dissociate into the unimers (Figure 2).

The thermo-induced reversible micellization of BR4-H in a
10 mM KHP buffer with a pH of 4.0 was also studied by DLS®?
and the results are summarized in Table 2 along with those from
BR3-H. The CMT4. of BR4-H at the same concentration (0.2
wt %) and same pH (4.0) was 26 °C, which was 4 °C lower
than that of BR3-H but 2 °C higher than the CP of R2-H. This
is understandable because the molecular weight of the ther-
mosensitive block in BR4-H is higher than that in BR3-H and
a higher molecular weight thermosensitive polymer tends to
undergo a LCST transition at a lower temperature.”” The
hydrodynamic diameter of micelles of BR4-H at 50 °C was



Macromolecules, Vol. 41, No. 23, 2008 Tuning Micellization 9369

65
(a) 100 =-Omoqm A~ Maat L ol S N (b)
\ & 60 n
— 80- X 554
5 \ 5
-~ I8 O 504
g 60 T
< £ ]
£ 4w g 401
% B 35-
© 204 o
Ny Ne.q .
0- Lja" W} A 25-./l
—— 77717 20 . . : T T T T
15 20 25 30 35 40 45 50 55 60 40 44 48 52 56 60 64 68
Temperature (°C) pH

Figure 1. (a) Optical transmittances at wavelength of 550 nm of 0.2 wt % aqueous solutions of P(DEGMMA-co-MAA) (R2-H) in 10 mM potassium
hydrogen phthalate buffers with pH values of 4.0 (M heating; O cooling), 5.5 (A heating; A cooling), 6.0 (¥ heating; ¥V cooling), and 6.5 (@
heating) as a function of temperature. The transmittances were recorded with a UV —visible spectrometer. (b) Dependence of the cloud point of
R2-H on the solution pH.
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Figure 2. Intensity of scattered light at scattering angle of 90° (a) and the hydrodynamic diameter (b) as a function of temperature (M heating; O
cooling) in a DLS study of a 0.2 wt % aqueous buffer solution of PEO-b-P(DEGMMA-co-MAA) (BR3-H) at pH = 4.0. In part b, at 30 °C in both
heating and cooling processes, two size distributions, one ascribed to the unimers and one to the micelles, were observed and the reported hydrodynamic
diameters for this temperature were the average values over two hydrodynamic size distributions.

Table 2. Critical Micellization Temperatures of Block Copolymer PEO-b-P(DEGMMA-co-MAA) (BR3-H and BR4-H) and the
Hydrodynamic Sizes and Polydispersities of Their Micelles under Various Conditions

buffer pH description BR3-H BR4-H
pH = 4.0 CMT401 30 °C,“30°C* 26 °C,* 26 °C”
size® and PD? of micelles at 50 °C 36.2 nm, 0.018 45.8 nm, 0.004
pH = 5.4 (the buffer pH after addition of KOH) CMTs, 37 °C,* 36 °C* 33 °C,* 33 °C?
size and PD of micelles at 50 °C 38.3 nm, 0.055 65.3 nm, 0.034
pH = 4.0 (the buffer pH after addition of HCI) CMT4 0.1 29 °C,“ 29 °C? 25 °C,% 25 °C?
size and PD of micelles at 50 °C 36.2 nm, 0.004 46.6 nm, 0.003

“ Critical micellization temperature (CMT) determined by DLS. * CMT determined by FS. ¢ The hydrodynamic diameter of micelles at a specific temperature
was obtained by the use of the CONTIN method. ¢ The polydispersity (PD) of micelles at a specific temperature obtained by the use of the CONTIN method.

The concentration of block copolymers in the buffer was 0.2 wt %.

~46 nm, which was ~10 nm larger than that of BR3-H under
the same condition (Table 2). The micelles of BR4-H also had
narrow polydispersities, and a spherical shape (as suggested by
the independence of I'/¢? on scattering angle).®?

