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ABSTRACT

Purpose To analyze the dissolution mechanism of solid disper-
sions of poorly water-soluble active pharmaceutical ingredients
(APIs), to predict the dissolution profiles of the APIs and to find
appropriate ways to improve their dissolution rate.

Methods The dissolution profiles of indomethacin and naproxen
from solid dispersions in PVP K25 were measured in vitro using a
rotating-disk system (USP II). A chemical-potential-gradient model
combined with the thermodynamic model PC-SAFT was devel-
oped to investigate the dissolution mechanism of indomethacin
and naproxen from their solid dispersions at different conditions
and to predict the dissolution profiles of these APIs.

Results The results show that the dissolution of the investigated
solid dispersions is controlled by dissolution of both, APl and PVP
K25 as they codissolve according to the initial APl loading. More-
over, the dissolution of indomethacin and naproxen was im-
proved by decreasing the API loading in polymer (leading to
amorphous solid dispersions) and increasing stirring speed, tem-
perature and pH of the dissolution medium. The dissolution of
indomethacin and naproxen from their amorphous solid disper-
sions is mainly controlled by the surface reaction, which implies
that indomethacin and naproxen dissolution can be effectively
improved by formulation design and by improving their solvation
performance.

Conclusions The chemical-potential-gradient model combined
with PC-SAFT can be used to analyze the dissolution mechanism
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of solid dispersions and to describe and predict the dissolution
profiles of APl as function of stirring speed, temperature and pH
value of the medium. This work helps to find appropriate ways to
improve the dissolution rate of poorly-soluble APIs.
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ABBREVIATIONS

a Activity (—)

A Surface area (m?)

Ar Fraction of the area of the interface for the transport of
molecules from the solution (—)

c Concentration mol/m®

A ngLoA,D/ Difference in solid and liquid heat capacities of the AP
(/mol K))

Dhdpy Heat of fusion of pure API (kJ/mol)

J Dissolution rate (mol/{(m? s))

kg Boltzmann's constant |.38065%10™ %% (J/K)

kq Diffusion rate constant (mol/(m? s))

ke Equilibrium-exchange rate between the solid and lig-

uid phase (mol/(m? s))

ki Binary interaction parameter (—)

ks Surface reaction rate constant (mol/(m? s))

ke Total rate constant of dissolution (mol/(m? s))
m>® Segment number (—)

Nexp Number of experimental data points (—)

T ol Melting temperature of APl (K)

1% Volume (m®)

w API loading (—)

w Axial fluid speed (m/s)

X Concentration or solubility in mole fraction (—)
a Helmholtz energy (J)

A lonized form of monoprotic weak-acidic API
API Active pharmaceutical ingredient

ARD Average relative deviation
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calc Calculated results

exp Experimental data

HsO"  Hydronium ion

HA Monoprotic weak-acidic AP

IND Indomethacin

Ky Acid dissociation equilibrium constant

LLE Liquid-liquid equilibrium

M Average molar mass (g/mol)

N Total number of particles (—)

NAP Naproxen

INessee Number of association sites (—)

PVP Polyvinylpyrrolidone

R Universal ideal gas constant (J/K/mol)

SLE Solid—liquid equilibrium

t Time (s)

T Temperature (Kelvin) or (°C)

Z Compressibility factor (—)

GREEK SYMBOLS

a Proportionality constant (—)

Brri Degree of APl crystallinity (—)

1% Activity coefficient (—)

e Ratio of the dissolution rate of APl to that of polymer

g;ll[;B‘ /kp  Assodiation-energy parameter (K)

® Fugacity coefficient (—)

%) Constant fraction of molecules that strike the solid
surface (—)

w Stirring speed (round/s)

% Kinematic viscosity of the solution (m?/s)

¢ Thickness of diffusion layer (m)

u/ks Dispersion-energy parameter (K)

Kl Association-volume parameter (—)

u Chemical potential (J/mol)

Ve Enhancement of equilibrium-exchange rate resulting
from convection (mol{m? s))

v, Collision frequency (mol/(m? s))

o Density (mol//&3) or (mol/L)

o Segment diameter (/Z\)

SUBSCRIPTS

AP Active pharmaceutical ingredient

ij Component indexes

polymer  Polymer

0 Pure substance

SUPERSCRIPTS

AB; Association sites A and B of molecule i

assoc  Association

B Bulk phase

dipole  Dipole-dipole interactions

disp Dispersion

elec lonic interactions

hc Hard chain

| Solid-liquid interface
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L Liquid phase

LI Amorphous API-rich phase
L2 Water-rich phase

res Residual

S Solid phase

SD Solid dispersion

seg Segment

SL Solid-liquid

INTRODUCTION

The low aqueous solubility of many crystalline active pharma-
ceutical ingredients (APIs) often leads to a slow dissolution in
the aqueous gastro-intestinal fluids of the body, which often
results in an insufficient oral bioavailability (1-3). A solid dis-
persion, where the amorphous API is integrated into a poly-
mer excipient for stabilization, is a promising approach to
improve the dissolution rate of poorly water-soluble APIs
(2,4,5). The investigation of the dissolution profiles as well as
of the dissolution mechanisms of solid dispersions is particu-
larly important to characterize the performance of the solid
dispersions and for the design of optimized formulations with
controllable dissolution kinetics.

