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ABSTRACT: Vitamin E D-alpha-tocopheryl polyethylene glycol succinate (TPGS) and
polyethylene glycol are common excipients used in both preclinical and commercial formu-
lations. In this paper, the phase diagrams of TPGS and polyethylene glycol 400 (PEG 400) in
the presence of either water or ethanol were constructed. The effect of water and ethanol on the
cloud point temperature of TPGS—-PEG 400 mixtures was investigated. In general, the cloud
point temperature was reduced by the presence of either water or ethanol in the formulation.
However, water was more effective in lowering the cloud point temperature than ethanol. Sim-
ilarly, the phase diagram of TPGS-PEG 1450 was constructed. The cloud point temperature
was observed to decrease with increasing TPGS concentration. It was found that TPGS and
PEG 1450 could form a single phase when TPGS concentration was above 75%, based on dif-
ferential scanning calorimetry, and FT-Raman analysis indicated that a vibration at 1330 cm™
disappeared in the melted single phase. In addition, a systematic melting point depression was
observed for the mixtures of TPGS-PEG 1450. In the presence of Ibuprofen, a model compound,
the cloud point temperature was also reduced. Finally, the extended Flory—Huggins theory for
polymer solution was used to analyze the entropic and enthalpic contributions of water and
ethanol to the free energy of mixing. © 2011 Wiley-Liss, Inc. and the American Pharmacists
Association J Pharm Seci 100:4907—4921, 2011
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INTRODUCTION

The number of drug candidates entering devel-
opment has significantly increased largely due to
the implementation of high throughput screening
technology in the pharmaceutical industry.l2 Many
candidates have good permeability, but poor wa-
ter solubility, limiting their bioavailability. They are
typically classified as class 2 according to the biophar-
maceutical classification system.? To enhance their
oral absorption, both solubilized and emulsified liq-
uid formulations have been used to deliver these
compounds.* D-alpha-tocopheryl polyethylene glycol
succinate (TPGS), polyethylene glycol 400 (PEG 400),
and combinations of TPGS with PEG 400 are widely
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utilized in preclinical and early phase formulations as
well as commercial products for improving the ther-
modynamic solubility, eliminating the effect of par-
ticle size of active pharmaceutical ingredients (API),
and maintaining the “crash resistance” of formula-
tions in the gastrointestinal tract, in which a drug
molecule is kept in a supersaturation state to en-
hance the oral absorption of API.> Examples include
formulations of docetaxel and paclitaxel, containing
TPGS and ethanol,®7 and commercial formulations of
Tipranavir and Amprenavir,®%in which TPGS, PEG
400, and ethanol are important components. Both
Tipranavir and Amprenavir are delivered in softgel
capsules, in which formulations are exposed to water
during the manufacturing process. Besides their us-
age in formulations for oral delivery, TPGS, PEG 400,
water, and ethanol are also used in formulations deliv-
ering drugs transdermally or topically.’® In addition,
a combination of TPGS with high molecular weight
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PEG such as 1450 is often used to prepare semisolid
formulations to deliver drugs in hard gelatin capsules.
Furthermore, solid dispersions of API, TPGS, and
high molecular weight PEG were prepared for many
compounds such as halofantrine.!! Therefore, funda-
mentally, understanding the phase behavior of for-
mulation components such as TPGS, PEG 400, PEG
1450, ethanol, and water is critical to improve the
formulation performance. Even though the phase be-
havior of systems containing TPGS is not well un-
derstood, the phase diagrams of binary systems of
PEG/water, PEG/ethanol, and their physical proper-
ties, including vapor pressure, heat of mixing, and so
on, have been reported.!?1* Similarly, many ternary
systems consisting of poly(ethylene glycol) were con-
structed as well.!® Theoretically, both Flory—Huggins
(F-H)theory and the extended F—H theories with con-
sideration of specific interactions were used to ana-
lyze the coexistence of upper critical solution temper-
ature and low critical solution temperature for PEG/
water system.1?-17

Experimentally, cloud point temperature curves,
in which phase separation temperature was plotted
against the composition, were often constructed to in-
vestigate phase separation phenomena for systems
involving polymers.'®-2° The cloud point curves of the
PEG/water system at varying molecular weight dis-
tributions were reported by Saraiva et al.2! However,
a systematic study on the phase behaviors of systems
containing TPGS and PEGs in water or ethanol is still
missing. In this paper, TPGS, PEG 400, and PEG 1450
were selected as the major formulation components
(see Fig. 1 for their chemical structures). Cloud point
temperature curves were constructed for TPGS-PEG
400, TPGS-PEG 400/water, TPGS-PEG 400/ethanol,
and TPGS-PEG1450 systems because formulations
are often exposed to water during manufacturing and
ethanol is frequently added in formulations to solubi-
lize the drug. In addition, the composition of the solid
phase was studied using X-ray powder diffraction
(XRPD), differential scanning calorimetry (DSC), and
FT-Raman spectroscopy. To closely simulate a phar-
maceutical formulation, a model compound, ibupro-
fen (see Fig. 1), was selected to be incorporated into
all phases, and the impact of the compound on phase-
separation temperature was investigated. Finally, an
extended F-H theory, over-simplified for the current
systems, but could still serve as a qualitative guid-
ance for excipient selection, was used to analyze the
data.

Experimental
Materials

Vitamin E TPGS was purchased from Eastman
Chemical Company (Kingsport, Tennessee). PEG
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Figure 1. Chemical structures of (a) TPGS, (b) PEG (PEG
400, n = 9; and PEG 1450, n = 32), and (c) ibuprofen.

