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ABSTRACT: A method is presented for determining the equilibrium solubility of a drug in
a solid polymer at or near room temperature, which represents a typical storage temperature.
The method is based on a thermodynamic model to calculate the Gibbs energy change AGss
associated with forming a binary drug—polymer solid solution from the unmixed polymer and
solid drug. The model includes contributions from heat capacity differences between the solid
solution and the corresponding unmixed components, breaking up of the solid drug structure,
and drug—polymer mixing. Calculation of AGgss from thermal analysis data is demonstrated,
and it is shown that minima of plots of AGgs versus the dissolved drug concentration represent
the equilibrium drug solubility in the polymer. Solid solutions were produced for drug—polymer
systems (griseofulvin, indomethacin, itraconazole; PVP K30, Eudragit LL100, Eudragit E100)
in drug weight fractions up to ~25%. At 25°C, it was seen that heat capacity effects were
important in determining the drug solubility. It was concluded that drug solubilities in solid
polymers can be determined using thermal analysis, and must include heat capacity effects
when evaluated near room temperature. © 2012 Wiley Periodicals, Inc. and the American
Pharmacists Association J Pharm Sci 101:4549-4558, 2012
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INTRODUCTION

Formulating poorly water-soluble drugs as solid solut-
ions in a polymer can facilitate faster dissolution and
increased bioavailability compared with the drug in
its stable crystalline form.!-> However, at dissolved
drug concentrations above the equilibrium solubility
in the polymer, these systems are thermodynamically
unstable and dispersed drug molecules tend to precip-
itate within the matrix, resulting in a loss of the sol-
ubility/dissolution benefits.* If a supersaturated solid
solution is stored for “infinite” time, the final dissolved
drug concentration will equal its equilibrium solubil-
ity (referred to here as the solubility) in the polymer.
Therefore, it is of practical interest to know the solubi-
lity at or near room temperature (taken here as 25°C),
which represents a typical storage temperature.
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Experimentally determining the solubility of a
drug in a solid solution at typical storage tempera-
tures is challenging. For instance, if a supersaturated
solid solution is stored at room temperature, the time
required for precipitation/equilibration would typi-
cally be prohibitively long. A similar comment applies
to producing a physical mixture and allowing the drug
and polymer to mix by diffusion at room temperature.
Accelerated studies at higher temperatures introduce
problems because, unlike solutions in liquid solvents,
no general methods exist to calculate the drug solubil-
ity in a drug—polymer solid solution at room tempera-
ture from data obtained at elevated temperatures. As
a result, much recent work has focused on other ways
to determine the solubility of a drug in a polymer.

Most literature discussions have considered the
drug and polymer chemical properties, and are anal-
ogous to the Hildebrand—Scott theory of real so-
lutions for liquid solvents.’~7 Solubility parameters
have been calculated and related to small molecule—
polymer interaction parameters,®° which have been

JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 101, NO. 12, DECEMBER 2012 4549

Mayne Pharma International Pty Ltd. Ex. 2191
Merck v. Mayne, IPR2016-01186
Page 1 of 10



4550 BELLANTONE ET AL.

used with the Flory—Huggins model®® to calculate the
enthalpy of mixing of drugs in polymers.!! The heat
of melting of a drug also affects the solubility, based
on arguments similar to those used in liquid solution
theory.57

Methods proposed to determine the drug sol-
ubility in a polymer include: determining the
solubility in monomer/dimer liquid forms of the
polymer,'2-13 drug—polymer complexation studies,
correlating drug and polymer solubilities in common
solvents,’® solubility parameter determination,!6-7
eutectic characterization,'®1° determining drug melt-
ing point depression in physical mixtures,!? determin-
ing temperatures at which phase separation vanishes
as a function of drug loading in physical mixtures,2%-22
and determining the undissolved drug amounts from
observed heats of drug melting for dispersions stored
above the glass transition temperature 7,.2> How-
ever, each approach has drawbacks and shown limited
success in predicting the equilibrium drug solubility
in a polymer, especially near room temperature.