The thermo-induced reversible formation and dissociation
of micelles of BR3-H and BR4-H were further studied by
FS.®? Nile Red was used as the fluorescence probe because
its fluorescence is known to increase substantially in a
hydrophobic environment such as the core of mi-
celles.'®!7374% The fluorescence emission spectra of Nile Red
in a 0.2 wt % aqueous buffer solution of BR3-H with a pH of
4.0 at various temperatures upon heating were recorded (Figure
S9 in the Supporting Information).®” The noticeable fluorescence
intensity at temperatures <30 °C might be due to the enhanced
solubilization of Nile Red by the polymer in water.>”** When
the temperature was raised above 30 °C, the fluorescence
emission intensity increased significantly, indicating that the
molecularly dissolved polymer chains began to associate into

micelles and the dye molecules were sequestered into the core.
The maximum peak underwent a blueshift with the increase of
temperature, from 623.5 nm at 20 °C to 615.5 nm at 50 °C,
which further supported that the dye molecules moved from a
hydrophilic to a hydrophobic environment and thus the micelles
formed in the solution.'®'7374% The CMTy .1, determined from
the plot of maximum fluorescence intensity versus temperature,
was 30 °C, same as that obtained from DLS study. When the
temperature was decreased to 22 °C, the fluorescence emission
intensity decreased and the A,,x underwent a redshift from 615.5
nm at 50 °C to 623 nm at 22 °C,*? indicating that the micelles
were dissociated into the unimers and the dye molecules were
released into water. Thus, consistent with DLS study, the
thermo-induced micellization was reversible. Similarly, we
studied the thermo-induced reversible micellization of BR4-H
under the same conditions by FS and determined the CMTy.
1,82 which was found at 26 °C, consistent with the result obtained
from DLS study (Table 2).
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Figure 3. Plot of solution pH versus number of umols of KOH injected
into a 0.2 wt % solution of PEO-b-P(DEGMMA-co-MAA) (BR3-H)
in 10 mM KHP buffer (2.50 g). The KOH solution was added stepwise;
each time, 10 4L of a 0.20 M aqueous KOH solution was injected via
a microsyringe, followed by the measurement of pH with a pH meter.

KOH-Triggered Dissociation of Micelles and Subsequent
Temperature-Induced Formation and Disassembly of Mi-
celles. As shown in the preceding section, when the temperature
was above CMT4 ., the thermosensitive block of BR3-H or
BR4-H underwent a hydration-to-dehydration transition and the
block copolymer molecules self-assembled into the micelles.
If a condition is chosen under which the LCST of the
thermosensitive block becomes higher than the solution tem-
perature, dissociation of micelles will occur. Since we were
especially interested in disassembling micelles in situ by
changing the solution pH and it was not practical and convenient
to measure the pH of a solution in a DLS tube or a fluorescence
quartz cuvette, we investigated how the solution pH varied with
the addition of KOH and used it as a guide for determining
how much KOH needs to be added to achieve a particular pH.
We conducted titration of a 0.2 wt % aqueous solution of BR3-H
in 10 mM KHP buffer (2.50 g) by injecting 10 uL of a 0.20 M
KOH solution each time and subsequently measuring the pH
with a pH meter. A plot of solution pH versus number of #mols
of added KOH was obtained, and is shown in Figure 3. Note
that after the completion of titration, the volume increased by
only 6.8%, which had a negligible effect on the concentrations
of KHP and the polymer. We also conducted the titration of a
0.2 wt % aqueous solution of BR4-H in 10 mM KHP buffer;
the titration curve is identical to the one shown in Figure 3.5
Figures 1b and 3 were used as a guide for effecting dissociation
of micelles in situ in the DLS and FS experiments.

In Figure 2b, at 34 °C, the micelles of BR3-H were well
developed and only one size distribution was observed from
DLS. Thus, this temperature was well suited for effecting
dissociation of micelles by injection of an aqueous KOH
solution. We have seen from Figure 2 that at pH = 4.0 the
CMT4,.1 of BR3-H is 6 °C higher than the CP of R2-H. If we
assume that the difference between the CP of R2-H and the
CMT of BR3-H at a higher pH is the same as that at pH = 4.0,
to disrupt the micelles at 34 °C, a pH value must be chosen at
which the CP of R2-H is at least 28 °C. From Figure 1b, a CP
of 28 °C corresponds to a pH value of 5.2, and from Figure 3,
16 umol of KOH needs to be added to bring the pH to 5.2. To
ensure that the micelles were disrupted, we injected 19 umol
of KOH via a microsyringe into the DLS tube that contained
2.50 g of the polymer solution. The KOH aqueous solution was
prefiltered through a 0.2 um filter. Note that from Figure 3 the
pH increased to 5.4. Figure 4 shows the DLS data. The scattering
intensity dropped immediately to the level before the micelli-
zation of the polymer solution at pH = 4.0 and the hydrody-
namic size decreased from 33.5 to 7.8 nm, clearly indicating
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that the micelles disassembled into the individually dissolved
block copolymer molecules in the solution.