400 and PEG 1450 were purchased from the Dow
Chemical Company (Midland, Michigan). Water used
was obtained using a Milli Q-UV plus water purifi-
cation system from the Millipore Company (Billerica,
Massachusetts). Ethanol (absolute), purchased from
Sigma—Aldrich Chemicals, Inc. (Milwaukee, Wiscon-
sin), was used. Ibuprofen, obtained from Sigma—
Aldrich Chemicals, Inc., was used as a model com-
pound.

Experimental
Construction of Cloud Point Curves
TPGS-PEG 400/Water/Ethanol

A Symyx Core Module (Symyx Technologies Inc.,
Santa Clara, CA) assembly with an automated lig-
uid handling system, fitted with 250-mL positive dis-
placement pipette tips, a 22-gauge solvent delivery
piercing needle, an embedded Watlow heating bay
(Watlow Process Systems, Wright City, Missouri),
and an embedded VP-Scientific tumble stirrer (VP-
Scientific, Inc., San Diego, CA), is used for sam-
ple preparation and incubation. Symyx Lab Execu-
tion and Analysis software (Symyx Technologies Inc.,
Santa Clara, CA) was used to control all hardware as
well as to design and execute the dispensing of the
composition maps of Ibuprofen, PEG 1450, PEG 400,
TPGS, water, and ethanol into 1-mL, 96-well plates.
To construct phase diagrams, the following proce-
dures were performed: PEG 400 is liquid at room tem-
perature; however, PEG 1450 and TPGS are solid with
melting points of approximately 47°C and 36°C, re-
spectively. Aliquots of PEG 400, PEG 1450, and TPGS
were isolated in 20-mL scintillation vials as stocks
and each were heated to 43°C—45°C or 50°C-55°C for
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samples with and without PEG 1450, respectively, to
liquefy TPGS and PEG 1450. A nominal density of
the two components was determined at the incuba-
tion temperature. PEG 400 or molten PEG 1450 and
molten TPGS were then transferred volumetrically
to 1-mL glass vials in fitted aluminum, 96-well plates
to desired proportions. The sources and destinations
of this transfer were maintained at 43°C-45°C or
50°C-55°C by the embedded Watlow heating device.
Samples remained at the elevated temperature un-
til the initiation of the study. Samples were tum-
ble stirred during preparation to ensure homogene-
ity, with paraylene-coated magnetic stir bars and the
embedded VP-Scientific tumble stirrer. Stirring was
turned off to avoid bubble formation during the incu-
bation process once sample preparation was complete.
Sample vials were capped with a polypropylene cap
mat that fit snug into each vial. The cap mat was se-
cured by screwing an aluminum retainer plate down
onto the mat. Water and ethanol were added to the
plates with a piercing needle on the Symyx Core Mod-
ule, penetrating the “resealable” polypropylene cap.
Samples were heated and stirred during this addi-
tion to ensure homogeneity. Once whole solvent was
delivered to the plate, the cap mat was replaced with
a mat that had not been pierced. To observe the cloud
point where a phase separation occurs, the temper-
ature was reduced to target an initial sample tem-
perature of 38°C, and was lowered by 0.5°C each time
and maintained at each temperature point for 24 h, at
which point the phase separation was typically com-
pleted. This was verified by monitoring the kinetics of
phase separation for 72h. At each temperature point,
the cap mat was removed and samples were assessed
visually for any cloudiness. A cloud point was recorded
at the first sign of cloudiness. All samples that showed
cloudiness were recorded and the actual temperature
was measured using a digital thermometer. The blue
cap mat and aluminum retainer plate were replaced
back to their positions after observation, and the tem-
perature was set to a new set point. The initial experi-
ments were repeated and cloud point temperatures of
the samples were observed with a +0.25°C variabil-
ity. Visual observation of cloud point was also con-
firmed using a molecular device spectra spectrometer
(Max M12) from Molecular Devices Corporation (Sun-
nyvale, California).

Mixtures of TPGS-PEG 1450

To prepare TPGS—-PEG 1450 mixtures, the desired
amounts of TPGS and PEG 1450 were manually
weighed out based on a weight to weight ratio. Then
both materials were transferred into a 20-mL scintil-
lation vial followed by heating the vial to melt both
TPGS and PEG 1450. This procedure was repeated for
all TPGS-PEG 1450 (w/w) ratios. All samples were
liquefied by heating and were mixed for a few min-
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utes. Then all vials were placed in an oven for ob-
serving the cloud point. The initial temperature was
set to 50°C and 1°C decrements were used to lower
the oven temperature, and the observed cloud point
temperature had a +0.5°C variability. Samples were
maintained at each temperature for 24 h.

Mixtures of TPGS—-PEG 400 or PEG 1450-Ibuprofen

Ibuprofen samples were prepared using the proce-
dure described previously. Ibuprofen was dissolved
in PEG and PEG-TPGS stock samples prior to sam-
ple dispensing. Target concentrations were achieved
through a combination of stock ibuprofen solutions
and neat solvents based on a nominal density.

X-Ray Powder Diffraction

All XRPD patterns were obtained at room tempera-
ture using a Philips X’pert 3050 X-ray diffractome-
ter (Philips, Almelo, The Netherlands) at 40 mA and
45kV with Cu Ka radiation. A flat plate sample holder
was used for all samples. All scans were performed
within 26 angle range of 2°-32°, with a step size of
0.03° (20) using a scanning rate of one step per sec-
ond. To ensure no sample orientation effect, all sam-
ples were rotated during measurement.