The dissolution profiles of poorly water-soluble APIs in
amorphous solid dispersions have been widely investigated
(2,6-8). Meanwhile, various models (e.g. the Noyes-Whitney
equation (9,10), the Weibull model (11), the Higuchi model
(12,13), the Hixson-Crowell model (14,15), the Korsmeyer-
Peppas model (16), the Baker-Lonsdale model (17), et.) have
been used to characterize the dissolution mechanism of the
APIs. Craig (18) reviewed the theories of carrier- and API-
controlled dissolution and proposed a mathematical model
to understand the release behavior of APIs from their
dispersions. Siepmann et al. (19) proposed a model based on
Fick’s second law of diffusion to describe the transport of water
and API considering the API diffusivities, matrix swelling and
dissolution. More recently, Langham et al. (20) developed a
mathematical model combining particle dissolution and
growth processes to describe the dissolution profiles of
felodipine from dissolving solid dispersion compacts. Howev-
er, due to the high complexity of the solid-dispersion dissolu-
tion, it is very difficult to analyze the dissolution mechanism of
APIs by theoretical models (15,18,20-22). Only few studies
have been focused on the fundamental understanding of solid
dispersion dissolution (20). The fundamental processes that
govern the dissolution and the mechanisms of dissolution en-
hancement for solid dispersions are still not well understood
(2,8,18). Therefore, it is necessary to systematically investigate
the dissolution profiles of solid dispersions and to develop a
theoretical model for describing their dissolution mechanism.
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In this work, indomethacin (IND) and naproxen (NAP)
were selected as model APIs and polyvinylpyrrolidone (PVP
K25) with an average molar mass of 25,700 g/mol was select-
ed as a model hydrophilic polymeric excipient. The chemical
structures of the APIs and polymer are shown in Fig. 1.

Solid dispersions with different API loadings (w,p;) in the
polymer were prepared by spray drying. The dissolution pro-
files of the solid dispersions were measured by using a rotating-
disk system (USP II).

Lu et al. (23) proposed a theoretical model and used it to
describe the dissolution mechanism of inorganic salts (23-25).
Based on that, a chemical-potential-gradient model was de-
veloped 1n this work to investigate the dissolution mechanism
of solid dispersions. As the Perturbed-Chain Statistical Asso-
ciating Iluid Theory (PC-SAFT) has been successfully applied
to model solid-liquid equilibria of APIs (26,27) and amino
acids (28,29) in solvents, phase behavior of polymer/solvent
(30-32) and API/(co)polymer systems (33—35), and of systems
including electrolytes (36—38), polar components (39,40) as
well as to predict the “oiling-out” phenomenon (liquid-liquid
equilibrium) in crystallization processes (41). Therefore, in this
work, PC-SAFT (42) was applied to calculate the solubility
and activity coefficient of API in solution. The effects of API
loading, type of APL, stirring speed, temperature, as well as of

a Cl

HSC\.O
OH
@)
b CHj3
‘. _OH
H3sC O

Ly

Fig. | Chemical structures of indomethacin (IND, a), naproxen (NAR b)
and polyvinylpyrrolidone (PVP K25, c).

pH of the dissolution medium were investigated. Finally, the
dissolution profiles of API at different conditions were calcu-
lated and even predicted.

THEORETICAL MODELING
Chemical-Potential-Gradient Model

The dissolution process of solid dispersions 1s depicted sche-
matically in Fig. 2.

It includes two consecutive steps (23,43,44). In the first step,
the release of API and polymer from the tablet and the hydra-
tion of the API and polymer molecules take place. This step is
called “surface reaction” (23,43,44). Here, the difference of
the API or polymer chemical potentials in the solid phase
and the solid-liquid interface is the driving force of the surface
reaction. The second step is the diffusion of the hydrated API
and polymer molecules from the solid-liquid interface into the
solution bulk phase (23,43,44). This time, the difference of the
API or polymer chemical potential in the solid-liquid interface
and the bulk phase is the driving force for the diffusion.

Surface-reaction rate and diffusion rate are described ac-
cording to Egs. (1) and (2), respectively.

