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ARTICLE INFO ABSTRACT

Keywords: The binary P123 + F108, + F98, + F88, + F68, + F87 and + P84 systems were used to systematically explore
Polymer micelles the effect of molecular weight and hydrophobicity of Pluronic on the tendency of cooperative binding between
Pluronics

parent copolymers and solubility of drug (ibuprofen) in these mixed Pluronic systems. Temperature-dependent
co-micellization process in these systems was carefully investigated by using high sensitivity differential scan-
ning calorimeter (HSDSC), dynamic light scattering (DLS) and small angle X-ray scattering (SAXS). All the
HSDSC thermograms for these systems consistently exhibit two endothermic (micellization) peaks apart by at
least 13.3 °C. It was evidenced that micelles are mainly formed by P123, the copolymer with a lower critical
micelle temperature (CMT), at low temperatures. Raising temperature would dehydrate the other Pluronic with
a higher CMT to be integrated into the neat P123 micelles developed at low temperatures. When the temperature
is further increased beyond the second endothermic peak, the mixed micelles with a two-shell structure and
characteristic corona lengths of their parent copolymers are observed to prove the existence of cooperative
binding between parent copolymers. All the binary mixed Pluronic systems used in this study exhibit cooperative
binding to form unimodal distribution of mixed micelles, except the P123 + F68 system. The SAXS results show
that P123 + F68 system at 65 °C exhibits bimodal distribution of aggregates with coexisting of neat F68 micelles
(65% in number) and P123 + F68 mixed micelles (35% in number). It is interesting to find out that P123 and
F68 with distinct polypropylene oxide (PPO) moieties (i.e., a difference of 37 PO units) would exhibit very weak
cooperative binding to partially form mixed micelles. Addition of ibuprofen in the P123 + F68 system would
substantially enhance the cooperative binding between P123 and F68 to form bimodal distribution of aggregates
with coexisting of neat F68 micelles (drops down to 30% in number) and P123 + F68 mixed micelles (increases
up to 70% in number). For the systems with ibuprofen incorporated, SAXS results demonstrate that the drug is
mainly encapsulated in the core of neat micelles developed at low temperatures. The solubility of ibuprofen in
the 0.5 wt% P123 + 0.368 wt% P84 system is as high as 2.62 mg/ml, which is 114 times more than that in pure
water at 37 °C.

Mixed micelles
Small angle X-ray scattering
Differential scanning calorimetry

1. Introduction

Amphiphilic tri-block copolymers undergo self-assembly in aqueous
solutions, in which temperature plays a crucial role in solvent se-
lectivity of certain polymer blocks. Triggered by entropy change of the
system while temperature increases, micellization arises where blocks
of the molecule with lower solubility becomes dehydrated and shrinks
to form core-shell aggregates. It has been proved that micelles formed
by amphiphilic block copolymers are able to enhance hydrophobic drug
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solubility, particle stability, and circulation time of formulations [1]. As
a potential carrier for anti-cancer drugs, polymer micelles have been
proceeded in the evaluation of several preclinical and clinical trials
[2,3]. Among them, Pluronics, one of the amphiphilic tri-block copo-
lymers, become attractive choices for drug carriers due to their intrinsic
low- toxicity as well as solubilization capacity of drugs [4-7].

Mixed Pluronic systems have been examined and searched for better
combinations between parent copolymers as drug carriers [8]. Gaisford
et al. [9] pointed out that binary F77 + F87 system with similar poly
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(propylene oxide) (PPO) block lengths exhibits cooperative binding to
form mixed micelles, but not for the F77 + F127 and F87 + F127 sys-
tems with distinct chain length of PPO. The cooperative binding be-
tween two copolymers with similar hydrophobic moieties has been
consistently observed and reported in the literature [9-13]. For ex-
ample, Liu et al. [10] proved the synergistic self-assembly behavior
(cooperative binding) between the two tri-block copolymers
EOg9POgoEOgg (Pluronic F127) and EO45BO14EQ45 with distinct hydro-
phobic chain length, where EO stands for an ethylene oxide unit
[OCH;CH,], PO for a propylene oxide unit [OCH,CH(CH3)1, and BO for
a butylene oxide unit [OCH,CH(CH,CH3)]. For the choice of drug
carriers for paclitaxel on clinical cancer treatment, polyethylene-poly-
lactic acid and vitamin E-TPGS (an inhibitor of P-glycoprotein) were
chosen for the sake of similar chain length [14]. Furthermore, when
designating a potential candidate as an injectable or coatable tissue
adhesion barrier using Pluronic hydrogel, similar PPO moieties of
parent copolymers (e.g. F127 and P123) were considered and chosen to
form stable mixed micelles for the residence stability [15]. Recently, a
morin hydrated-loaded Pluronic mixed micelle as nanocarriers for the
management of Alzheimer’s disease was reported, in which F127 and
P123 were adopted again based on the same concept of similar PPO
moiety [11]. On the other hand, Zhang et al. pointed out that the binary
F127 + F68 system would independently form micelles simply based on
two noticeable micellization (endothermic) peaks observed on the DSC
thermogram [16]. They suggested that the first endothermic peak on
heating is attributed to F127 micelle formation and the second peak to
F68 micelle formation. That is, this binary F127 + F68 system with
distinct PPO chain lengths would not exhibit cooperative binding.

In contrast, two endothermic peaks were observed on the DSC
thermogram and unimodal distribution of the aggregates was de-
termined from the DLS measurements for the binary F127 + L64
system [17]. That is, even the binary system with distinct PPO chain
lengths would exhibit cooperative binding to form mixed micelles.
Recently, two endothermic peaks were observed on the DSC thermo-
gram and bimodal distribution of the aggregates was determined from
the DLS measurements for some binary Pluronic systems with distinct
PPO chain lengths [12]. Hence, whether a binary Pluronic system with
different PPO moieties would exhibit cooperative binding to form
mixed micelles still remains an open question and needs to be sys-
tematically explored. In addition, the mechanism of mixed micelle
formation as well as drug encapsulation in such systems have not been
thoroughly examined yet.