Differential Scanning Calorimetry

A TA Q1000 DSC (TA Instruments, New Castle,
Delaware) was used to analyze the binary mixtures
of TPGS and PEG 1450. Approximately 5-10 mg of
each mixture of TPGS to PEG 1450 was first weighed
out and then transferred into an aluminum DSC pan
followed by sealing the pan. A pin hole was made
in each DSC pan with a needle to allow release of
potential volatiles. This procedure was repeated for
all TPGS-PEG 1450 mixtures. Then all DSC pans
were placed in the DSC carousel followed by initia-
tion of the run. The melted mixtures of TPGS-PEG
1450 samples were prepared by heating physical mix-
tures to a liquid state followed by cooling. Crystalliza-
tion of the TPGS-PEG 1450 mixture was monitored
by heating the mixture to the liquid state in a DSC
pan followed by slow cooling. A scan range of—20°C to
100°C was used, and a scanning rate of 1°C/min was
employed for all samples.

FT-Raman Measurement

A PhAT Raman (sn) system equipped with a near
infrared laser with a typical power output of 100 mW
(purchased from Kaiser Optical Systems, Inc.; Ann
arbor, Michigan) was used to record all FT-Raman
spectra at 785 nm laser excitation. The PhAT probe
used was a noncontact Raman probe with 6-mm spot
size and 250-mm focal length. Backscattering was at
180° and Stokes scattering was reported. The sample
exposure time varied from 5 to 20 s depending on the
sample, which resulted in a scan number variation of
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1-4. Spectra obtained ranged from 0 to 1900 cm™! and
the resolution was 0.3cm™!.

RESULTS

The phase behavior of combinations of common
excipients, TPGS-PEG 400, TPGS-PEG 400-wa-
ter, TPGS—-PEG 400—ethanol, and TPGS-PEG 1450,
which are typically used to deliver poorly water-
soluble compounds, has been investigated in this pa-
per. The results are reported in the following sections.
Because cloud point temperature is influenced by the
purity of polymers and their molecular weight distri-
bution, and such parameters may vary from supplier
to supplier, it is important to note that the cloud point
values shown in this article are specific to the manu-
facturers of the materials used in this study.

Mixtures of TPGS-PEG 400

In Figure 2, the cloud point temperature or phase
separation temperature (7. ), which is the upper
critical solution temperature at which any decrease
of temperature will cause phase separation, is plot-
ted as a function of TPGS concentration (w/w %) in
the TPGS—PEG 400 binary mixtures. As indicated in
Figure 2, TPGS and PEG 400 formed a single liquid
phase above Tc. The TPGS and PEG 400 system sep-
arated into two phases, liquid and solid, when the
temperature was lowered to below T, which is likely
due to the phase separation of PEG 400 and TPGS fol-
lowed by crystallization of TPGS. In general, as seen
from Figure 2, the cloud point temperature increases
with TPGS concentration or 7, decreases with PEG
400 concentration, which is probably due to the fact
that TPGS has a higher melting point than PEG 400.
As for the phase composition at a temperature(7) less
than T, it consists of solid TPGS and liquid PEG 400
as indicated below. Figure 3 shows the XRPD pat-
terns of a TPGS-PEG 400 mixture (50:50) at T' < T
as well as TPGS alone. As shown in Figure 3, the
XRPD pattern of TPGS-PEG 400 mixture at 7' < T

Liguid

Liguid + Solid

Cloud point temperature ('C)
&
L

21 T T T T T
0 10 20 30 40 s0 60

Percentage of TPGS (w/w)

Figure 2. Phase diagram of TPGS-PEG 400 mixtures:
top is the liquid phase and bottom is a mixture of solid and
liquid (w/w).
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matches exactly that of TPGS alone, indicating that
majority of the crystalline phase in the TPGS-PEG
400 mixture (T' < T.) is TPGS given that PEG 400
is liquid at room temperature, and PEG 400 has a
freezing point of 4—8°C. However, the phase behavior
of TPGS-PEG 400 changed significantly when water
was added to the system. Figure 4 shows the phase
diagram of TPGS-PEG 400—water with water con-
centrations varying from 0% to 20%. As shown in
Figure 4, the cloud point temperature of TPGS-PEG
400 consistently decreased with increasing water con-
centration. At 5% water (w/w) concentration, T, was
slightly reduced at a TPGS concentration less than
35%, and it remained the same as that without wa-
ter when the TPGS concentration was increased to
greater than 35%. At a water concentration of 10%, T
was further reduced, where it first plateau with TPGS
concentrations up to 35%, followed by an increase as
the concentration of TPGS increased. This suggests
that there is a strong interaction between water and
PEG 400/TPGS in the TPGS concentration range of
0%-35%. Beyond 35%, T is mainly affected by TPGS
because TPGS is in excess. When water concentra-
tion was further increased to 15%, T. was reduced to
about 18°C and it remained unchanged over the con-
centration range of TPGS studied, suggesting that
there are enough water molecules to interact with
both TPGS and PEG 400 so that both PEG 400-wa-
ter and TPGS—water interactions become dominant.
As indicated in Figure 4, at a 20% water concen-
tration, T, of TPGS—-PEG 400 was reduced to about
15°C, and gel formation was observed at a TPGS con-
centration greater than 35%, an indication of even
stronger PEG 400-water/TPGS—water interactions.
In addition, at this concentration of water, TPGS or
PEG 400 may form other phase structures, which
are beyond the detection method discussed in this
paper.