(e
Ji = kS(RT RT> (1)

(o pE
Ji = kd(RT RT) (2)

where ,u;-g, ,u,l; and ,uf are the chemical potentials of the API or
polymer in the solid phase, the solid-liquid interface and the

Chemical ;S Myt b
Interface

potential

Solid Bulk solution

.
o

o*

Solid

dispersion - Diffusion .

Surface
reaction

Fig.2 Schematic picture of dissolution process of solid dispersions. 17, 14} and
W represent the chemical potential of AP or polymer in the solid phase, at the
solid-liquid interface, and in the bulk phase, respectively.
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bulk phase in J/mol, respectively. kg and £, are the rate con-
stants of surface reaction and diffusion in mol/(m” s); R is the
universal ideal gas constant in J/(mol K) and 7 is the temper-
ature in Kelvin. By comparing the rate constants of surface
reaction and diffusion, the rate-controlling step of the API or
polymer dissolution can be determined. For kg smaller than £,
API or polymer dissolution is controlled by surface reaction.
In the case that £, is close to or equal to kg, both surface
reaction and diffusion are equally important and the API or
polymer dissolution is controlled by both steps. If £, is smaller
than £, the dissolution is controlled by diffusion.

The chemical potential of the API or polymer at the solid—
liquid interface 4! and in the bulk phase x4 are calculated by
Egs. (3) and (4), respectively.

il = pl+ RTnd )

W = b+ RTnd? )

where ,uéz- is the chemical potential of API or polymer in the
standard state (here pure component). @ is the activity of API
or polymer at the solid-liquid interface and is determined
from the Statistical Rate Theory (45—47), which will be intro-
duced in the following section. @’ is the activity of the API or
polymer in the bulk phase and is calculated from the (time-
dependent) mole fractions of API or polymer x” in the bulk
phase and the corresponding API or polymer activity coefli-
cients y7, according to Eq. (5). The activity coefficient of the
API or polymer can be calculated using a thermodynamic
model (in this work PC-SAFT (42)).

&= 6)

Based on the phase-equilibrium principles, the chemical
potential of the API or polymer in the solid phase  equals
that in its saturated solution according to Eq. (6).

= uf = pf; + RTInaf (6)

where, u- and o are the chemical potential and activity of API
or polymer in its saturated solution, respectively. For a crys-
talline API or polymer, the activity of the API or polymer in its
saturated solution af is calculated based on the solid-liquid
equilibrium, while for an amorphous solid API or polymer,
the activity of the API or polymer - is calculated based on a
liquid-liquid equilibrium (33). The theory of solid-liquid and
liquid-liquid equilibrium as well as PC-SAFT will be intro-
duced in following sections.

@ Springer

By substituting Egs. (3), (4) and (6) into Egs. (1) and (2), the
following Egs. (7) and (8) are obtained.

Ji= ks (Zn a{‘— In af) (7)

Ji= ki (lnd—Ind?) (8)

By combining Eqs. (7) and (8) with the Statistical Rate
Theory, the rate constants of surface reaction and diffusion
can be determined and further the rate-controlling step of the
solid dispersion dissolution can be analyzed.

Statistical Rate Theory

By using a first-order-perturbation analysis of the
Schrodinger equation combined with the Boltzmann
definition of entropy, Dejmek and Ward (45-47) devel-
oped the Statistical Rate Theory to describe the instan-
taneous molecular transport across a gas-liquid interface
and a solid-liquid interface. This theory can be applied
to describe the transport rate of APIs or polymer at the
solid—liquid interface (shown in Fig. 2) according to

Eq. (9).

B A =g
D)

By substituting Egs. (3) and (6) into Eq. (9), the following
Eq. (10) is obtained.
Gq_q

Ji= ke (61[— ,) (10)

a;

Equation (10) can be used to determine the activity of API
or polymer at the solid-liquid interface . In Eq. (10), £, is the
equilibrium-exchange rate between the solid and liquid phase
per unit area of the interface, which is calculated according to

Eq. (11).
/Cg = U 'Af—i—vc Af (11)

where A/is the fraction of the area of the interface for the
transport of molecules from the solution and it is considered
as a constant. v, is the collision frequency of the solute mole-
cules with the solid surface that results from their random
motion at equilibrium conditions in mol/ (m’ s), and v, is the
enhancement of this rate that results from convection in mol/
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(m” s). The collision frequency o, is proportional to x“v/T as
described by Eq. (12).

vy = alxiLﬁ (12)

Here, x*is the solubility of APT or polymer in mole fraction,
a; 1s a proportionality constant and 7 is the temperature in
Kelvin.

v, 1s expressed as

v = —ay XD w(d) (13)

where ay is a proportionality constant in mol/m’, @ a con-
stant fraction of molecules that strike the solid surface, and
w(d) 1s the axial fluid speed in m/s, which is calculated accord-
ing to Eq. (14).

w(d) = —0.510\/§52 (14)

Here, v is the kinematic viscosity of the solution in m*/s,
the thickness of diffusion layer in m, and o the stirring speed in
round/s. Combining Eqs. (11)<14), the equilibrium exchange
rate £, between the solid and liquid phase per unit area of the
interface can be expressed by Eq. (15).