The solution was then gradually heated from 34 to 50 °C.
When the temperature was above 37 °C, the scattering intensity
began to increase, and the average hydrodynamic size jumped
from 7.8 nm at 37 °C to 31.5 nm at 38 °C and eventually became
stabilized around 38 nm with the increase of temperature. These
observations indicate that when the temperature was >37 °C,
the thermosensitive block of BR3-H became dehydrated again
and the micelles reformed. The CMT of BR3-H at the new pH
(CMTs 4), determined from the heating curve in Figure 4a, was
37 °C. Note that at pH = 5.4, the CP of R2-H is 30 °C. Thus,
the predicted CMT of BR3-H at this pH would be 36 °C (30 +
6 °C), only 1 °C different from the experimentally observed
value, 37 °C. The hydrodynamic size of the micelles at 50 °C
was 38.3 nm, which was slightly larger than that of the micelles
of BR3-H at pH = 4.0 and T = 50 °C (36.2 nm), likely because
more carboxylic acid groups on the thermosensitive block were
ionized at pH = 5.4, resulting in charge—charge repulsive
interactions in the core and/or more molecules being assembled
in each micelle. The micelles at 50 °C had narrow polydisper-
sities, and a spherical shape.®> As shown in Figure 4, upon
cooling, both the scattering intensity and the hydrodynamic size
decreased, and at 34 °C, the observed hydrodynamic size was
<8 nm, indicating that the micelles were completely dissociated.
However, unlike the transitions in Figure 2b where the cooling
and heating curves superimposed each other, there was a
hysteresis between heating and cooling in Figure 4 (~ 3 °C
difference). Similar results were obtained from BR4-H (Table
2 and Supporting Information, KOH was injected at 30 °C),
and there was also a hysteresis of 3 °C between the heating
and cooling curves.®® However, the average hydrodynamic
diameter of micelles of BR4-H at 7 = 50 °C and pH = 5.4
(65.3 nm) was ~ 20 nm larger than that of BR4-H at the same
temperature but a pH of 4.0 (45.8 nm). This is in contrast to a
difference of only 2 nm for the micelles of BR3-H at the two
different pH values (Table 2). Likely, the chain length of the
thermosensitive block plays an important role here; the longer
chain of BR4-H contained more carboxylic acid groups and
thus had more charges per chain at the same pH, resulting in
larger micelles.

FS studies showed that after the injection of KOH at 34
°C to increase the pH of the BR3-H solution to 5.4, the
fluorescence emission intensity of Nile Red decreased
dramatically (Figure 5a) and the maximum peak position
shifted from 618 to 623 nm, indicating that the micelles were
dissociated into the unimers. Further increasing temperature
resulted in the reformation of micelles, as evidenced by the
increase of fluorescence emission intensity and the blueshift of
Amax (from 623 nm at 34 °C to 615 nm at 50 °C). The transition
is reversible; cooling from 50 to 32 °C triggered the disassembly
of micelles. The CMT (CMTs4) determined from the plot of
maximum emission intensity versus temperature was 36 °C, very
close to that from DLS (37 °C). Unlike the observations from
DLS, there was no hysteresis between cooling and heating
curves in Figure 5a. Since the fluorescence property of Nile
Red is very sensitive to the microenvironment, this observation
suggests that the micelles in the range of 35—37 °C in the
cooling curve of Figure 4 were in a metastable state. For BR4-
H, KOH was added at 30 °C and the CMT at pH = 5.4 (CMTs.4)
from FS studies was 33 °C, identical to that from the DLS
experiment (Table 2).

HCI-Triggered Formation of Micelles and Subsequent
Temperature-Induced Dissociation and Reformation of
Micelles. To find out whether the KOH-triggered dissociation
of micelles was a reversible process, we injected the same
amount of HCI as that of KOH into the solution of BR3-H at
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Figure 4. Intensity of scattered light at scattering angle of 90° (a) and the apparent hydrodynamic diameter (b) as a function of temperature (H
heating; O cooling) in a DLS study of multiple micellization and dissociation transitions of a 0.2 wt % solution of PEO-b-P(DEGMMA-co-MAA)
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°C in the heating process, two size distributions were observed and the reported hydrodynamic diameters for these temperatures were the average
values over two hydrodynamic size distributions.
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were the average values over two hydrodynamic size distributions.