Methods that determine the solubility in liquid me-
dia, such as monomer/dimer solubility and complex-
ation, neglect the limitations on molecular motion
and orientation due to the solid matrix structure.
Also, drug—polymer complexations in liquid solvents
involve interactions in a three-component system,
which can be very different from the drug—polymer
interactions in the absence of a liquid solvent. Meth-
ods based on solubility parameters have met with
little success—different molecules with similar sol-
ubility parameters may not show similar behavior
when introduced into a polymer.® Eutectics have been
investigated by thermal methods and have theoret-
ical links to interactions between the polymer and
small molecules,'® but the eutectic temperature is
usually not similar to the storage temperature. A sim-
ilar comment applies to methods that provide data
at temperatures well above room temperature, such
as drug particle melting point depression, determina-
tion of temperatures at which phase separation van-
ishes, and using observed heats of melting of undis-
solved drug particles. Because temperature effects in
drug—polymer solid solutions are complex, it is diffi-
cult to estimate solubilities at room temperature from
data obtained with those methods. The presence of
undissolved particles also introduces problems. The
Flory—Huggins model has been applied to drug melt-
ing point depression data in physical mixtures to cal-
culate drug—polymer interaction parameter. However,
a uniform mixing of the drug and polymer at the
molecular level is assumed when calculating the drug
and polymer volume fractions, which does not hold
when drug particles are present.!!

Importantly, none of the above methods account
for heat capacity changes that result when forming a
solid solution. For given drug and polymer amounts,
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the heat capacity of a solid solution does not equal
the sum of the heat capacities of the components be-
fore mixing, which contributes to the change in Gibbs
energy AGgs due to the formation of a solid solu-
tion.These effects are not included in mixing and/or
melting terms. For instance, models of drug—polymer
interaction parameters, such as those based on the
solubility parameters, only account for potential en-
ergy changes due to the intermolecular attraction
differences,’1° whereas heat capacity differences re-
flect changes in the available modes of molecular mo-
tion and kinetic energy.24-2

Some models of the solubility of a solid drug in a
liquid solvent account for heat capacity differences
between the solid drug and its supercooled melt,®
and neglect heat capacity changes in the liquid sol-
vent due to the dissolution. However, the heat ca-
pacity differences in a solid medium due to dissolv-
ing drug molecules are not negligible in general, so
heat capacity differences between the unmixed drug
and polymer versus the solid solution should be con-
sidered. Numerous studies have focused on the T,
which is related to changes in heat capacity, and led
to rules of thumb such as “T; — 50” for the storage
temperature.?®. However, those were concerned with
indicators of kinetic stability, not the solubility of the
drug in the polymer. In addition, the glass transition
is not a thermodynamic transition and 7 is not a
thermodynamic parameter, so there is no fundamen-
tal link between them and the drug solubility in the
polymer.

This paper presents a method to determine the
equilibrium solubility of a drug in a solid polymer
near room temperature. The basis for the method
is a thermodynamic model that gives the Gibbs en-
ergy change AGsg, resulting from forming a binary
drug—polymer solid solution from the unmixed poly-
mer and solid drug components, which includes con-
tributions from heat capacity differences, breaking
up of the solid drug structure, and drug—polymer
mixing. The calculation of AGgg from thermal anal-
ysis data and known thermodynamic equations is
demonstrated, along with how those results are used
to determine the drug solubility in the polymer. Bi-
nary drug—polymer solid solutions in various dis-
solved drug weight fractions were made and eval-
uated at 25°C. The drugs were griseofulvin (GRIS),
indomethacin (INDO), and itraconazole (ITRA). The
polymers were polyvinylpyrrolidone (PVP)-K30, Eu-
dragit 1.100 (L.100), and Eudragit E100 (E100).

THERMODYNAMIC MODEL

Binary solid solutions of a drug in a polymer will be
considered for the case in which the pure drug in its
stable form is a solid at room temperature. When
a solid solution is formed, the AGgss and the drug
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A METHOD TO PREDICT THE EQUILIBRIUM SOLUBILITY OF DRUGS IN SOLID POLYMERS 4551

chemical potential are given by
AGsgss = G(solid solution) — G(unmixed components) (1)

Ap1.ss = [chemical potential of dissolved drug]
—[chemical potential of pure drug in most stable form]

(2)

where the subscripts “1” and “SS” denote the drug
solid solution, respectively.

At a given temperature and pressure (T,P), the
chemical potential of the pure drug is constant, but
the chemical potential of the dissolved drug in the
solid solution changes with the drug—polymer ratio.
The equilibrium solubility of the drug is the dissolved
concentration for which the chemical potential of the
dissolved and undissolved drug forms are equal, so
Apy,ss =0.

Below, the relationship between AGgs and Apg, s
will be summarized in the context of this work. Fol-
lowing that, a sequence of processes to determine
AGsg will be presented, along with how its numerical
value is obtained as a function of the drug loading.