In this study, the high-sensitivity differential scanning calorimeter
(HSDSC) and dynamic light scattering (DLS) were applied to explore the
temperature-dependent micellization process and to investigate corre-
lations between endothermic peaks and size distribution of the mixed
systems. Next, differentiation between assemblies in the mixed systems
for the more precise probing was conducted through small angle x-ray
scattering (SAXS). Upon realization of assembly structure, process of
mixing could then be clarified behind co-micellization. Moreover,
consistent results are correlated from these techniques applied on the
mixed systems with nonsteroidal anti- inflammatory drug - ibuprofen
incorporated, in which solubilization capacity characterized by UV-Vis
spectroscopy and drug encapsulation process of binary Pluronic systems
were simplified.

Factors influencing the critical micellization temperature (CMT) of
block copolymers could be traced fundamentally to the relative amount
of EO and PO monomers. Connecting factors like CMT, PPO moieties as
well as hydrophobicity of the copolymers, discussion of how different
core or corona lengths affect molecular association have been demon-
strated in this report. We established a series of investigations to study
mixing behavior through systematic variations of resemblance between
parent copolymers, which could be divided into two perspectives:
various hydrophobicities at a fixed PPO moiety (P123 + F88, + F87,
and + P84), as well as the different molecular weights at a fixed hy-
drophilicity (P123 + F108, + F98, + F88, and + F68). We anticipate

Colloids and Surfaces B: Biointerfaces 183 (2019) 110461

Table 1
Physicochemical characteristics of Pluronic block copolymers used in this
study.

Pluronic Structure [18-23] Average Mw?® HLB? CP® (°C)
P123 (E0)21(PO)6,(EO)2: 5750 7-12 )
F108 (EO)127(PO)48(EO)1 27 14600 > 24 > 100
F98 (EO)1,8(PO)45(EO)115 13000 28 > 100
F88 (EO)97(P0O)39(EO)g7 11400 28 > 100
F68 (E0)s0(PO)30(EO)s0 8400 > 24 > 100
F87 (EO)61(PO)40(EO)61 7700 > 24 > 100
P84 (EO0)19(PO)39(EO) 19 4200 12-18 74

Anformation from BASF ; b Cloud point (CP) of the solution at 1% Pluronic
copolymers.

to clarify the tendencies of mixing behavior between copolymers and
the mixing process in binary-Pluronic systems.

2. Materials and method
2.1. Materials

Pluronics F98, F88, F87, P84 and F68 were obtained from BASF and
Pluronics P123 and F108 were purchased from Sigma-Aldrich. The
molecular characteristics and some physical properties of these
Pluronics are described in Table 1. The drug ibuprofen, a-methyl-4-
(isobutyl) phenyl acetic acid, was bought from Sigma Aldrich. Sodium
hydroxide (NaOH) used for calibration of ibuprofen for UV-Vis mea-
surement was bought from SHOWA with purity 96%. All these chemi-
cals were used as received without further purification. Water was
purified by double distillation followed by a PURELAB Maxima Series
(ELGA Lab Water) purification system with a resistivity better than
18.2 MQ cm.

2.2. High sensitivity differential scanning calorimetry (HSDSC)

HSDSC (VP-DSC, MicroCal) was used to determine critical micelli-
zation temperature (CMT) of the solution. The detail experimental
procedure can be found in our previous studies [24,25]. All experiments
were conducted with a scanning rate of 30 or 60 °C/h from 5 to 120 °C
for 7 scans and reproduced at least for 2 times.

2.3. Dynamic light scattering (DLS)

Zetasizer Nano system equipped with a He-Ne laser operating at a
wavelength 633 nm (Nano-ZS, Malvern) was used to determine particle
size distributions of neat and mixed Pluronic solutions. The temperature
was controlled in a range of 10-70 °C. The accuracy for aqueous sys-
tems using NIST SRM1980 standard reference material is expected to be
0.12pumcm/V s. Results presented in this study are mainly based on
intensity distribution.

2.4. UV/Vis Spectroscopy and drug solubility in Pluronic aqueous solution

Pluronic aqueous solutions with an excess drug (ibuprofen) powder
was mixed with under the condition of 37 °C for one day at 180 rpm.
Solutions were then filtered by a 0.22pum PTFE filter (Millipore) to
remove undissolved drug right before UV/Vis detection. The dissolved
ibuprofen concentration was determined by measuring absorbance at
264.8nm by using UV-vis double beam spectrophotometer (CARY
100nc, Agilent Technologies, Santa Clara, CA, USA). Dilute solutions of
ibuprofen dissolved in 0.1 N NaOH were used for the calibration based
on Beer-Lambert law.



C.-F. Lee, et al.

2.5. Small angle X-ray scattering (SAXS)

The SAXS measurements were carried out at the beamline BL23A of
the National Synchrotron Radiation Research Center (NSRRC) Hsinchu,
Taiwan [26]. The sample-to-detector distance and photon energy were
set to be 2700 mm and 14 keV (AAE/E = 1/7000), respectively, to cover
the Q range from 0.008 to 0.35 A™'. Liquid samples were loaded in a
cell with a thickness of 5mm and Kapton-walled windows [27]. Scat-
tered X-ray data were collected by means of a 2D MarCCD detector. The
variation of scattering length density (SLD) of H,O, PEO and PPO as a
function of temperature was reported in Tables S1 and S2 (supporting
information).

3. Results and discussion

For the analysis of effect of hydrophobicity of Pluronics on blending,
three Pluronics P84, F87 and F88 with a fixed PPO block length ("39 PO
units) but different PEO block lengths (see Table 1) were selected. A
controlled concentration of PO units of F8x was prescribed. F88 1.0 wt
% is equivalent to 8.77 x 10”7 m F88 in water. Thus, same con-
centration 8.77 X 10~7 m of F87 and P84 aqueous solutions were
prepared and equivalent to 0.675wt% F87 and 0.368 wt% P84 in
water. The HSDSC thermograms of the systems were measured and
shown in Fig. S1A and could be applied to determine the CMT by using
two commonly adopted methods [28,29], i.e., the onset temperature
Tonser and the peak maximum temperature T, It is obvious that CMT
(Tonser and Tp,) of 0.368 wt % P84 system are lower than those of the
other systems due to hydrophobic property of the copolymer (Table
S3). The micelle size determined by DLS measurement increases along
with a decrease in hydrophobicity (i.e., an increase in PEO chain
length) with an order of F88 > F87 > P84.