Similarly, the effect of ethanol on the phase be-
havior of TPGS-PEG 400 is shown in Figure 5. In
Figure 5, T, of TPGS-PEG 400—ethanol is plotted
as a function of TPGS concentration for TPGS-PEG
400—ethanol mixtures with ethanol concentrations
varying from 0% to 25%. Similar to the mixtures of
TPGS-PEG 400—water, T decreased with an increas-
ing concentration of ethanol, but the magnitude of
the reduction of 7. is much smaller. In other words,
compared with water, ethanol had less impact on the
phase behavior of TPGS-PEG 400 in terms of reduc-
ing T.. In addition, T, almost always increased with
increasing TPGS concentration for all mixtures in
the ethanol concentration range of 0%-25%. It is also
noted that for TPGS—-PEG 400—ethanol mixtures with
20% and 25% ethanol, T overlapped almost through-
out the entire TPGS concentration range. Further-
more, no formation of gel was observed for the mix-
tures of TPGS-PEG 400—ethanol.
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Figure 3. XRPD patterns of TPGS—-PEG 400 mixtures phase at room temperature: (bottom)
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Figure 4. Phase diagram of TPGS-PEG 400—water mix-
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water (w/w), (O) 15% water (w/w), and (A) 20% water (w/w).

Mixtures of TPGS-PEG 1450

In Figure 6, T of TPGS—-PEG 1450 mixtures is plotted
as a function of TPGS concentration. As shown in Fig-
ure 6, T. was observed to remain almost constant and
then decreased with increasing TPGS concentration
at a TPGS concentration greater than 65%. This is
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Figure 5. Phase diagram of TPGS-PEG 400-ethanol
mixtures: (A) 0% ethanol (w/w), (®) 5% ethanol (w/w), (o)
10% ethanol (w/w), («4) 156% ethanol (w/w), (A) 20% ethanol
(w/w), and () 25% ethanol (w/w).

because TPGS has a lower melting point (37°C-40°C)
than PEG 1450 (44°C-48°C). TPGS and PEG 1450
formed a single liquid phase at T' > T and they formed
solid phases at T < T.. However, it was difficult
to identify the solid phase composition using XRPD
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Figure 6. Phase diagram of TPGS-PEG 1450 (w/w).

because TPGS and PEG 1450 have similar XRPD
patterns (see Fig. 7). Figure 7 shows the XRPD pat-
terns of the TPGS-PEG 1450 mixture (melted) with
75% (w/w) TPGS, the corresponding physical mixture
of TPGS-PEG 1450, TPGS alone, PEG 1450 alone,
and a silica reference. The XRPD pattern of melted
TPGS-PEG 1450 mixture matched that of the phys-
ical mixture as well as that of TPGS alone and PEG
1450 alone due to the structural similarity between
TPGS and PEG 1450 (see Fig. 1). On the contrary,

the melted mixtures of TPGS with PEG 1450 be-
haved thermally different from the physical mixture
of TPGS and PEG 1450, as indicated by DSC (see
Figs. 8, 9, and 10). Figure 8 shows the DSC thermo-
grams of the physical mixture of TPGS-PEG 1450
(25:75, w/w), TPGS, and PEG 1450. As indicated in
Figure 8, the physical mixture of TPGS with PEG
1450 exhibited two melting endotherms correspond-
ing to the melting endotherms of the individual com-
ponents. Figure 9 shows the melting behavior of the
mixtures of TPGS-PEG 1450 with TPGS concentra-
tions varying from 10% to 90% (w/w), which were pre-
pared by heating the two components to liquid state
followed by cooling. As shown in Figure 9, the en-
dotherms of TPGS and PEG 1450 completely merged
into one at a TPGS concentration of 75% (w/w), a pos-
sible indication of the formation of a single phase.
Similarly, as seen in Figure 10, the crystallization be-
havior of TPGS-PEG 1450 mixtures was monitored
by DSC, in which the crystallization temperature was
found to decrease with increasing TPGS concentra-
tion. To further explore the formation of a single phase
between PEG 1450 and TPGS, FT-Raman spectra
were acquired (see Fig. 11). In Figure 11, the Raman
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Figure 7. XRPD patterns of silica reference, PEG 1450, TPGS, physical mixture of TPGS-PEG
1450 (75:25, w/w), and melted mixture of TPGS-PEG 1450 (75:25, w/w) (from bottom to top).
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spectra of PEG 1450, the physical mixture of TPGS
and PEG 1450, TPGS, and the melted phase of TPGS
and PEG 1450 are shown. Raman spectra for all sam-
ples appeared very similar except for TPGS alone. The
physical mixture of TPGS and PEG 1450 has a vibra-
tion at 1330 cm™!, which disappeared from the melted
phase of TPGS and PEG 1450 (75:25, w/w). The ob-
served vibrations can be classified into two groups
based on their vibration modes: CHs scissor and CH,
wag.2?72¢ Vibrations around 1486, 1480, 1447, and
1397 cm™! belong to CHy scissor and the vibrations
around 1364 cm™! is due to CHy; wag.?? Both PEG
1450 and TPGS showed these vibrations because part
of TPGS is PEG 1000, which has the same repeat-
ing unit as PEG 1450. However, the vibration around
1330 cm™! was only observed for TPGS and the physi-
cal mixture of TPGS and PEG 1450, which is probably
due to a -CH or ring vibration of the Vitamin E por-
tion of TPGS.?22* This vibration might be associated
with the crystalline structure of TPGS. As seen from
Figure 11, the peak around 1330 cm™! disappeared for
the melted phase of TPGS and PEG 1450.