The Changes in Gibbs Energy and Drug Chemical
Potential

The chemical potential of the drug at a given (T, P) is
given by p1 = (0G/9n1)rp.n,, where n; and ny denote
the moles of drug and polymer.® With Eqgs. 1 and 2,

this leads to
IAG
Apyss = ( SS) 3
8711 T,P,nz

Materials tend to convert from higher to lower
chemical potential forms.2” For a supersaturated so-
lution, Apq,ss > 0, precipitation is favored and the
solution is unstable. For dissolved concentrations at
or below the solubility, Ap 1, gs < 0, the solution is sta-
ble, and the dissolved concentration at which Ap; gs
= 0 is the equilibrium solubility.

From Eq. 3, Apy, s is obtained as the slope of AGgg
versus n; at constant 7T,P and ns. In practice, this can
be plotted as

AGss n AGss ni
versus — or versus — 4)
Ny ng Wwa w9

where wsy denotes the weight of polymer used. Nor-
malizing AGgs and n; with respect to ws is equivalent
to holding the polymer content constant, so the slope
of a plot of Eq. 4 is equivalent to the partial derivative
in Eq. 3. This provides a graphical means of obtain-
ing Api,ss as a function of n;. The drug solubility is
taken as the value of n1/wg for which the plot of Eq. 4
displays a minimum, corresponding to Ap; gs = 0.

DOI 10.1002/jps

This analysis can also be expressed in terms of the
drug weight fraction f by plotting

S versus f1 (5)

wa

wheref1 =w1/(w1 +we) =ni1M/(n1My + ws), wq is the
weight of drug and M; is the gram molecular weight
of the drug. Noting that d/[3(n1/w2)] = [9f1/0(n1/w2)] x
(8/3f1), Eqgs. 4 and 5 give

AGss
W2

y (u’le) ©)

w1 + wsq

Apiss = |:s10pe of versus fl}

Because [(woM1)/(w1 + we)] > 0, the slope of a plot
of Eq. 5 has the same sign as Apy, gs, and the drug
solubility in the polymer is the f; at which the plot of
Eq. 5 displays a minimum. The top plot in Figure 1
shows a typical example. (In practice, some systems
do not display a clear minimum, but instead show a
flattened region. In those cases, the solubility is taken
as the maximum value of f1 for which the slope is not
positive.)

INDO 5% + PVP 95%
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Figure 1. DSC data used to determine AH; and AS; for
INDO 5% and PVP 95%.

JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 101, NO. 12, DECEMBER 2012

Mayne Pharma International Pty Ltd. Ex. 2191
Merck v. Mayne, IPR2016-01186
Page 3 of 10



4552 BELLANTONE ET AL.

Determining A Ggs

As discussed in the previous section, the solubility
of a drug in a polymer is related to the chemical po-
tential difference Ap1, gs between the dissolved and
pure forms, which is related to the AGgg due to mak-
ing a solid solution by Eq. 3. The AGgs depends on
the change in enthalpy and entropy associated with
producing the solid solution, as well as the temper-
ature. Factors that can contribute to changes in the
enthalpy and entropy include mixing, drug—polymer
interactions, and heat capacity differences.

To calculate AGsg, a continuous sequence of pro-
cesses is postulated for which the initial state is un-
mixed polymer and solid drug in its most stable form,
and the final state is a drug—polymer solid solution of
uniform drug concentration and with no undissolved
drug particles. The temperatures of the initial and
final states are the same and denoted by 7', which
is the temperature at which the solubility is to be
evaluated. The Gibbs energy, enthalpy, and entropy
are state functions and extensive.?® Thus, the postu-
lated sequence of processes does not have to be the
one actually used to make the solid solution—it is
only required that the initial and final states of the
postulated sequence be the same as those in the for-
mulation method actually used. (In fact, the postu-
lated sequence is different from the process used in
this work.) This allows choosing a sequence for which
the enthalpy and entropy changes in each step can be
determined, and thus allows calculation of AGss.

The postulated sequence of processes is as follows.

1. Process 1: Heat the unmixed drug from the ini-
tial temperature T to the nominal drug melting
temperature T and melt the drug.