34 °C, in which the block copolymer was molecularly dissolved.
The pH changed back to 4.0 from 5.4. The intensity of scattered
light at scattering angle of 90° jumped up immediately and
micelles with a hydrodynamic size of 33.3 nm were observed
(Figure 6). The micelle size and the scattering intensity were
essentially identical to those obtained by heating the 0.2 wt %
polymer solution with a pH of 4.0 from 20 to 34 °C in Figure
2, which conclusively demonstrated the reversibility of pH-

induced transition of BR3-H. Furthermore, the micelles were
dissociated when the temperature was decreased below 28 °C;
the apparent Dy, decreased from 33.3 nm at 34 °C to 7.8 nm at
27 °C. Subsequent heating induced micellization and the
hydrodynamic size and the scattering intensity at 34 °C were
essentially identical to those observed right after the addition
of HCL. From the plot of scattering intensity versus temperature
in the heating curve, the CMT (CMT40.11) was found at 29 °C,
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was injected (the pH changed to ~ 8.6). In part b, at 30 °C, two size distributions were observed, and the reported hydrodynamic diameter for this
temperature was the average value over two hydrodynamic size distributions.

which was only 1 °C different from CMTyo in Figure 2 (Table
2). The size of the micelles at 50 °C was 36.2 nm. Also, the
micelles had narrow polydispersities, and a spherical shape.®
The pH- and temperature-induced reversible micellization
processes were also supported by the results from FS studies
(Figure 5b). After the addition of HCI at 34 °C, the fluorescence
emission intensity of Nile Red jumped from the level for the
unimers to the level for the micelles, and the maximum peak
shifted from 622.5 to 617 nm and to 622 nm upon cooling to
22 °C, which indicated the formation and the subsequent
dissociation of micelles. Upon heating, the fluorescence emission
intensity gradually increased and the A, underwent a blueshift
from 622 nm at 22 °C to 617.5 nm at 34 °C, to 614.5 nm at 45
°C, indicating the formation of micelles.

Similar results were obtained from the study of BR4-H by
DLS and FS®? and are summarized in Table 2. Note that the
CMT values of BR3-H and BR4-H (CMT4.;, CMTs4, and
CMT40.a1) were consistently higher than the CPs of R2-H at
the corresponding pH values by 5—7 °C and 2—3 °C, respec-
tively. These observations support our assumption that the
difference between the CMT of PEO-b-P(DEGMMA-co-MAA)
and CP of R2-H was largely the same in the studied pH range.

Three Cycles of Micellization and Dissociation Transitions
of Thermo- and pH-Responsive Block Copolymer PEO-b-
P(DEGMMA-co-MAA) Achieved by Judiciously Controlling
Temperature and pH. Having observed that PEO-b-P(DE-
GMMA-co-MAA) underwent reversible micellization/dissocia-
tion transitions in response to temperature and pH changes, we
then proceeded to pursue multiple micellization/dissociation
transitions by gradually increasing the temperature and simul-
taneously controlling the pH. We started with 0.2 wt % solutions
of BR3-H in 10 mM KHP buffer with a pH value of 4.0 (Figures
7 and 8). With the increase of temperature, the block copolymer
underwent micellization and the CMT at pH = 4.0 (CMT4,)
was 30 °C, same as that found in Figure 2. The micelle size at
34 °C (33.0 nm) was essentially identical to that of micelles in
Figures 2 (33.5 nm) and 6 (33.3 nm). As discussed earlier, to
disassemble the micelles at 34 °C, the pH needs to be increased
to at least 5.2 if we assume that the difference between the CP
of R2-H and the CMT of BR3-H at pH = 5.2 is the same as
that at pH = 4.0 (6 °C). After the injection of the calculated
amounts of KOH into the solutions at 34 °C to increase the pH
to 5.2, the DLS results (the intensity of scattered light at
scattering angle of 90° and the hydrodynamic size) and the FS
data (fluorescence emission intensity and the maximum peak
position) showed that the micelles were dissociated into the
molecularly dissolved unimers.
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Figure 8. Maximum fluorescence emission intensity of Nile Red in a
0.2 wt % solution of PEO-b-P(DEGMMA-co-MAA) (BR3-H) in 10
mM KHP buffer solution in response to the temperature and pH
changes. At 34 °C, 6.3 umol of KOH was injected into the solution
(the pH changed to 5.2); the Amax shifted from 617 to 621.5 nm. At 40
°C, 4.5 uL of 1.00 M KOH was added (the pH changed to 5.9); the
Amax changed from 615.5 to 623 nm. At 48 °C: 2.7 uL of 1.00 M KOH
was injected (the pH changed to ~8.6); the Amax shifted from 616.5 to
625 nm.