Consider 1.0 wt % Fx8 aqueous solutions with x = 6, 8, 9, and 10 as
an example for different molecular weights of Pluronics with a fixed
hydrophobicity. The Ty of F68, F88, F98, F108 and P123 are 47.4,
35.9, 30.7, 29.4, and 17.9°C, respectively, determined by HSDSC
thermograms (Fig. S1B) as listed in Table S3. It is obvious that the CMT
increases along with a decrease in molecular weight of the Pluronic
Fx8. The micelle size, determined by the DLS and listed in Table S3,
increases along with an increase in molecular weight of the Pluronic
Fx8.

The Pluronic P123 is chosen as one of the parent copolymers and
used throughout the study. The variation of sizes of neat P123 micelles
as a function of the temperature ranging from 11 to 65 °C is shown as
black dashed line in Fig. 1B. When system temperature T < 17.5°C,
unimers with size of around 4.3 nm exist. When T > 17.5°C, the par-
ticle (micelle) size dramatically increases to around 19.7 nm. It is in-
teresting to consistently find out that the onset temperature (Topser) Of
endothermic peak of the HSDSC thermogram for 0.5 wt% P123 aqueous
solution is 17.9 °C (Table S3). When T > T,set, the particle (micelle)
size remains almost constant around 20 nm up to 49.3 °C.

3.1. Effect of hydrophobicity of F8x on the P123 + F8x mixed micelle
formation

Three Pluronics P84, F87, and F88 with a fixed PPO block length
("39 PO units, see Table 1) but different PEO block chain lengths (re-
spectively, 19, 61 and 97 EO units) were chosen to explore the effect of
hydrophobicity of F8x on the P123 + F8x mixed micelle formation.
Note that the molar ratio of F8x/P123 (for x = 4, 7 and 8) is always
fixed at 1.01.

It is interesting to point out that all the HSDSC thermograms for the
binary P123 + F8x mixed systems exhibit two endothermic peaks as
the red solid lines illustrated in Figs. 1A and S5. The first peak appeared
on the thermograms of the P123 + F8x systems almost coincides with
the endothermic peak of neat P123 system and the second peak is
usually located slightly behind the endothermic peak of neat F8x
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Fig. 1. (A) The HSDSC thermograms and (B) variation of particle sizes as a
function of temperature measured by the DLS for neat 0.5wt% P123 (black
dashed line and black square),and 0.368 wt% P84 (blue dashed-dotted line and
blue circle) systems and the 0.5 wt% P123 + 0.368 wt% P84 mixed system (red
solid line and red square). PDI values extracted from DLS (purple solid line and
purple diamond). The particle size distributions for 0.5 wt% P123 + 0.368 wt%
P84, 0.5 wt% P123 and 0.368 wt% P84 systems measured by the DLS are shown
in Figs. S2, S3 and S4, respectively, in the supporting information (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article).

system. All the CMTSs (Tonset(m)> Tm1 and Tm2) of the binary P123 + F8x
mixed systems extracted from the HSDSC thermograms are listed in
Table 2. For these binary Pluronic mixed systems, three CMTs are de-
fined as Tonsetmy Stands for the onset temperature of the first en-
dothermic peak; T,,; represents the peak maximum temperature of the
first endothermic peak; and Ty, is the peak maximum temperature of
the second endothermic peak.

Figs. 1B and S5 also illustrate the variation of size of aggregates
(determined by the DLS) as a function of temperature for the neat
Pluronic and binary P123 + F8x mixed systems. For example, as the
system temperature increases, the particle size of neat 0.368 wt% P84
system increases from 5.2 nm to 15.9 nm and remains almost constant
at T > Ty, =2347°C, as illustrated in Fig. 1B. When T <
Tonsetmy(17.6 °C), the binary 0.5wt% P123 + 0.368 wt% P84 mixed
system exists in the form of unimers with particle (unimer) size around
4.5 nm. Further increase in temperature up to 21.3 °C would dramati-
cally increase the particle (micelle) size to around 20.9 nm and even
33.6nm at 27.8 °C, as the red line shown in Fig. 1B. Note that the first
peak for the binary P123 + P84 mixed system (T; = 21.5°C) almost
coincides with the T,, of neat P123 system (21.7 °C).

When the system temperature increases, the polydisperse index
(PDI), an index of degree of uniformity of aggregate size, of the
P123 + P84 mixed system decreases from 0.60 (at 15.0 °C) to 0.10 (at
21.3°C) (Fig. 1B). Keep rising temperature promotes assembling pro-
cess until the Ty, of neat P84. The appearance of the second peak may
suggest that P84 actively participates in the micellization process at
Tm2 = 34.8°C by integrating the P84 into mixed P123 + P84 micelles,
as the sudden drop in micelle size around 35.0 °C illustrated in Fig. 1.
The size of mixed micelles remains around 20.2 nm within the tem-
perature range from 35.0 to 56.0 °C. The PDI of the mixture decreases
from 0.10 (at 21.3°C) to 0.04 (at 35°C) and remains always smaller
than 0.1 up to 56 °C, as the purple line illustrated in Fig. 1B. Raising
temperature continues promoting assembling process and unifying the
aggregations in which monodisperse system was performed.

The HSDSC thermograms and variation of particle size as a function
of temperature for the other binary P123 + F87 and P123 + F88 mixed
systems, as illustrated in Fig. S5, demonstrate a similar tendency to that
of the P123 + P84 mixed system. The T,,; and T,,, are located rather
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Table 2

Colloids and Surfaces B: Biointerfaces 183 (2019) 110461

The CMT (Tonset(m)> Tm1 and Tpm2) determined from the HSDSC thermograms, mixed micelle size, PDI and FWHM at temperature > Ty, determined from the DLS for

the binary mixed Pluronic systems.