2. Process 2: Heat the unmixed polymer from the
initial temperature T to Th.

3. Process 3: Mix the drug and polymer to make a
solution at Ty1.

4. Process 4: Cool the solid solution from T to 7'

Not all of the processes postulated are isothermal,
but because the starting and ending temperatures for
the sequence are the same, the total change AGgs is
given by

AGss = AHss — TASss (7)

where AHgg and ASgsg are the total enthalpy and en-
tropy changes resulting from making the solid solu-
tion, and are calculated as

4 4
AHss =Y AH(n)and ASss =Y AS(n)  (8)

n=1 n=1
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where n = 1, 2, 3, 4 denotes the particular process
in the sequence, and AH(n) and AS(n) represent the
enthalpy and entropy changes of the nth process.
Equation 7 is a consequence of the fact that the en-
thalpy, entropy, and Gibbs energy are thermodynamic
state functions. Thus, any process or sequence with
the same starting and ending states (including any
isothermal process at constant 7) will have values of
AHgs, ASss, and AGsg that are identical to the ones
calculated using the sequence postulated above.2® The
contributions to AHgs and ASsg are described below
for each process.

For Process 1, the change in enthalpy and entropy
are

T
AH(1)=/Cp1dT+ niAhya 9
T
e Ah
P1 n M1
AS(1) = / Spare ML (10)
T

where Cp; denotes the constant pressure heat capac-
ity of the unmixed drug and Ahy;; denotes the molar
enthalpy of melting of the drug at T;.

Denoting the constant pressure heat capacity of the
polymer by Cp,, the enthalpy and entropy changes for
Process 2 are

T

/ Cpo dT (11)
T
T

AS2) = / %dT (12)

AH(2) =

T

For Process 3, the enthalpy and entropy changes
are calculated using the Flory—Huggins model,'°

giving
AH(3) = RTinni¢ox(Tam) (13)
AS(3) = —Rln1 Ing, + ns Ingy] (14)

Here, ¢; and ¢ denote the drug and polymer vol-
ume fractions in the solid solution, x(7'y1) denotes the
drug—polymer interaction parameter at temperature
Twi, and R is the universal gas constant.

In Process 4, there are enthalpy and entropy
changes due to the heat capacity that are analo-
gous to those in Processes 1 and 2. There is also
a change in the enthalpy of mixing due to the
temperature change. From Eq. 13, the temperature
term changes directly, plus x(7) can change with the
temperature.?-2? Denoting the constant pressure heat
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A METHOD TO PREDICT THE EQUILIBRIUM SOLUBILITY OF DRUGS IN SOLID POLYMERS 4553

capacity of the solid solution by Cp,,, the enthalpy and
entropy changes are given by

T
AH(4) = /CP12dT+ [RThy¢ox(T)

T
—RTM1n1¢2X(TM1)] (15)
T
AS(4) = / CLT”dT (16)
Tv1

Adding the contributions from Processes 1 to 4
gives the total enthalpy and entropy changes due
to the formation a solid solution.Doing this, cancel-
ing appropriate terms, and noting that f;;w ) (AT =

_ f;ivu f (AT for Eqgs. 15 and 16 lead to

T
AHgg = /
T

[Cp1 + Cpa — Cp12]dT + nyi Ahwi

+ RTh1¢2x(T) 17

Tv1
ASss = / |:CP1 +Cpg — C’Pm}dT+ niAhn

T Tv1
—R(n1In¢, + nalngs) (18)

The total AGgg is then found from Eq. 7. It is con-
venient to group terms and write

AGss = AG1 + AGse + AG3 (19)
where
Thi11
AGyL = / [Cp1 + Cpa — Cp12]dT
T
T Cpy + Cpy — C
—T/ |: p1+ Cpa — Plz]dT (20)
T
T
AGe = niAhy (1 — ) (21)
Tva

AGs = an’l,l(]ﬁgX(T) + RT(m 1n¢1 + no ln¢2) (22)

In evaluating Eq. 19, AG; and AG5 can be deter-
mined from thermal analysis, and AG3 can be cal-
culated from the equations provided above. The heat
capacities were calculated from the sample weights
and specific heats.