3
ko= a1 AT +0.510ay @Aty /2o (15)
U

It is set that &y =a,4yand Ry=0 @AﬁQ. The parameters
ks, ks, Ry, and R were fitted to the experimental dissolution
profiles using Egs. (7), (8), and (10).

Modeling and Prediction of Dissolution Profiles

In Eqgs. (7), (8) and (10), 7; represents the rates of the surface
reaction and diffusion and of API or polymer transport rate at
the solid-liquid interface in mol/(m? s) and is calculated ac-
cording to Eq. (16).

1 dc?
ji:Z'V' d; (16)

In Eq. (16), 4 is the surface area in m” of the dissolving API
or polymer contacting the dissolution medium. In this work,
the surface area is calculated as the base area of a cylindrical
tablet and it is considered as a constant. Vis the volume of the
dissolution medium in m® and ¢ is the (time-dependent)

concentration of the API or polymer in the bulk phase in
mol/m”. tis the time in s.

The dissolution rates of API and polymer may have the
following relation:

Tarr = T potymer” 0 (wapr) (17)

In Eq. (17), Japrand Jpopme are the dissolution rates of API
and polymer, respectively. 8(w,p;) represents the ratio of the
dissolution rate of API to that of polymer and is considered as
being a function of API loading (w,4p;) in the solid dispersion.

According to Egs. (1) and (2), the dissolution rate of the API
or polymer can be expressed by the total rate constant of API
or polymer dissolution £; and the difference of the API or
polymer chemical potential in the solid phase and the bulk

B
Hi

phase (;;;— RT), as shown in Eq. (18).

M$ MB I B
.= o L e U= N 1
Ji= ki ( T & T) ki (Ina—lna) (18)

k, is the total rate constant of API or polymer dissolution
and is calculated from the rate constants of surface reaction £
and diffusion £, as shown in Eq. (19).

1
ke = 1T 1 (19)
TR

By combining Egs. (16), (18) and (19) with a thermodynam-
ic model for calculating the activity coeflicients of the API or
polymer, the dissolution profiles of the API or polymer at
various conditions can be calculated and even predicted. If
the quantitative relation of the dissolution rate of API and that
of polymer (A(w,p;) in Eq. (17)) is obtained, the dissolution
profiles of API can also be predicted based on the dissolution
profiles of the polymer according to Eq. (17).

Solid-liquid Equilibrium

For a crystalline API, its chemical potential in the solid phase
equals that in its saturated solution according to the solid—
liquid equilibrium (SLE), as shown in Eq. (20).

Wipr = Hipy (20)

where, ,uj pr1s the chemical potential of the crystalline API in
the solid phase, ﬂffp] is the chemical potential of the APl in its

@ Springer
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saturated solution, and it can be calculated according to
Eq. (6).

Assuming that the crystalline API in the solid phase is a
pure component (26,48), its solubility xip; in mole fraction
can be calculated according to Eq. (21).

L SL SL SL
oo 1 exp il - T R {m(TOAP]) _ Toinr i 1]
APLT e RT Tk R T T

(21)

where Ah;iljpl, ﬁﬁpl, and Ac;?;LOAPI are the heat of fusion, the
melting temperature, and the difference in solid and liquid
heat capacities of the crystalline API, respectively. These
properties can be determined experimentally (e.g. by differen-
tial scanning calorimetry measurements). 35 is the activity
coeflicient of the API in its saturated solution, which is used
to 1identify the non-ideality of the system and often depends on
temperature and on the concentration of the API in solution.
In this work, PC-SAFT (42) was applied to calculate the ac-
tivity coefficients and therewith the solubility of the API in
aqueous media.

Liquid-Liquid Equilibrium

For an amorphous APL, its chemical potential and the chem-
ical potential of water in an amorphous API-rich phase L1
equals those in a water-rich phase L2 according to the
liquid-liquid equilibrium (LLE) (33), as shown in Egs. (22)
and (23).

Hﬁﬂl = :U'/LUQ’I (22)

Hicwr = Hiaair (23)

where, ,ufﬂlp[ and ﬂi-}zm- are the chemical potentials of the amor-
phous API and water in an API-rich phase L1, ,uﬁn[ and ,uzlbfm
are the chemical potentials of the API and water in a water-
rich phase L2. Based on Egs. (22) and (23), the following
equations are derived.