We then gradually heated the solutions from 34 °C, and
found from DLS and FS that the micelles reformed when
the temperature was above a critical point (CMTs, = 36 °C
from DLS and 35 °C from FS). The size of the micelles at
40 °C was 36.1 nm, virtually identical to that of the micelles
of BR3-H at pH = 4.0 and T = 39 °C (36.0 nm in Figure
2b), which implied that the increase of pH from 4.0 to 5.2 had
little effect on the micelle size. To dissociate the micelles at 40
°C, the pH needs to be increased to a value at which the CP of
R2-H is 34 °C assuming that the difference between the CP of
R2-H and the CMT of BR3-H at the new pH is the same as
that at pH = 4.0. From Figure 1b, a CP of 34 °C for R2-H
corresponds to a pH value of 5.7, which means that a minimal
amount of 25 umol of KOH needs to be injected into 2.50 g of
the solution (see Figure 3). To ensure that the micelles were
disrupted, we injected 11 umol of KOH (a total of 27 yumol of
KOH including the amount of KOH added at 7 = 34 °C and
pH = 4.0) into the DLS tube that contained 2.50 g of the
polymer solution to increase the pH to 5.9, or 4.5 umol of KOH
into 1.00 g of the polymer solution for FS study. The DLS and
FS data showed that the micelles were completely disrupted.
Further increasing the temperature induced the micellization
again (CMTsg is 43 °C from DLS and 45 °C from FS, Figures
7 and 8). The size of micelles at pH = 5.9 and 7' = 44—48 °C
(~ 40 nm) was noticeably larger than those at the lower pH
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Table 3. Critical Micellization Temperatures (CMT) and Micelle Characteristics of PEO-b-P(DEGMMA-co-MAA) Obtained from Three
Cycles of Micellization and Dissociation Transitions as Well as Critical Micelle Concentrations (CMC) at Different pH Values

BH3-H BH4-H

CMT,, at pH = 4.0 (DLS, ES) 30 °C,* 30 °C” 26 °C,“ 26 °C*

micelle size © and PD? at pH = 4.0 33.0 nm, 0.034 (34 °C) 41.0 nm and 0.006 (30 °C)
CMCyp at pH =4.0 and T = 50 °C ¢ 0.031 mg/mL 0.023 mg/mL

CMTs, at pH = 5.2 (DLS, ES) 36 °C435°C? 31 °C 31 °C?

micelle size ¢ and PD? at pH = 5.2 36.1 nm, 0.015 (40 °C) 47.9 nm and 0.035 (37 °C)
CMCs, at pH = 5.2 and T = 50 °C 0.032 mg/mL 0.024 mg/mL

CMTso at pH = 5.9 (DLS, FS) 43 °C, 45 °C” 40 °C,* 42 °C”

micelle size® and PD? at pH = 5.9 40.6 nm, 0.008 (48 °C) 84.6 nm and 0.046 (45 °C)
CMCsg at pH =59 and T = 50 °C 0.039 mg/mL 0.037 mg/mL

“ CMT determined by dynamic light scattering (DLS). * CMT determined by fluorescence spectroscopy (FS). ¢ the average hydrodynamic diameter of
micelles at a specific temperature was obtained by the use of the CONTIN method. ¢ The polydispersity (PD) of micelles at a specific temperature obtained
by the use of the CONTIN method. “ CMC: critical micelle concentration at a particular pH and temperature, determined by FS using Nile Red as fluorescence
probe. The polymer concentration in the buffer was 0.2 wt %. Note that the CP of R2-H is 24 °C at pH = 4.0, 28 °C at pH = 5.2, and 37 °C at pH = 5.9