The use of calculated values of x has been estab-
lished previously!?2? and calculated values were also

DOI 10.1002/jps

Table 1. Material Property Values used to Calculate the
Interaction Parameter x

MW (g/mol) 8§ at 25°C (J/em®)Y2  V; at 25°C (cm3/mol)

GRIS 353 24.5 255
INDO 357 27.9 270
ITRA 706 26.5 510
pvp - 26.0 -
L100 - 23.5 -
E100 - 20.4 -

Solubility parameters § were calculated using the method of van
Krevelen.® Molecular weights (MW) and molar volumes V; were taken
from the literature for GRIS,?? INDO,3! and ITRA.32

Table 2. Calculated Values of x at 25°C for Drug—Polymer Pairs

GRIS INDO ITRA
PVP 0.561 0.747 0.399
L100 0.454 2.498 2.259
E100 2.100 6.518 8.087

Values were calculated using Eq. 23 and data in Table 1.

used in this study.For each drug—polymer pair, x at
25°C was calculated using the equation®

V1(8 — &)2
X= —

BT +0.34 (23)

where & and & denote the drug and polymer van
Krevelen solubility parameters,® and V; denotes the
drug molar volume. The factor of 0.34, although not
universally used, was included because it improves
correlations between the calculated and experimen-
tal results when the predicted value of x is small.?
Table 1 lists the drug and polymer solubility param-
eters at 25°C, and drug molar volumes. Table 2 lists
the calculated interaction parameters.
The volume fractions were calculated as®

ny rng
ny +rng

¢ = =1-¢;1 (29

2:
ny +rng

where r is the polymer-to-drug molar volume ratio,
which is commonly approximated as the degree of
polymerization!?, which can be calculated in terms of
the molecular weight (MW) of the drug and polymer
as

MW polymer
= 25
r MW monomer (25)

METHODS
Materials

e GRIS and INDO were obtained Sigma—Aldrich
(St. Louis, Missouri).

e ITRA and methylene chloride were obtained
from Spectrum Chemical (New Brunswick, New
Jersey).
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e PVP K30 was obtained from ISP Technologies
(Wayne, New Jersey).

e L100 and E100 were obtained from Degussa (Par-
sippany, New Jersey).

e Ethanol was obtained from Pharmaco Products
(Brookfield, Connecticut).

e Methanol was obtained from J.T. Baker (Phillips-
burg, New Jersey).

Preparation of Solid Solution Formulations

Formulations were prepared by solvent evaporation.
The drug and polymer were both dissolved in a suit-
able solvent, and then the solvent was removed using
a rotary evaporator (ethanol and methylene chloride
at 70°C, methanol at 62°C) to form the solid formu-
lation. Formulations were further dried under a vac-
uum for at least 12h.

Thermal Analysis—Differential Scanning Calorimetry

Thermal analysis was carried out using a Q200 differ-
ential scanning calorimeter (TA Instruments, Wilm-
ington, Delaware). Samples were accurately weighed
and placed in aluminum pans with punctured lids.
A three step procedure was performed on all sam-
ples. (1) Samples were heated from room temperature
to approximately 10°C—20°C above the boiling point
of the solvent used to make the solid solution, then
held at that temperature for 1 min. (2) Samples were
cooled to —10°C, and held at that temperature for
1 min. (3) Samples were heated to approximately 20°C
above the drug melting temperature. All heating/
cooling rates were 5°C/min.

To satisfy the assumptions of the model equations,
it was required solid solution samples show no effects
from residual solvent or undissolved drug particles
in the third step, which was used in the calculation
of AG;. Samples not satisfying these requirements
were not used in the model analysis. The parameters
of the first step were chosen, with some trial and er-
ror, to remove residual solvent without melting any
drug particles that might be present. The data from
the third step were examined to ensure there was no
evidence of solvent evaporation or peaks associated
with melting of undissolved particles.

Plots to Evaluate A Gss as a Function of Drug Loading

For each drug load, AGss/ws was determined using
Eq. 19. Drug loads were expressed as weight fractions
f1, and plots of AGss/ws versus f; were constructed.
A similar approach was employed for plots of AG4/
wa, AGolws, and AGs/ws versus fi, according to Egs.
20-22.

To determine AGss/we for any formulation with
drug and polymer weight fractions f; and f2, each term
in Eq. 19 was evaluated per gram of formulation (de-
noted as AG}, AG;, AG}, and AGgg). Subsequently,

JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 101, NO. 12, DECEMBER 2012

AGss/ws was calculated as

AGsgs _ AGES 26)

wo f2

Heat capacity data were obtained from the third
step of differential scanning calorimetry (DSC), as de-
scribed in the section Thermal analysis—Differential
Scanning Calorimetry, as specific heats, so Eq. 20 was
evaluated using the modified form

ACp =f1Cpy +f2Cpy — Cpyy 27

where C},, C},, and C},, represent the experimen-
tally obtained specific heats of the drug, polymer,
and solid solution, respectively. The corresponding en-
thalpy and entropy changes per gram due to heating
were calculated as