Binary system 0.5 wt% 0.5wt% P123 + 1 wt% 0.5wt% P123 + 1 wt%

0.5wt% P123 + 1 wt%

0.5wt% P123 + 0.675 wt% 0.5 wt% P123 + 0.368 wt%

P123 Fo8 F88 F68 F87 P84
+ 1wt%
F108
Tonsetmy” CC)  17.3 17.9 17.8 18.0 17.6 17.6
T2 (°C) 21.3 21.3 21.2 21.4 21.3 21.5
Timz® (°C) 35.3 36.6 42.9 59.6 43.7 34.8
Dp* (nm) 30.6 28.1 29.3 323 24.2 20.2
(36-65 °C) (42-68 °C) (49-65 °C) (60-67 °C) (54-58 °C) (35-56 °C)
PDI 0.05 (45.2 0.05 (42.0°C) 0.07 (43.0°C) 0.23 (66.7 °C) 0.06 (43.6°C) 0.04 (49.3°C)
°C)
FWHM 19.5 185 20.1 40.3 15.3 6.73

1Temperature at the onset point of the first peak. 2Temperature at the peak maxima of the first peak. 3Temperature at the peak maxima of the second peak. *The
mixed micelle diameter Dy, is determined by averaging over the mixed micelle size measured by the DLS in this temperature range (T > Tp,») indicated in the

parentheses.

close to T, of neat P123 system (21.7 °C) and the T, of the other parent
copolymer (F87 or P84) respectively. When the system temperature
increases, particle size dramatically develops from unimers’ scale to
around the size of P123 micelles at T,,;. When T > T,,», the aggrega-
tion sizes drop and remain stable up to high temperature. The mixed
micelle size of the P123 + P84 system is consistently smaller than that
of mixtures P123 + F88 and P123 + F87. It is attributed to the shortest
PEO chain length of P84 among all the copolymers that leads to the
smallest hydrodynamic diameter (see Table 2). Combining P84 with
P123 develops a stable, unimodal system, in which particles are made
to be monodisperse as illustrated in Fig. 1B. In other words, enhancing
hydrophobicity of the system does not necessarily decrease the uni-
formity of assemblies.

Furthermore, the binary P123 + P84 system was chosen to further
investigate the conformation of mixed micelle by the SAXS. The SAXS
profiles of all the neat Pluronic systems were fitted to the Polycore
model [30], a simple core-shell model with two density levels, to de-
termine the conformation of micelle. The core radius and shell thick-
ness of P123 micelles at 25°C are, respectively, 5.3 and 3.2nm
(Table 3), consistent with literature data from both SANS and SAXS
[31-33]. The core SLD is not a fitting parameter but an assigned value
in the data regression analysis. For example, the core SLDs for the neat
P123 system at 25, 37 and 45°C are 9.40 X 107°, 9.33 x 107° and
9.28 x 10 ®A™2, respectively. The core radius slightly increases to

Table 3
SAXS results for neat P123 and P84 systems and binary P123 + P84 system.

5.8 nm as the temperature is raised up to 45 °C due to an increase in the
aggregation number from 82 (at 25°C) to 101 (at 45°C). The SAXS
profile for neat 0.368 wt% P84 system at 25 °C (below Typser = 29.8 °C),
as illustrated in Fig. 2, is fitted with the Debye function [34,35] to find
out that the P84 molecules in the aqueous solution exist in the form of
unimers with a radius of gyration of 2.0 nm. When the system tem-
perature increases, more P84 unimers are assembled to form micelles,
consistent with that of Liu et al. [36] and Jain et al. [37].

The SAXS profiles for the P123 + P84 mixed system, as illustrated
in Fig. 2, were fitted to the Debye and Polycore model. The core radius
and shell thickness of the P123 + P84 mixed system at 25 °C are similar
to that of neat P123 micelles, implying the micelles are formed mainly
by P123 molecules. As temperature is increased up to 37 °C, volume
fraction of unimers drops from 0.38 to 0.11%, indicating most of co-
polymers already assembled into aggregates. The core-shell thickness of
the micelles in the mixed system remains similar to the characteristic
length of neat P123 micelles. However, volume fraction of the micelle
increases from 1.5 to 4.1% at the expense of the decrease in volume
fraction of unimers simultaneously (from 0.38 to 0.11%) when the
temperature is increased from 25 to 37 °C. It is plausible to conjecture
that the amount of the decrease in volume fraction of P84 unimers was
integrated into the P123 micelles to form the P123 + P84 mixed mi-
celles. At 45 °C, stable mixed micelle structure were obtained with ag-
gregation number N, = 63, in-between those of neat systems

SAXS 0.5 wt% P123 0.368 wt% P84 0.5 wt% P123
parameters +0.368 wt% P84
25°C 37°C 45°C 25°C 37°C 45°C 25°C 37°C 45°C
Bunimer (%) - - - 0.5 + 0.1 0.38 * 0.1 - 0.38 * 0.03 0.11 * 0.05 -
R,” (nm) - - - 2.0 2.5 - 1.5 0.6 -
Bmicelte (%) 1.8+ 1.7 £ 1.7 £ - 1.1+ 1.8 1.5+ 41+ 5.0 £
1.0 1.0 0.2 0.2 0.3 0.2 0.5 0.4
Reore? (nm) 5.3 5.5 5.8 - 4.1 4.4 5.0 5.5 5.1
Rgper® (nm) 3.2 3.3 3.2 - 26 2.0 3.3 3.2 3.7
D' (nm) 17.0 17.6 18.0 - 13.4 12.8 16.7 17.4 17.6
0%(%) 0.17 + 0.15 + 0.18 + - 0.18 + 0.18 + 0.15 + 0.13 + 0.11 +
0.02 0.02 0.02 0.03 0.03 0.01 0.02 0.01
Shell SLD 9.62 9.58 9.58 - 9.57 9.60 9.63 9.55 9.48
(107%A3)
n? 6.4 5.5 5.1 - 11.2 14.6 5.8 14.4 16.6
(10'® cm’3)
Nagg' 82 95 101 - 25 36 - 63 63
Hydro D’ (nm) 19.5 20.0 20.7 - 16.5 15.1 20.9 20.1 19.9

*Punimer: Volume fraction of unimers. bRg: radius of gyration of unimers. ‘@p;certe: volume fraction of micelles. Reore! average core radius. “Rge: shell thickness. D:
diameter of micelle. 8o: core polydispersity. 'n: Micelle number density. 'Nagg: aggregation number of the micelle. jDy,: hydrodynamic diameter of micelle measured

by the DLS.
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25°C - P1230.5wt% A 37°C . P1230.5vt% B 45°C = |P1230.5wt% C
100 + P84 0.368wt% 100 P84 0.368wt% 100 4 P84 0.368wt%
P123+P84 P123+P84 P123+P84
& P123+P84+ibu o P123+P84+ibu o |P123+P84+ibu
104 10 4 10 4
14 14 14
0.1 0.1 4 0.1+4
0.014 0.01 1 0.01 4
1E-:’.1 1E«31 1E-3
0.01 0.1 0.01 0.01 0.1

Q(4?)