(from Figure 1b).
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Figure 9. Intensity of scattered light at a scattering angle of 90° (a) and the hydrodynamic diameter (b) as a function of temperature in a DLS study
of a 0.2 wt % solution of PEO-b-P(DEGMMA-co-MAA) (BR3-H) in 10 mM KHP buffer solution (2.50 g) in response to temperature and pH
changes. At 45 °C, 25 uL of 1.00 M KOH solution was injected to bring the pH to 5.7 from 4.0. In part b, at 30 °C in the heating process and at
39 and 40 °C during the cooling process, two size distributions were observed, and the reported hydrodynamic diameters for these temperatures

were the average values over two hydrodynamic size distributions.

values, which is believed to result from the higher degree of
ionization of carboxylic acid groups at pH = 5.9 than at pH =
5.2 and 4.0.

To break the micelles at 48 °C, a similar consideration showed
that the pH needs to be increased from 5.9 to at least 6.2, which
from Figure 3 corresponds to the addition of 30 gmol of KOH
into 2.50 g of a polymer solution with pH = 4.0. We injected
7 umol of KOH into the solution, bringing the total amount of
KOH to 34 umol that made the solution pH = ~8.6. Similarly,
a calculated amount of KOH was injected into the FS quartz
cuvette to increase the pH to ~8.6. The DLS and FS data
showed that the micelles were dissociated into the unimers
(Figures 7 and 8). In a similar way, we achieved three cycles
of micellization and dissociation transitions of BR4-H by using
the same pH values but different temperatures for micelle
dissociation.®? Table 3 summarizes the results for both BR3-H
and BR4-H obtained from three micellization and dissociation
cycles, including the CMT and micelle characteristics at
representative temperature at each pH. It is worth noting here
that the values of CMT of BR3-H and BR4-H obtained by DLS
and FS at each pH were consistently higher than the CP of R2-H
by 6—8 °C and 2—5 °C, respectively. Although for both block
copolymers the values of CMT at pH 4.0 and 5.2 determined
by DLS and FS were essentially identical, the CMT from FS at
pH 5.9 was 2 °C higher than that from DLS for both polymers.
Since the core of the micelles contained more ionized carboxylic
acid groups at pH = 5.9 and the fluorescence intensity of Nile
Red is sensitive to the polarity of the microenvironment, a higher
temperature is believed to be required for the fluorescence
emission intensity of the dye to begin to increase.

With the increase of pH, the LCST transition temperature of
the thermosensitive block of PEO-b-P(DEGMMA-co-MAA)

increases and the polymer becomes more hydrophilic, which is
expected to result in a higher critical micelle concentration
(CMC). By the use of FS with Nile Red as fluorescence probe,
we determined the CMCs of BR3-H and BR4-H at pH = 4.0,
5.2, and 5.9, same pH values as in the experiments of three
cycles of micellization and dissociation transitions of the two
block copolymers. The results are included in Table 3. Although
the CMCs at pH = 4.0 and 5.2 were very close for both BR3-H
(0.031 and 0.032 mg/mL, respectively) and BR4-H (0.023 and
0.024 mg/mL, respectively), the CMCs at pH 5.9 were ap-
preciably higher (0.039 mg/mL for BR3-H and 0.037 mg/mL
for BR4-H, all at 50 °C), consistent with the anticipated trend.
Note that at any of the three pH values, the CMC of BR4-H
was consistently lower than that of BR3-H, which can be
attributed to the longer chain length of the thermosensitive block
of BR4-H compared with that of BR3-H.