Tvn

AH} = / ACHdT 28)
E/H 5%

AS; = / A—gpd:r 29)
T

Equations 28 and 29 were numerically integrated
using the trapezoid rule. An example of the calcula-
tions carried out to evaluate Eqs. 27-29 is given in
Table 3, which shows the start of the calculation for
the case of INDO 5% (w/w) and PVP 95% (w/w). Fig-
ure 1 shows the result of the entire calculation. The
top part of Figure 1 shows two curves, f1Cp; + f2Cpy
versus T and C},, versus T. The bottom part shows
two other curves, (f1C}, + f2Cp,)/T versus T and Cy,,,, /
T versus T. The two vertical lines denote 25°C and
158°C (corresponding to the onset of melting for the
pure INDO). The top part of Figure 1 shows that AHY
corresponds to —1 times the area between the two
curves and the two vertical lines. Similarly, the bot-
tom part of Figure 1 shows that AS; corresponds to
—1 times the area between the curves and the vertical
lines.

In Egs. 21 and 22, n; and ng were taken as the num-
ber of moles of drug and polymer in 1g of the formu-
lation. In evaluating AG3 from Eq. 22, the interaction
parameters were calculated from Eq. 23 using values
listed in Table 1.

RESULTS

To be consistent with the model, only solid solutions
with no undissolved drug particles were considered
in the data analysis. Drug particles were considered
absent when there were no observed melting peaks in
DSC thermograms. X-ray diffraction was performed
when needed as a secondary check. Nine systems with

DOI 10.1002/jps

Mayne Pharma International Pty Ltd. Ex. 2191
Merck v. Mayne, IPR2016-01186
Page 6 of 10



A METHOD TO PREDICT THE EQUILIBRIUM SOLUBILITY OF DRUGS IN SOLID POLYMERS

4555

Table 3. DSC Data and Start of Calculation of AH; and AS; for INDO 5% plus PVP

Temperature (K) Cpy Cp, Chio AChH ﬁ Cumulative AH; (J/g)  Cumulative AS; [J/(K g)]
298 0.307 0453 1.0056 —-0.559 —0.00188 0 0

299 0.335 0.454 1.027 -0.579 —0.00194 —0.569 —0.00191

300 0.360 0.455 1.049 -0.599 —0.00199 —1.158 —0.00387

301 0.381 0456 1.071 -0.619 —1.767 —0.00590

—0.00205

Cp1, Cpy, and Cp,, represent the experimentally obtained specific heats of the drug, polymer, and solid solution, respectively. AC} is
given by Eq. 28, where f; = 0.05 and f2 = 0.95. The specific heats are in units of J/(K g).

various drug fractions were evaluated for solubility at
25°C. They were: GRIS in PVP, L100, and E100; INDO
in PVP, 100, and E100; and ITRA in PVP, L.L100, and
E100.

The experimental results were sensitive to changes
in the dissolved drug loading, and allowed straightfor-
ward construction of plots of AGss/ws versus the drug
fraction f;. All plots of AGss/wyversusf; showed a
negative slope at low drug fractions that transitioned
to a positive slope when f; was increased sufficiently.
For some, there was an identifiable minimum value,
which was taken as the solubility. Currently, there
is no physical model equation that can be used to fit
for the values of 1 corresponding to minima of AGsg/
ws versus fi plots. However, in most cases, quadratic
fits were readily performed using points near the min-
ima to identify the minima locations.In a few cases,
the plot was somewhat flat at the bottom, with no
clear location for the minimum, and the maximum
stable drug load was identified by visually estimating
the drug load at which the plot started to display a
positive slope.

Figure 2 shows the results for INDO/PVP formula-
tions. As seen in the top part, the AGgs/ws versusf;
plot displays a minimum indicating up to ~8% (w/w)
drug loading was stable, so the solubility was taken
as f1 ~ 8%. Figure 3 shows the results for INDO/E100,
which indicated a solubility of f; ~ 9%. Data for the
INDO/L100 formulations (not shown) indicated a sol-
ubility of f1 ~ 10%.

Data for the GRIS and ITRA formulations are not
shown, but were qualitatively similar. For GRIS, the
solubility is f; ~ 9% in PVP, f1 ~ 12% in L100, and
f1 ~ 9% in E100. For ITRA, the solubility is /7 ~ 9%
in PVP, /i ~ 13% in L.L100, and f; ~ 8% in E100.