Q(a”) Q(a”)

Fig. 2. SAXS profiles of 0.5 wt% P123, 0.368 wt% P84, 0.5 wt% P123 + 0.368 wt% P84 with/without ibuprofen incorporated at (A) 25 °C, (B) 37 °C, and (C) 45 °C.
([]) neat P123; (A) neat P84; (O) P123 + P84; () P123 + P84 with ibuprofen. The black solid lines are the fitting results.

(Nagg = 36 for neat P84 system and N,z = 101 for neat P123 system).
Owing to relatively short PPO block length of P84, it may be easy for
P84 molecules being integrated into the P123 micelles formed at lower
temperatures with very similar corona lengths (shell thickness) due to
the PEO chain length of P84 similar to that of P123. That implies that
the binary P123 + P84 system exhibits cooperative binding to form
mixed micelles.

The hydrodynamic diameter Dy, is determined by the DLS based on
the diffusion of the particles (micelles). The particle (micelle) moves
through a liquid medium along with a solvation layer on the surface of
particle. Thus the hydrodynamic diameter D), gives the micelle size
including the hydration layer. Consequently, the hydrodynamic dia-
meter Dy, is slightly larger than the diameter D determined by the SAXS
without considering the hydration layer, as shown in Table 3.

3.2. Effect of molecular weight of Fx8 on the P123 + F X 8 mixed micelle
formation

Pluronics Fx8 (x = 10, 9, 8 and 6) with a fixed PEO/PPO ratio (80/
20) were used to blend with Pluronic P123 exploring the effect of
molecular weight on the (0.5 wt%) P123 + (1.0 wt%) Fx8 mixed mi-
celle formation. Molar ratios of Fx8/P123 for x = 10, 9, 8 and 6 are
0.79, 0.88, 1.01, and 1.37, respectively.

The HSDSC thermograms and temperature-dependent size of ag-
gregates for the binary P123 + F108, + F98, and + F68 mixed sys-
tems, as illustrated in Fig. S6, exhibit similar tendency to that of the
P123 + P84 mixed system. In general, both P123 and Fx8 exist as un-
imers in aqueous solution when the temperature is below the CMT (T,)
of P123. The particle size dramatically increases when the temperature
is raised to the T, of P123 due to the micellization of P123.
Furthermore, the size gradually increases along with temperature to a
maximum value near the Ty of neat Fx8 system, then drops and re-
mains almost constant when the temperature is above the Ty,5 of the
HSDSC thermogram for the P123 + F X 8 mixed system. Note that the
unimodal distribution of particle size (temperature above the Ty, of the
second endothermic peak of the HSDSC thermogram) was consistently
observed for all the binary P123 4+ F X 8 mixed systems.

The PDI could also provide practical information of cooperative
binding between the parent copolymers. For binary P123 + F X 8
mixed systems, PDIs were always larger than 0.4 below 21 °C indicating
various sizes of particles coexisting in the solution including unimers
and some large aggregates which is often believed as impurities ac-
companied with copolymers [29]. When the temperature increases up
to near the T,, of neat P123 system, PDI value decreases to around 0.17.
Further increase in temperature to the Ty, of the second peak of the
HSDSC thermograms results in the drop of PDI to below 0.1 and re-
mains almost constant, except the P123 + F68 mixed system (Fig. S7).
The PDI value of the P123 + F68 mixed system undergoes an abrupt

rise when the temperature is near T, of neat F68 and drops down to
0.20 with particle size around 27 nm. Note that the PDI of the binary
Pluronic system gradually increases as difference of PPO moieties be-
tween parent copolymers increases.

In addition to the PDI and size of aggregates (Figs. S8 and S7), two
binary P123 + F108 and P123 + F68 systems were selected to further
investigate chain length effect by using the SAXS (Figs. S10 and S9).
The neat F108 and F68 micelles are formed with small core radius and
relatively large shell thickness, as reported in Tables S4 and 4, con-
sistent with that of Fan et al. [35]. Mixing behavior of these two binary
systems shows similar tendencies to that of the P123 + P84 system, in
which P123-micelle dominates the system at low temperatures and
coexists with unimers of the other copolymer. However, it becomes
distinctive between the P123 + F108 and P123 + F68 systems at
temperature higher than their T,,.

The mixed micelle formation was detected in the mixture
P123 + F108 with a two-shell structure. The PolyTwoShell model was
applied to analyze the SAXS data of the binary Pluronic systems. With
the PolyTwoShell model, it is possible to distinguish two different SLD
values of PEO regions inside the corona due to the different PEO block
lengths between P123 and F108. At 45 °C, the thickness of the first shell
is 3.1 nm and the second is 5.8 nm for the P123 + F108 system. The
thickness of the first shell is very close to the corona length of P123
micelles (3.2 nm) and the sum of two shell thickness is 8.9 nm, which is
very close to the corona length of neat F108 system, 7.6 nm. It is in-
teresting that the SLD of the first shell (9.65 X 107942 is higher than
that of the second shell (9.38 x 10~ A"2) and both of them are within
the SLD values of pure water (9.33 X 10"°A2) and PEO (1.09 x 10°
5 f\'z) (Table S4), revealing that the PEO concentration in the first shell
is higher than that in the second shell. The region consisting of both the
PEO chains of P123 and F108 is thus identified as the first shell, while
the region consisting of PEO chain of only F108 stretching toward so-
lution is recognized as the second shell. Consequently, cooperative
binding between P123 and F108 with comparable PPO block chain
lengths was confirmed. Fig. 3 shows the schematic diagram (upper row)
of evolution of temperature-dependent micellization process and mi-
celle conformation for the binary P123 + F108 system.