Mixtures of TPGS-PEG 400/1450-1buprofen

In Figures 12 and 13, the phase diagrams
for TPGS-PEG 400-ibuprofen and TPGS-PEG
1450—-ibuprofen mixtures are shown. As indicated
in Figures 12 and 13, T, was significantly reduced

DOI 10.1002/jps

for both TPGS-PEG 400 and TPGS-PEG 1450 mix-
tures in the presence of ibuprofen, in which 7', con-
sistently decreased with increasing concentrations of
ibuprofen, an indication of a strong interaction be-
tween ibuprofen and other components. As shown in
Figure 12, T, increased with increasing TPGS concen-
tration for all mixtures except for the mixture with
25% ibuprofen. At 25% (w/w) ibuprofen, T, remained
constant for TPGS-PEG 400—ibuprofen mixtures
until the TPGS concentration reached above 30%
(w/w). For the TPGS-PEG 1450-ibuprofen mixtures
it was noticed that there was a slight decrease in T\
with TPGS concentration for all ibuprofen concentra-
tions (Fig. 13). This was expected because the melt-
ing temperature of TPGS is lower than that of PEG
1450.

DISCUSSION

Chemically, PEG 400 and PEG 1450 have the same
repeating unit, -OCHz-, except that PEG 1450 is a
larger molecule (see Fig. 1). TPGS is a succinated
conjugate of PEG 1000 with Vitamin E. Its structure
is shown in Figure 1. These materials have proper-
ties between small molecules and polymers because
their molecular weight is higher than that of a typ-
ical small molecule and lower than that of a typical
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macromolecule even though TPGS is surface active.
In this paper, the F-H theory, which takes the con-
nectivity of monomers into consideration, was used to
understand the phase behavior of these systems, al-
though for practical systems described in this paper,
this theory is oversimplified.?? In particular, interpre-
tation of F—H interaction parameter () is becoming
more difficult for systems with specific interactions.2®
The first version of the F—H theory (zero approxima-
tion) considered only endothermic mixing, which is
true for systems involving only dispersion forces, and
x > 0, meaning that the entropy is the driving force for
mixing.?” In practice, x is semiempirical, which also
consists of a nonzero noncombinatorial entropic con-
tribution (x = xg + xs). In general, x for a practical
system depends on many factors, including temper-
ature, polymer concentration, the molecular weight
distribution of polymers, and so on.?® Practically, x
is often treated as a phenomenological parameter,
which is often obtained by constructing cloud point
curves.?? Furthermore, for systems with known in-
teractions such as hydrogen bonding, a free energy
term accounting for this specific interaction was in-
troduced into the F—H theory.3?-3! In this paper, PEG
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400, TPGS, and water/or ethanol were chosen for their
practical utilities in pharmaceutical formulations. Be-
cause PEG 400, water, and ethanol are either small
molecules or oligomers, and the contribution of the
entropy of mixing to the free energy is significant,
the F-H theory has been chosen to evaluate this con-
tribution. As known from the literature, mixtures of
PEG 400/water or PEG 400/ethanol involve forma-
tion of hydrogen bonding3? and the original F-H the-
ory is not adequate to account for it because it was
developed for systems with nonpolar interactions.??
An extended F-H theory with additional free energy
terms accounting for hydrogen bonding will be used in
this paper. To simplify the treatment, this paper will
stick to the interaction of only two molecular terms
and ignore the higher interaction terms.?* Similar to
the approach taken by Tompa,?® PEG 400, TGPS, and
water system or PEG 400, TPGS, and ethanol system
will be considered as two polymer/oligomer and one
solvent system (solvent as component 1) with ;o
x13- In the following section, the F—H theory of mixing
two polymers or two polymers with one solvent will
be used to analyze the phase equilibria reported in
this paper.
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Figure 10. DSC thermograms of crystallization of TPGS-PEG 1450 mixtures (from bottom
to top): 90% TPGS (w/w), 75% TPGS (w/w), 60%TPGS (w/w), 25% TPGS (w/w), and 10% TPGS
(wiw).
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Figure 11. FT-Raman spectra of PEG 1450, physical mixture of TPGS-PEG 1450, TPGS
alone, and solid phase from the melted mixture of TPGS-PEG 1450 (75:25, w/w) (from bottom
to top).
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Figure 13. Phase diagram of TPGS-PEG 1450—ibuprofen
mixtures: ((J) 0% ibuprofen (w/w), (B) 5% ibuprofen (w/w),
(A) 10% ibuprofen (w/w), (A) 15% ibuprofen (w/w), (O) 20%
ibuprofen (w/w), and (®) 25% ibuprofen (w/w).

Theoretical Background

The original F-H free energy of mixing is made of
two parts: the entropy of mixing and the enthalpy
of mixing. In general, for polymer—polymer mixing
or polymer—solvent mixing, the free energy of mix-
ing per unit volume is expressed as below:For binary
systems,

AGy

_RT |:¢1 Ing, | ¢slng,
== +
Vo m ny

+ mm} (1)

where Vy, ¢1, ¢2, x, n1, ne, R, and T are volume,
volume fractions of component 1 and 2, the F-H in-
teraction parameter, the degree of polymerization of
components 1 and 2, the gas constant, and the tem-
perature, respectively. For a system with hydrogen
bonding interactions, AGy is added to Equation 1,
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and Eq.1 can be written as

AGy =

RT |:¢1 In ¢, $21n ¢y
- +
Vo ny ny

+ AGy (2)

+¢1¢2X]

Similarly, for a ternary system, the original F-H
theory is written as

AGV=E[¢IIH¢1 + $21n ¢y n $31n ¢g
V() ny ny ns

+ P1d2x12 + Pad3X23 + P103%13] 3

where Vo, ¢1, ¢, ¢3, X12, X23, X13, N1, N2, 3, R, and T
are the volume, volume fractions of components 1, 2,
and 3, the F-H interaction parameters of components
land 2,2 and 3, and 1 and 3, the degree of polymeriza-
tion of components 1, 2, and 3, the gas constant, and
the temperature, respectively. For a ternary system,
three free energy change terms resulting from hydro-
gen bonding interactions can be added to Equation 3,
and Eq. 3 is therefore written as

AGy ﬂ[¢1ln¢1 n P2 1In ¢y n ¢31n g3

Vo ni ng n3
+ P1dax12 + Pad3x2s + P1d3x13]
+ AGH12 + AGH13 + AGH23 4

On the basis of phase stability conditions, both
the second and the third derivatives of the free en-
ergy of mixing with respect to composition are equal
to zero at a phase separation point. However, for
both binary and ternary systems, the mathematical
derivation could be very lengthy and therefore it is
omitted here. In the following discussion, the experi-
mental results will be interpreted qualitatively based
on the extended F-H theory of mixing. In addition,
volume fraction is used in the F-H theory instead
of the weight fraction, but the conclusion should be
still valid given that the density of these materials is
mostly around 1 g/mL.