Il 1 2 2
XAPI'V/L4P1 = XﬁPI' VfiPI (24)
Xi-im ’ w(llter = le;‘iter .yzllfltﬁ (25)

where xj}p[, xﬁf% xﬁm and xﬁm are the mole fractions of the
API and water in both liquid phases L1 and L.2. Here, Ky is

@ Springer

the solubility of the amorphous API in water. yﬁ}q and yﬁ%, are
the activity coeflicients of API in the two phases; and el and
yﬁm are the activity coeflicients of water in the two phases.
Here, PC-SAFT (42) was also applied to calculate the activity
coefficients of the API and water in both phases.

Calculation of pH-dependent API Solubility

A monoprotic weak-acidic API (HA) dissociates into its ion-
ized form A" and a proton which forms a hydronium ion
(H3O™) in an aqueous solution as shown in Eq. (26).

HA + H,O =H;0" + A~ (26)

The concentrations (in mol/L) of the charged [A] and
non-charged API species [HA] are determined based on its
acid dissociation equilibrium constant K, according to

Eq. (27).

[H307][A7]

K =""THA]

(27)

Here, the concentration of the non-charged API species
[HA] is called the API intrinsic solubility. The API solubility
1s the total concentration of the dissolved API species [HA]
which is calculated according to Eq. (28).

[HAJ; = [HA] + [A] (28)

According to the identical concentrations of the hydronium
ions and the charged API species [A ], the API intrinsic solu-
bility [HA] can be calculated based on its solubility in water
and K, value by combining Egs. (27) and (28). The pK, value
of indomethacin was taken as being 4.5 from literature (49).
The solubility of amorphous indomethacin at a certain pH is
calculated by using the Henderson-Hasselbalch equation
(50-53) as shown in Eq. (29).

[HA],(pH) = [HA] (1 4 107777%+) (29)

PC-SAFT

Within PC-SAFT, the residual Helmholtz energy o’ of
a system is calculated as the sum of different contribu-
tions (42,54). Depending on the nature of the investigat-
ed molecules, the Helmholtz-energy contributions could
be attributed to repulsion (hard-chain contribution "),
van der Waals attraction (dispersive contribution a”*)
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(42), association (hydrogen bonding, «***) (54), ionic in-
teractions (@ ) (36-38) and dipole-dipole interactions (a-
apole) (39), as shown in Eq. (30):

4% = ahe 4 adis/) 4 a®e + ael@c + adipulﬂ (30)

The detailed expressions of these contributions within PC-
SAFT are described elsewhere in earlier publications
(36-39,42,54), and are not shown in detail here.

PC-SAFT considers a molecule as a chain which con-

sists of m'®

spherical segments with a diameter o. A
non-associating component can be modeled using the
following three pure-component parameters: the seg-
ment number (m*), the segment diameter (), and the
dispersion-energy parameter (u/kp). To characterize an
associating component (molecules which are able to in-
teract with each other by hydrogen bonding, as indo-
methacin and naproxen) and polymers (PVP K25), two
additional parameters are required: the association-
energy parameter (8;3[’;8‘ /kp, kg is the Boltzmann’s con-

stant), and the association-volume parameter (K;j,;Bi). Fur-
thermore, the number of the association sites (N***)
which can act as proton donators and acceptors is re-
quired for each molecule and is usually determined
based on the molecular structure of the component.

To describe the Helmholtz energy of mixtures, the
Berthelot-Lorentz combining rules are applied to represent
the interactions between different components ¢ and j, as
shown in Egs. (31) and (32).

1

7= 5 o+ 7)) (51)

wj = (1=hij) /ity (32)

As shown in Eq. (32), one adjustable binary interaction
parameter (k;) is introduced to correct for the dispersion-
energy parameter for the mixture of components ¢ and ;.
Sometimes £; is dependent on temperature as described in
Eq. (33).

kij = kT T + kijo (33)

with £ 7-and & ¢ being parameters which are fitted to binary
data.

To describe the cross-association interactions between two
different associating components, simple mixing and
combining rules suggested by Wolbach and Sandler (55) are

applied according to Egs. (34) and (35). Here, no additional
adjustable binary parameters are required.

A;B; 1 AB;
&y = B (% + &y ) (34)

(35)

A;B; KAB A;B; \7ii0jj
Ky = \[ K i l(l/Q)(Uii+ 7))

Calculation of Activity Coefficient from PC-SAFT

From the residual Helmholtz energy of a system (a’), the

residual chemical potential (u;°) of the API or polymer can
be calculated (26) according to Eq. (36).

res

we a
kpT ~— kpT

RS

J=1

res

+2-1

ﬂ)} (36)

X

where Z is the compressibility factor, which is calculated in
terms of the residual Helmholtz energy (™) (26) according to
Eq. (37).

o(d* [kp T)} -

Z:Hp{ p

where p 1s the density of the system.