It is interesting to point out that the conformation of mixed micelles
of the P123 + F68 system is different from that of the other systems.
The SAXS profiles and fitting results for the binary P123 + F68 system
are illustrated in Fig. S9 and listed in Table 4, respectively. Table 4
shows that the binary P123 + F68 system at 65°C (above the T,,)
exhibits bimodal distribution of aggregates, i.e., coexisting of neat F68
micelles and mixed micelles of P123 + F68. Mixed micelles with core
radius of 7.1 nm and total shell thickness of 4.8 nm (composed of two
shell thicknesses, 1.4 and 3.4 nm) were obtained. On the other hand,
there exists another size of micelles with core radius of 1.9 nm and shell
thickness of 4.2 nm coexisting with the mixed micelles in the solution
taking up 4.6% in volume fraction. Note that this micelle conformation
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Fig. 3. Schematic diagram of micellization process as a function of temperature and addition of drug (ibuprofen) for binary P123 + F108 (upper row) and

P123 + F68 (lower row) systems.

is very similar to that of neat F68 micelles (Reore =1.9nm and Rgpen
=4.3nm). Thus these relatively small micelles (D =12.2nm) are
classified as neat F68 micelles. The two-sphere model provides better
regression to the scattering intensities with much smaller x* = 781
compared to that (x> = 1742) from only one sphere model. Further-
more, according to the number densities of micelles reported in Table 4,
the number ratio of neat F68 micelles and mixed micelles coexisting in
the binary P123 + F68 system at 65 °C is 65/35. That is, the majority of
F68 would form neat F68 micelles, instead of the P123 + F68 mixed
micelles, implying only partially cooperative binding between P123
and F68. The schematic diagram (lower row) of evolution of tempera-
ture-dependent micellization process and micelle conformation for this
binary P123 + F68 system is illustrated in Fig. 3.

The SAXS data demonstrate that the P123 + F68 system exhibits
bimodal distribution of aggregates at 65 °C, however, the DLS data
show the unimodal distribution of aggregates at temperatures higher
than T,,, as shown in Fig. S6. It seems that there is a discrepancy be-
tween the SAXS and DLS results. The DLS results were double-checked
to further report the PDI and full-width at half maxima (FWHM) of size
distribution peak for all the mixtures at temperature above Ty, in

Table 4
SAXS results for neat F68, P123 + F68 and P123 + F68 + ibuprofen systems.

Table 2. The FWHM for the system P123 + F108, + F98 and + F88 are
all around 19.0 nm and PDI consistently as small as 0.06+0.01. How-
ever, the FWHM and PDIs for the P123 + F68 system at 66.7 °C are
40.3nm and 0.23, respectively, implying relatively broad size dis-
tribution of aggregates. Note that the SAXS results demonstrate the
bimodal distribution with P123 + F68 mixed micelles of D =23.8 nm
and neat F68 micelles of D =12.2nm coexisting. The size difference
between these two micelles is only 11.6 nm in diameter that is too small
to be discernible by the DLS. It is plausible to conjecture that the DLS
results merge these two populations of micelles (bimodal distribution)
into a broad unimodal distribution with FWHM =40.3 nm.

3.3. Solubility and encapsulation process of ibuprofen in binary Pluronic
systems

The CMTs of binary Pluronic systems in the presence of nonsteroidal
anti-inflammatory drug, ibuprofen (( =) 2-(4-isobutylphenyl) pro-
pionic acid), were carefully examined by the HSDSC. Neat P84 and
F108 systems (Fig. S11) as well as binary P123 + P84 and + F108
systems (Fig. S12) were chosen to demonstrate the effect of drug loaded

SAXS 1 wt% F68 0.5wt% P123 + 1 wt% F68 P123 + F68 +ibuprofen
Parameters
25°C 37°C 65°C 25°C 37°C 65 °C two-sphere model 25°C 37°C 65 °C two-sphere
model

Punimer (%) 05+ 01 07 01 02005 05=*0.04 05=*005 - - 0.5 + 0.05 0.5 * 0.03 - -

Rgb (nm) 3.3 4.1 1.2 3.2 2.7 - - 3.3 3.2 - -

Dmicette’ (%) - - 49 = 04 1.4 = 0.2 2.0 = 0.2 10.7 = 0.7 4.6 = 0.7 2.4 = 0.3 2.8 £ 0.2 14 0.7

Reore? (nm) - - 1.9 5.2 5.5 7.1 1.9 5.9 6.8 6.4 1.9

Rshen® (nm) - - 4.3 3.1 3.6 1.4/ 4.2 3.6 3.0 1.3/3.2 3.9
3.4

D (nm) - - 12.4 16.6 18.2 23.8 12.2 19.0 19.6 21.8 11.6

0 (%) - - 0.56 + 0.04 0.14 = 0.03 0.14 = 0.02 0.21 + 0.02 0.55 * 0.04 0.15 = 0.02 0.17 + 0.02 0.35 0.02

Shell SLD (10"°A?) - - 9.47 9.63 9.55 9.70/ 9.33 9.57 9.57 9.66/9.30  9.44
9.27

n" - - 22.8 5.9 6.0 13.4 22.6 6.42 6.77 18.3 8.1

(10" cm™?)

Nagg' - - 21 - - 56 21 82 77 63 9

Hydro Dy} (nm) 6.3 6.2 18.7 26.7 21.1 30.9 30 33 35

PDI* 0.22 0.23 0.16 0.22 0.13 0.23 0.22 0.19 0.09

*Punimer: Volume fraction of unimers. bRg: radius of gyration of unimers. ‘@p;certe: volume fraction of micelles. Reore! average core radius. “Rge: shell thickness. D:
diameter of micelle. £o: core polydispersity. "n: micelle number density. 'Nagg: aggregation number of the micelle. jDy: hydrodynamic diameter of micelle measured

by the DLS. “PDI: Polydisperse Index calculated by DLS measurement.
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on micellization process. The ibuprofen concentration used in this study
is one fifth of the saturated concentration of each system at 37 °C.
According to the HSDSC thermograms, addition of ibuprofen into the
systems substantially decreases the CMT of copolymers either in neat or
binary systems. For instance, T, of neat F108 1.5 wt% system without
ibuprofen is 35.7°C and 33.0°C for the system with ibuprofen.
Furthermore, the area of micellization peak for the system with ibu-
profen added is obviously much smaller than that of the system without
drug revealing smaller endothermic heat needed for micellization
process.