TPGS-PEG 400 System

As seen in Figure 2, TPGS and PEG 400 were miscible
above the cloud point temperature (above the crys-
tallization temperature of TPGS). T, increased with
TPGS concentration, indicating that there might be
some interaction between TPGS and PEG 400. How-
ever, based on literature data, it is expected that the
nonpolar interactions between PEG 400 and TPGS
were very weak and x can be treated as zero.36:37
Based on Eq. 2, the free energy of mixing for PEG 400
and TPGS is made of entropy, enthalpy (nonpolar in-
teraction), and hydrogen bonding interaction. Given
that PEG 400 and PEG 1000 (PEG portion of TPGS)
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Table 1. The Calculated Combinatorial Entropy (in Terms of
RT/Vy) of PEG 400-TPGS Binary System

Percentage of Percentage Calculated Entropy
PEG 400 of TPGS (RTIVy) (Jlem?®)a
95 5 -0.0126

90 10 -0.0219

85 15 -0.0296

80 20 -0.0363

75 25 -0.0420

70 30 -0.0469

65 35 -0.0510

60 40 —-0.0542

55 45 -0.0567

50 50 -0.0584

45 55 -0.0592

a(RT/Vy) is 68 J/cm? assuming at 298 K if a density value of 1.2 g/cm?
is used for PEG 400.

have a degree of polymerization of about 8 and 23
with negligible nonpolar interactions, Eq. 2 can be
rewritten as

AGy = —
Gv 8 23

RT |:¢1 In ¢, $21n ¢y
Vo

} +AGH ()

In Table 1, the calculated entropy values based on
Eq. 5 are listed. As seen in Table 1, the change of

entropy (% + %) lé—OT) is very small as the

concentration of TPGS is varied from 5% to 50% (for
instance, assuming temperature is 298 K, the change
is only about 3J/cm?). Because T, is affected by the
composition (see Fig. 2) and the entropy of mixing
(a combinatorial term) of the system stays about the
same in the concentration range studied, it suggests
that there might be hydrogen bonding interaction (the
interaction energy of the weakest hydrogen bonding
is around 0.5 kcal/mol) between TPGS and PEG 400,
which affects 7. For the ternary system with water
or ethanol, Eq. 2 can be rewritten as

RT[¢1In¢;  ¢olng, ¢3lngg
AGy = —
=7 [ 1 g8 23
+ ¢109X12 + P2d3X23 + P103x13] + AGHI2
+AGwu13 + AGHas (6)

For the mixtures of TPGS-PEG 400—water, xio,
Xx23, and xi13 represent the nonpolar interactions
between water and PEG 400 (xprGg 400-water), PEG
400 and TPGS (xtpcs—pEG 400), and water and TPGS
(XTPGS-water); X12 = x13 > 0, based on the original
F-H theory and x93 = 0 (mixing of homologous poly-
mers) from literature.?6-37 Therefore, these interac-
tions do not contribute to mixing favorably. Com-
paring Eq. 6 with Eq. 5, the addition of water can
increase the entropy of the system because water
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is a small molecule (see Table 2). More importantly,
the introduction of water into TPGS-PEG 400 mix-
tures also introduces two additional hydrogen bond-
ing interactions: AGurpes_water aNd AGHPEG 400-water-
As shown in literature, the mixing of PEG 400 with
water is typically exothermic and the heat of mix-
ing per gram of water at room temperature for PEG
400 can vary from a few joules (negative) to a few
thousands joules (negative) depending on the poly-
mer concentration.'? Similarly, the mixing of PEG
1000, the hydrophilic portion of TPGS, with water
is also typically exothermic and its value depends
on both temperature and concentration. As shown in
Figure 4, with the presence of water (w/w) in the mix-
tures of TPGS-PEG 400—water from 5% to 20%, T
was consistently reduced, particularly at a TPGS con-
centration less than 35%. To explain the contribution
of water to the decrease in T both the entropy of
mixing (combinatorial term) and the resultant free
energy change due to hydrogen bonding needs to be
evaluated. With an introduction of a small amount of
water, an small increase in the entropy of the system
is shown (see Table 2, for instance, the entropy term is
~26 J/cm? for 5% water/75% PEG 400/20%RTPGS as
compared with 2.5 J/cm? for PEG 400/TPGS system at
80% PEG 400 and 20% TPGS), and the contribution
of the hydrogen bonding interactions between TPGS
and water (AGHTPgS_water) as Well as PEG 400 and wa-
ter (AGHPEG 400-water) 18 also very small due to small
quantity of water and, therefore, the impact of water
on the overall free energy and the phase behavior of
TPGS-PEG 400 mixtures is very limited. By increas-
ing the water concentration (10% and 15%) in the
mixtures of TPGS-PEG 400—water, the contribution
of water to both entropy (see Table 2) and hydrogen
bonding interaction becomes significant. Experimen-
tally it was seen that first the cloud point tempera-
ture of the system was reduced with increasing water
concentration due to a free energy change. Secondly,
the interaction between water and PEG 400/TPGS be-
came so dominant that 7, remained constant in most
of the TPGS concentration range, suggesting that
entropy effect has diminished. In particular, when
the water concentration was increased to 20%, the
contribution from the PEG 400—water/TPGS—water