From Eq. 21, AG5 and the slope of AGs/ws versus fi
are positive over the range of drug loads evaluated.
However, AG3 and the slopes are negative for most
of the formulations. Exceptions to this are the INDO/
E100 and ITRA/E100 formulations, where the slopes
of AGs/wsy versusfi are positive due to the relatively
large positive value of y.

In all formulations for drug loads up to the solu-
bility, the magnitude of the slope of AGs/ws versusf;
is greater than the magnitude of the slope of AGs/
wy versus f1, so the slope of (AGy + AG3)/wg versus fi

DOI 10.1002/jps
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Figure 2. INDO in PVP results at 25°C for AGss and

contributions of AG1, AG,, and AGs.

is positive in all cases. However, over the same load-
ing range, the slope of AGi/ws versusf; is negative
and its magnitude is greater than that of (AGy +
AGs)/wg versus fi, which results in a negative slope
for AGss/ws versusfi at loads up to the solubility in
all cases.

DISCUSSION

This paper presents a method to calculate the solubil-
ity of a drug in a solid polymer using thermal analysis
data, and is novel in part because it includes effects
because of the heat capacity differences between the
solid solution and the unmixed components. These
heat capacity changes represent a major difference
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Figure 3. INDO in E100 results at 25°C for AGss and
contributions of AGy, AGs, and AGs.

between liquid versus solid solvent media. Most lig-
uid solvents have negligible structure and dissolving
a drug with poor aqueous solubility typically has a
small relative effect on the heat capacity. On the con-
trary, dispersing drug molecules in a solid polymer
alters the molecular level motion of both the drug and
polymer compared with their unmixed states, which
will result in altered heat capacities.

One of the goals of this work was to calculate the
effect of the heat capacity differences on the solubil-
ity of the drug in the polymer. The approach taken
was to calculate the contribution of the heat capacity
differences to AGss, which would then allow thermo-
dynamic arguments to be applied to determine Ap, g5
and the drug solubility. The thermodynamic sequence
of processes described in this paper was chosen to fa-
cilitate this calculation, and led to AG; as given by
Eq. 20.

The results indicate that the heat capacity differ-
ences are an important factor in determining the drug
solubility in the polymers at 25°C. As noted in the Re-
sults section, the slope of (AGy + AG3)/ws versusfi
is positive in all cases at 25°C. It was the inclusion
of AG1/ws versusfi that numerically resulted in the

JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 101, NO. 12, DECEMBER 2012

negative slopes at drug loads below the solubility, and
minima in plots of AGgs/ws versusfi.

Although the basis of the approach is thermody-
namic, some parameters are obtained by calculation.
For instance, the interaction parameter y was cal-
culated using an established method. Errors arising
from calculating x are not likely to significantly af-
fect the determined solubilities for the systems and
temperatures studied in this work, as evidenced by
the large contribution of AG; compared with AGs.
However, at higher temperatures, errors in the eval-
uation of x could be more significant, and alternative
methods to y might need to be evaluated.

For a given value of (7)), even if heat capacity ef-
fects are neglected, there is a still a calculated solubil-
ity of the drug in the polymer, but it is much smaller
than what is calculated when heat capacity effects
are included. This can be seen by not including AG;
in Eq. 19, applying Eq. 3, then setting Ap; g5 = 0.
This gives

_ Ahyn (1 1 9
0= R (T— TMl) +¢2X(D+ln(1_¢2)
+ (1 - 1) b2 (30)
r

Equation 30 can be solved numerically for ¢o, from
which the corresponding f; can be calculated. Numer-
ically, this is sensitive to the value of the interaction
parameter in that making x less positive will increase
the drug solubility calculated from Eq. 30. Using the
interaction parameter values from Table 2 and nomi-
nal drug melting enthalpies, and noting that 1/r < <1
for the polymers in this study, the calculated solubil-
ities at 25°C without including heat capacity effects
were f1 ~ 0.5% for INDO/PVP, and 1 < 0.1% for all
other drug—polymer combinations in this study.

On the contrary, if the solubility of GRIS in PVP
at 25°C is taken as f1 ~ 10%, for example, this can
be accounted for without including the contribution
from heat capacity differences by setting x = —4.60
in Eq. 30. However, this value of x differs greatly from
the value of 0.561 calculated using solubility param-
eter methods. Although calculated values of x should
not be taken as absolutely accurate, the discrepancy
is large and corroborates the inclusion of AG7, which
helps to resolve this apparent conflict. Although the
value of f; calculated in this study was used for
the comparison here, this notion holds regardless
of how the solubility is determined. Such numerical
discrepancies would arise for the materials used in
this study for any case in which the determined value
of f1 exceeds approximately 1% at room temperature.