The fugacity coeflicient of the API or polymer in a mixture
is calculated based on its residual chemical potential (u;”) (26)
according to Eq. (38).

res

H

L _ —
Ing; = T Ing (38)

The activity coefficient of the API or polymer is defined as
a ratio of its fugacity coefficient in the mixture (¢ to that of
the pure component @

pe o (39)
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MATERIALS AND METHODS
Materials

Crystalline indomethacin in y -form with a purity of more than
99% was purchased from Sigma-Aldrich Co. LLC (Hamburg,
Germany). Crystalline naproxen with a purity of more than
99% was purchased from TCI Deutschland GmbH
(Eschborn, Germany). The polymer PVP K25 (Kollidon®
K25) was purchased from BASF (Ludwigshafen, Germany).
Ethanol and acetone with a purity of more than 95% were
used as solvents to dissolve the APIs and the polymer for spray
drying and were supplied by VWR International S.A.S.
(Fontenay-sous-Bois, France) and by Merck KGaA (Darm-
stadt, Germany). Di-sodium hydrogen phosphate dihydrate
and potassium dihydrogen phosphate were purchased from
Merck KGaA (Darmstadt, Germany) and used for prepara-
tion of dissolution media with different pH values. Water from
a Millipore purification system was used for the preparation of
all aqueous solutions for the dissolution measurements.

Methods

Spray Drying

Solid dispersions of indomethacin and naproxen in PVP K25
with different API loadings (weight fractions) of 0.2, 0.4, 0.6
and 0.8 were prepared v a Buichi mini spray dryer B-290
(Buchi Company, Switzerland). The powders were produced
by spray drying from solutions in which API and PVP K25
were dissolved in ethanol for indomethacin and in acetone for
naproxen at a concentration of 15 g/L. The inlet temperature
of the spray dryer was set to 120°C for indomethacin and to
85°C: for naproxen. The aspirator was set to 100%, the feed
rate of the solution was 7 ml/min, and the flow rate of nitro-
gen was 550 1/h. All spray-dried powders were dried in a
climate chamber at room temperature and vacuum condition
for at least 24 h to remove the remaining water and organic
solvent prior to physicochemical characterization and dissolu-
tion measurements. All powders were further stored in the
climate chamber at room temperature and vacuum condition.

Analysis of Homogeneity

The homogeneity of indomethacin and naproxen solid disper-
sions was investigated following the procedures in the stan-
dard method (ISO 13528:2005) (56). Ten samples of the solid
dispersions (0.5-2.5 g each) were selected randomly from each
prepared and dried product. They were weighted with an
accuracy of £0.3 mg, dissolved in a 50/50 (v/v) ethanol/
water solution and the API concentrations were determined
using an UV—Vis spectrophotometer (Jena, Germany). Each
measurement was performed in triplicates. The API
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compositions in the ten different samples were determined
and were used to evaluate the homogeneity according to the

standard method (ISO 13528:2005) (56).

Modulated Temperature Differential Scanning
Calorimetry (mDSC)

The solid state of solid dispersions was characterized by the
DSC measurements using a Q) 2000 modulated DSC (TA
Instruments, Eschborn, Germany). The apparatus was cali-
brated using indium. Nitrogen was purged into the DSC cell
at a flow rate of 50 mL/min to maintain the inert atmosphere.
The solid dispersion samples of 10 to 20 mg were added into
aluminum pans and weighted with an accuracy of £0.3 mg
and then heated from 283.15 to 443.15 K at a heating rate of
2 K/min. The samples were equilibrated at 283.15 K for
5 min before heating. The modulation amplitude was set at
+0.318 K, and the modulation period was set to 60 s. Each
measurement was performed at least twice. The measured
results were analyzed mathematically using the TA Universal
Analysis 2000 (TA Instruments, Eschborn, Germany). If melt-
ing took place during heating, the melting peaks were ana-
lyzed to determine the degree of API crystallinity. The degree
of API crystallinity, f,4pr (%) in solid dispersions was estimated
from the melting enthalpies of pure API and the API in the
solid dispersion using the following Eq. (40).

SL
ARSp, apr

S AF 100 (40)
Ah?)ij X wypr

Bapr (%) =

where A/zgﬂ prand A/zgg py are the melting enthalpies of pure
API and the API in the solid dispersion, respectively. These
properties (Ahﬁﬁpl and Ahgﬁ 4pg) were determined experimen-
tally by mDSC in this work.

Powder X-ray Diffraction (PXRD)

The solid state of the solid dispersions was also characterized
by PXRD. The measurements were performed at room tem-
perature using a Philips X-ray Powder Diffractometer
(Germany) with Cu-K alpha irradiation (4 = 1.544 ), voltage
of 35 kV and current of 30 mA. The data were collected in
step scan mode in the region of 10° <26 <40° with a step size
of 0.05°.