The ibuprofen solubility in the mixed-Pluronic systems was then
evaluated by UV/Vis spectrometry. Effect of molecular weight and
hydrophilicity of copolymers on drug incorporation were then carefully
examined. It has been found [12] that Pluronics with larger molecular
weight (F108 in the Fx8 series) and more hydrophobic characteristics
(P84 in the F8x series) exhibit better solubilization capacity for ibu-
profen. In this study, the hydrophobic Pluronic P123 with relatively
large molecular weight was introduced into the system to enhance the
ibuprofen solubility in the binary Pluronic system.

The solubility of ibuprofen in the binary P123 + F88 and
P123 + F87 systems, as illustrated in Fig. 4, are indeed 1.95 and 1.56
times that of neat F88 and F87 systems [12], respectively. However, the
solubility of ibuprofen in the binary 0.5wt% P123 + 0.368 wt% F84
system almost remains the same as that in the neat 0.868 wt% P84
system. Furthermore, ibuprofen solubility in pure water is 0.0206 mg/
ml at 35°C and 0.0264 mg/ml at 40 °C [38], that could be linearly in-
terpolated to estimate the solubility of ibuprofen at 37 °C around
0.0229 mg/ml. The solubility of ibuprofen in the P123 + P84 system is
114 times higher than that in pure water.

Although those three binary P123 + F88, P123 + F87 and
P123 + F84 systems have the same total amount of PO units, that does
not lead to identical solubilization capacity of ibuprofen. Effect of PEO
chain length of F8x on the solubility of ibuprofen in the mixed Pluronic
P123 + F8x systems at a fixed PPO chain length is in the order of
F84 > F87 = F88. It should be pointed out that in this study all the
solubility data were measured at 37 °C, which is lower than T, of the
P123 + F88 and P123 + F87 systems. Slightly lower solubility of ibu-
profen in the P123 + F88 and P123 + F87 systems at 37 °C may be due
to not all the F88 (or F87) molecules being integrated into mixed mi-
celles. Note that the P123 + P84 system exhibits the most outstanding
solubilization capacity of ibuprofen among all the binary Pluronic
systems at 37 °C in this study. Hydrophobicity of Pluronic copolymer
again plays an important role in drug loading. It may be attributed to
the longer PEO chain inducing more steric hindrance for the drug en-
trapment for F88 and F87.

w

Te D, without ibuprofen
140 - @ D, with saturated ibuprofen L
4 771 solubility B ; |
120 3 - p's -
1001 . / - F2E
4 . p g)
E 804 % 7 B
= h E
o 604 , 2
' a
40 - y
= o » ) & Al
204 » 7
0

F88+ F87+ P84+ F108+ F98+  F68+
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Fig. 4. Hydrodynamic diameter of aggregates (Dy, nm) and solubility of ibu-
profen in binary mixed Pluronic P123 + F8x (x =8, 7 and 4) and
P123 + F x 8 (x = 10, 9 and 6) system at 37 °C.
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There is an obvious increase in size of aggregates after the addition
of ibuprofen, as the hydrodynamic diameter of aggregates shown in
Fig. 4, implying that most of ibuprofen are entrapped inside the mi-
celles to enlarge the size of micelles. The size of aggregates for the
P123 + F88 system is obviously larger than the other two P123 + F87
and P123 + P84 systems in the presence/absence of ibuprofen. Also,
PDI for the P123 + F88 system with ibuprofen loaded is 0.12, and drops
to only 0.08 and 0.04 for the, respectively, P123 + F87 and
P123 + P84 system with ibuprofen loaded. Hence, unimodal distribu-
tion of aggregates are still maintained after drug loading in P123 + F87
or + P84 with exceptional drug solubilization capacity.

For system P123 + F x 8 (x = 10, 9, 8 and 6), solubility of ibu-
profen (Fig. 4) increases by 1.7 times higher than that of the neat F108
or F98 system [12]. The ibuprofen solubility in the P123 + F68 system
even shows 4 times higher than that of neat F68 system due to in-
trinsically low solubility of ibuprofen in the neat F68 system [12]. It is
interesting to find out that the solubility of ibuprofen in the mixed
Pluronic P123 + F x 8 systems with different molecular weights at the
fixed PEO/PPO mass ratio (80/20) is in the order of F108 = F98 =
F88 > F68. With the addition of P123, the effect of block chain length
of Fx8 on ibuprofen solubility is smeared. On the other hand, it is ob-
vious to observe that the longer the block chain length, the smaller the
micelle size. It is evidenced that PEO chains on each side of the Pluronic
molecules function as a stabilizer dispersing particles in aqueous solu-
tion. The longer the corona chains, the stronger the ability of micelles
dispersing with small volume in solution. PDIs for the three mixtures
P123 + F108, + F98 and + F68 after loading drug are 0.25, 0.28 and
0.06, respectively, at 37 °C.