Table 2. The Calculated Combinatorial Entropy (in Terms of
RT/Vy) of PEG 400-TPGS—Water Ternary System

Percentage  Percentage Percentage of Calculated Entropy
of TPGS of Water PEG 400 (RT/Vy) (J/ecm?® )
20 5 75 -0.191

20 10 70 -0.275

20 15 65 -0.334

20 20 60 -0.374

20 25 55 -0.402

ao(RT/Vy) is 138 J/cm?® at 298 K.
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Table 3. The Calculated Combinatorial Entropy (in Terms of RT/Vj) of PEG 1450-TPGS Binary System

Percentage Percentage of Calculated Entropy

of TPGS PEG 1450 (RT/V,) (J/em?®)e Comments

10 90 -0.0130 Early part of the curve

20 80 -0.0196

30 70 -0.0235 No significant decrease of cloud point
40 60 -0.0255

50 50 -0.0259

60 40 -0.0248

70 30 -0.0221 Cloud point starts to decrease
80 20 -0.0178

90 10 -0.0113

a(RT/Vy) is 68 J/cm? at 298 K if a density value of 1.2 g/cm? is used for PEG 1000/PEG 1450.

interactions (XTpgS_water) Was so great that gel
formation was observed. It is also possible that other
phase structure formed at this concentration because
both PEG 400 and TPGS can form organized struc-
tures as their concentration increases.?%:39 However,
we are only focusing on the practical aspects of their
phase behavior.

A similar analysis can be used to evaluate the im-
pact of ethanol on the phase behavior of the mixtures
of TPGS-PEG 400. As shown in Table 2, the entropy
change of the system when ethanol is added is the
same as that with added water and, therefore, the ef-
fect of combinatorial entropy on free energy should be
same for both systems. As shown in Figure 5, ethanol
was not very effective in reducing 7, as compared
with water. The extent of T\, reduction was only about
5°C even when 25% ethanol was added. In addition,
T. always increased with increasing TPGS concentra-
tion. This suggests that the hydrogen bonding inter-
action between ethanol and TPGS as well as between
PEG 400 and ethanol is very weak or does not exist.
This is supported by the fact that mixing of PEG with
ethanol is not exothermic and, in fact, it is reported
that mixing of PEG 400/200 mixture with ethanol can
yield excess molar enthalpy of 1034 J due to breaking
up of the strong hydrogen bonding among the alcohol
molecules.'?:14 Therefore, T, reduction with addition
of ethanol might be mainly due to the contribution of
combinatorial entropy.

TPGS-PEG 1450 System

Regarding the binary mixture of TPGS-PEG 1450,
the entropic contribution to the free energy of mixing,
Ié—f(% + ‘pzé—g%) according to Equation 1, is very
small as shown in Table 3. This is because PEG 1450
has a degree of polymerization of 32 and TPGS (the
PEG 1000 portion) has a degree of polymerization of
23. Based on literature data,?%:37 TPGS and PEG 1450
have very little nonpolar interaction and therefore,
XTPGS-PEG 1450 1s fairly small and can be treated as
zero. As shown in Figure 6, T, which remains al-
most constant in most of the concentration range of
PEG 1450, started to decrease significantly only when
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Figure 14. Phase diagram of TPGS-PEG 1450 based on
melting of TPGS-PEG 1450 mixtures (w/w).

the TPGS concentration reached about 65%, indicat-
ing that there is a strong interaction between PEG
1450 and TPGS possibly due to hydrogen bonding at
a high TPGS concentration (>65%). On the basis of
DSC thermograms shown in Figure 9, it appears that
TPGS and PEG 1450 formed a single phase when
the TPGS concentration was greater than 75%. This
is again an indication that there might be a strong
interaction between TPGS and PEG 1450 at this con-
centration of TPGS. On the basis of the DSC thermo-
grams shown in Figure 10, it can be concluded that
the presence of TPGS in the TPGS-PEG 1450 mix-
tures decreased the onset temperature of crystalliza-
tion. In Figure 14, the DSC data originally shown in
Figure 9 was replotted, in which the melting point
of the solid phase of TPGS—-PEG 1450 and the tem-
perature at which the last portion of the solid disap-
peared was plotted as a function of TPGS concentra-
tion. As shown in Figure 14, a continuous decrease in
the melting point with TPGS is observed, which can
be modeled using a melting point depression equation
for macromolecules:

RTTy

AT = —
AH;

[In(@ = 1)+ (1 =) (@) + xx (9] (D

where Ty and AHy are the melting temperature and
the heat of fusion of PEG 1450, and ¢, x, and yx
are the volume fraction of TPGS, the volume ratio
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Figure 15. Phase diagram of TPGS-PEG 1450 based on
crystallization of TPGS-PEG 1450 mixtures (w/w).

of PEG 1450 over TPGS, and the F-H interaction pa-
rameter between TPGS and PEG 1450,%0-4! respec-
tively. On the basis of Eq. 7, there are three parame-
ters affecting the melting point: the volume ratio, the
F-H interaction parameter, and the volume fraction.
A small molecule can significantly affect the melt-
ing point of a big molecule (large x). In the case of
TPGS, it always reduces the PEG 1450 melting point.
Because the volume ratio of PEG 1450 to TPGS is
not very big, it is expected that the interaction would
play a role in the TPGS-PEG 1450 phase diagram
(melting). As seen in Figure 14, TPGS only moder-
ately influences the melting point of PEG 1450. The
onset temperature from the crystallization curve in
Figure 10 is plotted as a function of TPGS concen-
tration in Figure 15, which shows a similar trend as
that of the melting curve, except that there is a tem-
perature shift due to the difference between the on-
set temperature for melting and the one for crystal
formation.