Although the data indicated that the heat capac-
ity effects are important at 25°C, at higher tempera-
tures the energy contributions from AGjs, which can
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be associated with mixing, would be expected to be-
come greater relative to those of AG; and AGs. This
is because the temperature term multiplicatively in-
creases the contributions of the mixing entropy and
enthalpy terms in Eq. 22. In addition, as the temper-
ature increases, x(7) will become less positive T is
increased, typically according to%2°

B
x(T)=A+ T (31)

As mentioned above, less positive values of x(7)
predict higher solubility. In addition, the contribution
of AGg in Eq. 21 will become smaller as 7'is increased
because T/Ty; is closer to 1. Also, there is significantly
more molecular motion above the T, than below it,
so heat capacity effects due to the increased molec-
ular motion might be of less relative importance at
higher temperatures. Thus, this work does not con-
tradict earlier reports of work performed at higher
temperatures, but instead provides an enhanced un-
derstanding of determining drug solubilities at typi-
cal storage temperatures.

Aside from the inclusion of heat capacity effects in
the thermodynamic model, this method of this paper
differs experimentally from previous solid state ther-
mal methods in two important respects. First, it does
not rely solely on data obtained at elevated temper-
atures. Second, it avoids the presence of undissolved
drug particles.

Methods that obtain data at elevated tempera-
tures, such as those employing melting or melting
point depression, are not directly applicable to the es-
timation of behavior near room temperature because
there are no general models to relate them. In the ap-
proach presented here, however, AG; reflects physi-
cal behavior over all temperatures from the storage
to the drug melting temperature. Thus, the need to
project behavior from elevated to lower temperatures
is replaced by the fundamental thermodynamic infor-
mation contained in AG; and AGss.

Avoiding undissolved drug particles presents a po-
tential advantage over methods that implicitly re-
quire their presence, such as those based on the ob-
served heats of melting and melting point depression.
As noted in the Introduction section, the amount of
undissolved drug present at lower temperatures can
be underestimated because of the partial drug dis-
solution during heating in the thermal analysis.!123
Also, calculating x(7) from a depressed drug melt-
ing temperature requires knowing the local volume
fractions of the dissolved drug and polymer ¢; and
¢2 in the vicinity of the undissolved particle surfaces.
In practice, they are not known but instead approxi-
mated by the overall volume fractions in the formu-
lation, which can be very different.!’ Such errors in

DOI 10.1002/jps

the local volume fractions can introduce inaccuracies
in the calculation of x at elevated temperature.

Because the method of this paper is based on a ther-
modynamic model, some points are worth mentioning.
First, the results are theoretically independent of the
process actually used to produce the solid solutions,
as long as the final formulations made by different
methods are identical on a molecular scale. Because
the method of preparation can affect the formulation
properties somewhat, some variation in results would
be expected when comparing solid solutions made by
solvent evaporation, hot melt extrusion, and so on.
Second, although thermodynamic models provide no
method for assessing kinetics or shelf lives, the analy-
sis may benefit further modeling beyond determining
the equilibrium solubility. For instance, in supersat-
urated solid solutions, Ap, ss might be related to net
energy barriers for diffusion and/or precipitation in
the solid state, and thus, might provide a potential
link to future kinetic models to predict shelf lives.
Finally, knowledge of Ap; ss may be useful in fu-
ture models for the prediction of dissolution enhance-
ment of a drug formulated in a supersaturated solid
solution.

CONCLUSIONS

A method is presented to determine the solubility of a
drug in a solid polymer near room temperature. The
basis of the method is a thermodynamic model that
includes thermodynamic contributions from heat ca-
pacity differences between the drug—polymer solid so-
lution and the unmixed components. We believe that
this is the first report in which the consequences of
heat capacity differences between the unmixed drug
and polymer versus the solid have been considered as
part of a thermodynamic model. Equations and meth-
ods are given to quantitatively predict the solubility
of a drug in a polymer from thermal analysis data and
known thermodynamic equations. It was found that
the heat capacity effects were very important in deter-
mining the drug solubility in polymers at 25°C, and
must be considered at typical storage temperatures.

The information obtained from this work is poten-
tially beneficial because it would establish the max-
imum stable drug concentration in a drug—polymer
solid solution at a particular storage temperature. In
addition, determination of the dissolved drug concen-
tration at which the solution becomes unstable can be
performed relatively quickly and easily.
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