Furthermore, in order to investigate structures of drug loaded mi-
celles as well as process of drug encapsulation, we conducted a series of
experiments of DLS and SAXS at a fixed ibuprofen concentration of
0.66 mg/ml incorporated in the P123 + P84, + F108 and + F68 sys-
tems. For the P123 + P84 + ibuprofen system, according to the DLS,
particle size remains stable at temperature higher than 25 °C (Table S5).
PDI dropped to 0.06 from 0.10 after the addition of drug, which in-
dicates promotion of micellization and unification of aggregations in
the presence of drug. The SAXS results demonstrate that the addition of
ibuprofen would decrease the volume fraction of P84 unimers from
0.38% to 0.22% for the P123 + P84 system at 25°C (Table S5), im-
plying more P84 unimers integrating into the aggregations for drug
encapsulation. Mixed micelles in the presence of ibuprofen with core
radius of 6.2nm and shell thickness of 3.1 nm formed at 25 °C that is
similar to that of the P123 + P84 mixed micelles (5.1 and 3.7 nm for
core radius and shell thickness, respectively, at 45 °C). It is interesting
to note that core radius enlarges from 5.1 to 6.2nm after drug in-
corporation, which could be also evidenced by the form factor shift to
lower q region on the scattering pattern (Fig. 2). Therefore, it is be-
lieved that the P123 + P84 mixed micelles are formed and simulta-
neously incorporates the ibuprofen inside the core region at 25 °C. It is
consistent with the results from HSDSC (Fig. S12) in which area of the
first endothermic peak diminishes prominently for the drug-loading
system compared to that without drug indicating less energy required
for the micellization in the presence of drug. When the temperature is
increased even higher than 37 °C, more copolymers develop into as-
semblies since the micelle number density dramatically increases from
9.38 x 10 (25°C) to 11.8 x 10'° ecm ™3 (37 °C) along with decreasing
volume fraction of unimers. Micelles with stable structures were ob-
served until 45 °C. According to the observations on the P123 + P84
micellization process with drug incorporated, some mixed micelles
formed by P123 and P84 copolymers with drug enclosed into its core
region at 25°C. Increasing temperature continues promoting mixed
micelle formation till 45 °C.

Variation of the micellization process as a function of temperature
for the P123 + F108 + ibuprofen system as reported in Table S5 is
similar to that of the P123 + P84 + ibuprofen system. Owing to the
higher CMT of neat F108 system compared to that of neat P84 system,



C.-F. Lee, et al.

micelles are formed mainly by P123 with some F108 copolymers at
25°C since similar core-shell structure of P123 was observed. The
dramatic increase in core radius from 4.9 to 6.5nm indicates that
ibuprofen is also incorporated in the micelle core. Mixed micelle for-
mation with drug stably encapsulated was thus observed when tem-
perature higher than 37 °C.

The P123 + F68 + ibuprofen system also demonstrates similar
tendencies. Interestingly, bimodal distribution of aggregates with neat
F68 micelles and mixed micelles coexisting was still observed in the
P123 + F68 + ibuprofen system at 65 °C, as the SAXS results reported
in Table 4. However, the addition of ibuprofen indeed enhances co-
operative binding between copolymers P123 and F68, as one can see
that the number ratio of neat F68 micelles and mixed micelles becomes
30/70. The number density of mixed micelles (and neat F68 micelles) in
the P123 + F68+ ibuprofen system is substantially larger (and smaller)
than that in the P123 + F68 system without ibuprofen. That is, much
more F68 molecules are integrated into P123 micelles to form mixed
micelles for encapsulating ibuprofen, compared to the system without
ibuprofen, as schematically illustrated in Fig. 3.

4. Conclusions

In this study, HSDSC, DLS and SAXS were applied to explore co-
operative binding between parent copolymers and solubility of drug
(ibuprofen) in binary mixed Pluronic systems. The binary P123 + F108,
+ F98, + F88 and + F68 systems were chosen to systematically ex-
plore the effect of molecular weight of Fx8 and the binary P123 + F88,
+ F87 and + P84 systems were used to systematically explore the ef-
fect of hydrophobicity of Pluronic on the temperature-dependent mi-
cellization process in the binary Pluronic systems.

All the HSDSC thermograms for these binary Pluronic systems
consistently exhibit two endothermic (micellization) peaks. The block
copolymer (P123) with a lower CMT would undergo dehydration at T,,,;
to form neat P123 micelles. This was further verified by the SAXS for
P123 dominated micelles coexisting with unimers of the other copo-
lymer at low temperatures. Since the volume fraction of unimers of the
other copolymer decreases along with increasing temperature, the other
parent copolymer is gradually integrated into neat P123 micelles. When
the temperature is further increased beyond its T,,,, the Pluronic with a
higher CMT would then dehydrate to form the mixed micelles. Also, it
was found that corona length of the micelles increases to the char-
acteristic length of the more hydrophilic one indicating the integration
of the other copolymer to form mixed micelles. Consider the binary
P123 + F108 system as an example. All the binary mixed Pluronic
systems, except the P123 + F68 system, examined in this study exhibit
cooperative binding to form unimodal distribution of mixed micelles.
The SAXS result shows that the binary P123 + F68 system at 65 °C
exhibits bimodal distribution of aggregates with coexisting of neat F68
micelles and P123 + F68 mixed micelles. That is, the P123 and F68
would exhibit rather weak cooperative binding to form mixed micelles
and majority of F68 would self-assemble into neat F68 micelles.

The parent copolymers, such as, P123 + F88, P123 + F87, and
P123 + F84, with dissimilar PPO chain lengths apart by 28 PO units
still exhibit cooperative binding to form unimodal distribution of mixed
micelles. While the parent copolymers P123 + F68 have different PPO
chain lengths apart by 37 PO units, that weakens cooperative binding
between P123 and F68 to form neat F68 micelles instead. The evolution
of temperature-dependent micellization process and micelle con-
formation for the binary P123 + F108 and P123 + F68 systems are
concluded and schematically illustrated in Fig. 3.

Addition of ibuprofen into the binary Pluronic system significantly
decreases the CMT and endothermic heat of micellization. On the study
of hydrophobic effect, solubilization capacity of P123 + F8x systems is
in the order of P84 > F87 = F88. Moreover, the participation of P123
smeared effect of molecular weight of Pluronic Fx8 on solubilization
capacity, which is in the order of F108 = F98 = F88 > F68. The SAXS
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results demonstrate that the drug (ibuprofen) is mainly encapsulated in
the core of neat P123 micelles at low temperatures. Increasing tem-
perature continues triggering the micellization process forming mixed
micelles with stable two shells structure. Moreover, addition of ibu-
profen promotes cooperative binding between P123 and F68 to enhance
mixed micelle formation leading to an increase (or a decrease) in
number density of mixed micelles (or neat F68 micelles) compared to
the system without ibuprofen.
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