TPGS-PEG-Ibuprofen

Similarly, the F-H theory for a ternary system can
be applied to the mixtures of TPGS-PEG—ibuprofen
(see Eq. 6). On the basis of Eq. 6, the contribution
of ibuprofen to the entropy of mixing should be sim-
ilar to that of water or ethanol because ibuprofen is
also a small molecule. As shown in Figures 12 and
13, ibuprofen can significantly impact the T of the
TPGS-PEG 400 and TPGS-PEG 1450 mixtures, in-
dicating a strong interaction between ibuprofen and
the other two components. Therefore, the reduction
of T. is probably due to some specific interactions
in addition to the effect of melting point depression
as indicated in Eq. 7. However, the type of specific
interaction existing for these mixtures cannot cur-
rently be identified, although it is speculated to be
hydrogen bonding based on the structure of ibupro-
fen. A further investigation is needed to clarify this
matter.
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Implications on Formulation Development

In practice, T., which is an upper critical solution
temperature for the systems reported in this pa-
per, is a critical parameter to consider from storage
point and operational point of view. Experimentally,
cloud points are best determined by light scattering,
neutron scattering, and other spectroscopic methods.
However, this is not practical in most pharmaceuti-
cal companies. Therefore, cloud points are likely to be
observed with naked eyes as was observed by Shultz
and Flory!® 1950. In this case, it is difficult to ex-
actly determine the temperature of phase separation
because often the cloud points are discerned after sig-
nificant phase growth occurs. As reported in the lit-
erature, cloud point values are also affected by the
rate of cooling and kinetics of heat transfer.*> Never-
theless, it is still a useful tool to guide formulation
development, particularly when a storage condition
for a formulation is in question. For the current for-
mulations consisting of TPGS and PEG 400, the ratio
of TPGS to PEG 400 will vary depending on the physi-
cal, chemical, and biological properties of compounds.
A typical range of concentration for TPGS is between
5% (w/w) and 15% (w/w). As shown in Figure 2, in this
concentration range, the cloud point temperature of
TPGS-PEG 400 mixtures could vary from 22°C to
25°C without considering the impact of API. There-
fore, a formulation with 7. between 22°C and 25°C
needs to be stored above 25°C to avoid phase separa-
tion. As seen in Figure 4, the presence of a specified
amount of water lowers the T, allowing the formu-
lation to be stored at room temperature. In the case
of formulations containing ethanol, T is above 20°C
when the TPGS concentration is 15%, without consid-
ering the influence of API. Therefore, these formula-
tions need to be maintained above 20°C to avoid phys-
ical stability issues. In the case of ibuprofen formula-
tions, the T was lowered by Ibuprofen. Therefore, for-
mulations containing ibuprofen would be maintained
in their liquid state at room temperature.

For formulations involving TPGS and PEG 1450,
the phase structure of the vehicles in the formulations
needs to be considered as the TPGS concentration in-
creases. Below 75% there are two phases and above
75%, only single phase forms. Without considering the
impact of API, formulations with a high TPGS concen-
tration have a low melting temperature, which facili-
tates the dissolution of a vehicle in vivo. In addition,
increasing amounts of TPGS may, in some instances,
stabilize the API. For hard gelatin capsule formula-
tions using PEG 1450/TPGS, melting and crystalliza-
tion temperatures are more practically useful as com-
pared with cloud point because they might be related
to formulation performance and its stability related
to manufacturing. In the case of ibuprofen formu-
lations, T, was reduced. It is suspected that these
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formulations may liquefy at a lower temperature,
which may impact the stability and other aspects of
these formulations. In general, API can impact the
phase behavior of a formulation significantly. In cases
where T is reduced by API, it has a beneficial impact
on liquid formulations from a physical stability point
of view. However, for semisolid formulations, it has a
negative impact in terms of chemical stability, in that
a higher T, will enhance the stability of the formu-
lations. It has an opposite effect when API increases
the T of the formulations.

CONCLUSIONS

On the basis of the phase diagram of TPGS-PEG
400, it was found that TPGS increased the cloud
point of PEG 400, suggesting that any PEG 400 for-
mulation containing TPGS may have the potential
for precipitation of TPGS during storage. Both wa-
ter and ethanol, according to the phase diagrams of
TPGS-PEG 400—water and TPGS—-PEG 400—ethanol,
lowered the cloud point of the TPGS-PEG 400 system.
Water was more efficient than ethanol in lowering
the cloud point of the system, presumably due to the
fact that water/TPGS and water/PEG 400 have strong
hydrogen bonding interaction.*3 The effect of API on
the phase behavior of TPGS-PEG 400 was evaluated
by using ibuprofen as a model compound. It was ob-
served that ibuprofen reduced the T, of TPGS-PEG
400 significantly. As indicated in the TPGS-PEG 1450
and TPGS-PEG 1450—ibuprofen phase diagrams, the
cloud points of these mixtures were reduced by both
TPGS and ibuprofen. In addition, the presence of
TPGS in PEG 1450 formulations systematically de-
pressed the melting point of PEG 1450. TPGS and
PEG 1450 formed a single phase when the TPGS con-
centration was above 75%, as indicated by the DSC
results. However, XRPD diffractograms did not show
any structural changes because TPGS and PEG 1450
have similar XRPD patterns. FT-Raman data indi-
cated that, in this case, the molecular interaction be-
tween TPGS chains might be interrupted.
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