Scanning Electron Microscopy (SEM)

The particle sizes and morphologies of the raw materials and
different solid dispersions of indomethacin and naproxen were
observed using the SEM (HITACHI S-4500, Japan) at the
working distance of 9 mm and an accelerated voltage of 1 kV.
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Preparation of Dissolution Media

A Nao,HPO42H,O/KH5PO, buffer was used to prepare dis-
solution media at different pH values of 5.0, 6.0 and 7.2 (53).
The exact pH values of the media were measured with a pH
meter (Mettler-Toledo GmbH, Gieen, Germany). In order
to reduce the air bubbles in the media, the media were
degassed by purging helium for one and a half hours prior

to the dissolution measurement.
In-vitro Intrinsic Dissolution Measurement

The dissolution profiles of indomethacin and naproxen solid
dispersions in water and in buffered solutions were measured
using a rotating disk system (USP II). This apparatus includes
a dissolution measurement device (SOTAX AT 7 smart,
SOTAX GmbH, Allschwil, Switzerland) and an UV—Vis
spectrophotometer (Jena, Germany). Tablets of solid disper-
sions with a diameter of 8 mm were prepared by pressing the
weighted powders in the disk die with a force of 2 kIN. After
that, they were inserted into the dissolution vessel which
contained 500 mL of dissolution medium. To investigate the
influence of API loading on solid-dispersion dissolution at a
temperature of 310.15 K (accuracy + 0.3 K) and a stirring
speed of 50 rpm, 200 mg samples were used for each tablet,
while for investigating the influence of temperature, stirring
speed and pH on solid-dispersion dissolution at a fixed API
loading of 0.8, 80 mg samples were used for each tablet.

UV-Vis Spectrophotometric Analysis

The absorbance of the samples was measured using an UV—-
Vis spectrophotometer (Jena, Germany) at two different wave-
lengths (320 and 218 nm for indomethacin/PVP K25 solid
dispersions, and 331 and 218 nm for naproxen/PVP K25
solid dispersions). The absorbance-wavelength curves of the
aqueous solutions of indomethacin, naproxen and PVP K25
are shown in Figures S1 and S2 in the Supplementary Infor-
mation. The wavelength of 218 nm was used since at this
wavelength PVP K25 has almost the highest absorbance and
the API (indomethacin or naproxen) has comparable absor-
bances to that of PVP K25. The samples were collected and
measured every 15 min. Standard solutions of the APIs and
PVP K25 at different concentrations were prepared and mea-
sured at the above-mentioned wavelengths for the APIs and at
218 nm for PVP K25 solutions to generate the calibration
curves. The simultaneous release profiles of API and PVP
K25 from the solid dispersions were analyzed using the quan-
titative multi-component-analysis method. In this method, the
concentrations of indomethacin or naproxen were determined
from their measured time-dependent absorbances at 320 and
331 nm of the samples during the dissolution of their respec-
tive solid dispersions. The absorbances of indomethacin or

naproxen for each sample at 218 nm were then calculated
based on their respective concentrations. After that, the absor-
bances of PVP K25 at 218 nm for each sample were calculat-
ed based on the measured total absorbances.

RESULTS
Analysis of Homogeneity

Figure 3 shows the homogeneity of the indomethacin and
naproxen solid dispersions at various API loadings. It shows
that the homogeneity of the solid dispersions is always higher
than 94% and for most of the solid dispersions higher than
98%. It is also observed that the homogeneity of naproxen
solid dispersions is higher than that of indomethacin solid
dispersions. It can be concluded, that indomethacin and
naproxen are homogeneously dispersed in the PVP K25 car-
rier for the solid dispersions prepared by spray drying in this
work.

Measurement of degree of API Crystallinity via DSC

Figure 4a shows the DSC thermograms of indomethacin solid
dispersions in PVP K25 at various indomethacin loadings. No
melting peak is observed for indomethacin loadings of 0.2, 0.4
and 0.6. This reveals that these solid dispersions were amor-
phous. For solid dispersions with an indomethacin loading of
0.8, there are two small endothermal melting peaks shown in
Fig. 4a. The first peak indicates the melting of crystalline a -
indomethacin and the second one indicates that of y -indo-
methacin. There is no obvious recrystallization peak shown
here. Based on Eq. (40), and the melting enthalpies of pure
a -indomethacin Ay jpp o (32.92 kJ/mol from Ref. (57)) and y
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Fig. 3 Homogeneity of indomethacin and naproxen solid dispersions in PVP
K25 at various API loadings. Back triangles represent the homogeneity of
indomethacin solid dispersions and gray squares represent that of naproxen
solid dispersions.
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Fig. 4 DSC thermograms of indomethacin (a) and naproxen (b) solid dispersions in PVP K25 with various APl loadings. The full lines, dashed lines, dotted lines
and dashed dotted lines represent the thermograms of solid dispersions with APl loadings of 0.2, 0.4, 0.6 and 0.8, respectively.