Control Experiment. In the preceding section, three cycles
of micellization and dissociation transitions of PEO-b-P(DE-
GMMA-co-MAA) were achieved by gradually heating the
polymer solution from 20 to 57 °C and rationally changing the
pH. It should be emphasized here that it is important to
judiciously choose both temperature and pH using Figures 1b
and 3 as a guide for designing micellization/dissociation
transitions. To further demonstrate this point, we carried out a
control experiment. First, 2.50 g of a 0.2 wt % buffer solution
of BR3-H with a pH of 4.0 was gradually heated to 45 °C
(Figure 9). The micellization occurred as expected, and the size
of the micelles at 45 °C was 35.7 nm, which was essentially
identical to the result shown in Figure 2 (36.1 nm at pH = 4.0
and T = 44 °C). We then injected 25 uL of 1.00 M KOH
solution into the DLS tube, which was then taken out, shaken
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for a few seconds, and placed back into the tube holder of the
instrument. The micelles did not disassemble into the unimers,
but were swelled from 35.7 to 40.4 nm at the same temperature
(Figure 9). Interestingly, the scattering intensity decreased by
50%, indicating that the micelles were not as tight as those
before the injection of KOH. Apparently, the amount of added
KOH was not enough to break the micelles, but the increase in
pH caused more carboxylic acid groups to ionize and hence
introduced more charge—charge interactions in the micelle core.
From Figure 3, one can find out that the pH of the polymer
solution increased to 5.7 after the addition of 25 umol of KOH,
which is expected to be able to break the micelles at 40 °C but
not at 45 °C (to break the micelles at 45 °C, the CP of R2-H
needs to be 39 °C, corresponding to a pH value of 6.0 and 28
umol of KOH). When the temperature was further increased
from 45 to 50 °C, the scattering intensity increased significantly,
suggesting that the thermosensitive block in the core underwent
continuous dehydration with the increase of temperature. When
the solution was cooled from 50 to 44 °C, the size of the micelles
became smaller (35 nm at 44 °C), similar to that of the micelles
at the original pH value (35.7 nm at 45 °C and pH = 4.0). This
is probably due to rearrangement of the micelles and the change
in the number of association of molecules in each micelle.

Conclusion

In summary, we demonstrated in this work that thermo- and
pH-sensitive block copolymers PEO-b-P(DEGMMA-co-MAA)
can undergo multiple, reversible micellization and dissociation
in response to temperature and pH changes. A random copoly-
mer P(DEGMMA-co-rBMA) and two samples of PEO-b-
P(DEGMMA-co-tBMA) with controlled molecular weights and
narrow polydispersities were synthesized by ATRP; hydrolysis
with CF;COOH produced the corresponding P(DEGMMA -co-
MAA) and PEO-b-P(DEGMMA-co-MAA). The cloud point of
P(DEGMMA-co-MAA) in aqueous KHP buffer solutions can
be tuned from 24 to 60 °C by changing the pH from 4.0 to 6.7.
The block copolymers underwent reversible thermo-induced
micellization and dissociation transitions in 10 mM KHP buffer
solutions at relatively low pH values, and the micelles had
narrow polydispersities and a spherical shape. For the micelles
formed at pH = 4.0, we observed that by injection of a
predetermined amount of KOH the micelles were rapidly
dissociated into the unimers, which reformed micelles by
injection of the same amount of HCI at the same temperature
or by heating to a higher temperature. We further showed that
by gradually raising temperature and simultaneously controlling
the pH, three cycles of micellization and dissociation transitions
were realized, demonstrating the possibility of achieving on-
demand micellization and dissociation transition in the studied
pH and temperature ranges. Fluorescence spectroscopy studies
showed that Nile Red can be repeatedly encapsulated and
released by the block copolymers. Note that we can also obtain
a plot of CMT of BR3-H or BR4-H versus pH and use it as a
guide along with Figure 3 for designing micellization and
dissociation transitions. The method reported in this article for
tuning multiple micellziation and dissociation transitions may
find applications in controlled encapsulation and triggered
release of substances.
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vs g% at pH = 4.0 and T = 50 °C, scattering intensity and Dy, as a
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50 °C, scattering intensity and Dy, as a function of temperature in
a DLS study of a 0.2 wt % solution BR4-H in response to addition
of KOH and subsequent temperature changes, fluorescence intensity
of Nile Red in a 0.2 wt % solution of BR4-H in response to addition
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micelles of BR3-H at pH = 4.0 and 7 = 50 °C and plot of I'/¢* of
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intensity and Dy, as a function of temperature in a DLS of a 0.2 wt
% solution of BR4-H in response to addition of HCI and subsequent
temperature changes, fluorescence intensity of Nile Red in a 0.2
wt % solution of BR4-H in response to addition of HCI and
subsequent temperature changes, scattering intensity and Dy as a
function of temperature in a DLS study of a 0.2 wt % solution of
BR4-H (2.50 g) in response to temperature and pH changes,
fluorescence intensity of Nile Red in a 0.2 wt % solution of BR4-H
in response to the temperature and pH changes, determination of
CMCs of BR3-H and BR4-H at different pH values but the same
temperature (50 °C). This information is available free of charge
via the Internet at http://pubs.acs.org.
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