-indomethacin AB yp , (39.2 kJ/mol from Ref. (53)) and that
of indomethacin in solid dispersions Ahff) o (determined
from Fig. 4a), the degree of crystallinity of indomethacin solid
dispersions with indomethacin loading of 0.8 is calculated as
3.59%, which indicates that 96.41% of the solid dispersion is
amorphous.

Figure 4b shows the thermograms of naproxen solid disper-
sions at various naproxen loadings. No melting peak is observed
for the solid dispersions with naproxen loadings of 0.2, 0.4 and
0.6, which reveals that these solid dispersions are amorphous.
For solid dispersions with naproxen loading of 0.8, there is no
obvious recrystallization peak, but one sharp endothermal
melting peak as shown in Fig. 4b, which indicates the melting
of crystalline naproxen. Based on Eq. (40) and the melting
enthalpies of pure crystalline naproxen Ahﬁfmp and that of
naproxen in solid dispersions A/zzf) aap (determined from
Fig. 4b), the degree of crystallinity of naproxen solid dispersions
with naproxen loading of 0.8 is calculated as an average of
three measurements to a value of 49.55%, which indicates that
almost half of the naproxen in the solid dispersions are
crystalline.

Solid State of Solid Dispersion via PXRD

The solid state of indomethacin and naproxen solid disper-
sions with API loadings of 0.2, 0.4, 0.6 and 0.8 were further
characterized by PXRD, and their diffraction patterns are
shown in Fig. 5.

The X-ray diffraction patterns show amorphous hills with-
out diffraction peaks for all indomethacin solid dispersions in
PVP K25 (Fig. 5a) which indicates the amorphous state of
these solid dispersions. As shown in Fig. 5b, naproxen solid
dispersions with naproxen loadings of 0.2, 0.4 and 0.6 are also
amorphous, while for naproxen solid dispersions with a
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naproxen loading of 0.8, the peaks at 20 of 12.6°, 16.7°,
18.95°, 20.3°, 22.3°, 23.6°, 27.4° are observed. Those peaks
are characteristics of crystalline naproxen, which reveals that
naproxen solid dispersions with naproxen loading of 0.8 were
crystalline. This observation agrees with the characterization
results by DSC.

Morphology of Solid Dispersion via SEM

The particle sizes and morphologies of the raw mate-
rials of indomethacin and naproxen and their solid dis-
persions were characterized by the SEM. The images
are shown in Fig. 6.

Figure 6a exhibits faceted morphologies of indometh-
acin, which shows the crystalline state of the raw mate-
rial of indomethacin. Figure 6b—e show spherical mor-
phologies of indomethacin solid dispersions with differ-
ent indomethacin loadings, which implies the amor-
phous state of the solid dispersions. As shown in the
small black boxes in Fig. 6e, there is small amount of
rods lying in the powders, which indicates a low fraction
(less than 5%) of crystalline indomethacin in the solid
dispersions with indomethacin loading of 0.8. This ob-
servation is in good accordance with the crystallinity
analysis (calculated as 3.59%) by DSC. Figure 6b—e also
show that the particle size of all indomethacin solid
dispersions is in a similar range and is much smaller
than that of pure crystalline indomethacin (see Fig. 6a).

Figure 6f] j exhibits faceted morphologies of naproxen,
which shows crystals of naproxen in raw materials and in the
solid dispersion with a naproxen loading of 0.8. Figure 6g, h
shows spherical morphologies and similar particle size range
for naproxen solid dispersions with naproxen loadings of 0.2
and 0.4, which implies the amorphous state of the particles. It
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Fig. 5 X-ray diffraction spectra of indomethacin (a) and naproxen (b) solid dispersions with API loadings of 0.2, 0.4, 0.6 and 0.8.

is obvious that the particle size of naproxen solid dispersions ~ DISCUSSION

with naproxen loadings of 0.2 and 0.4 is smaller than that of

pure crystalline naproxen. Figure 6i shows compact forms of ~ PC-SAFT Parameters

naproxen solid dispersions with naproxen loading of 0.6.

Here, no faceted structure or rods which indicate naproxen  The pure-component parameters of indomethacin, naproxen,
crystals can be found on this image. PVP K25, water and buffer components (K*, Na*, Hy,PO, ",

Fig. 6 SEM images of raw materials of indomethacin (a) and naproxen (f) and their solid dispersions in PVP K25. b—e: indomethacin solid dispersions with
indomethacin loadings of 0.2 (b), 0.4 (c), 0.6 (d) and 0.8 (e). g—j: naproxen solid dispersions with naproxen loadings of 0.2 (g), 0.4 (h), 0.6 (i), 0.8 (j).
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Tablel Molecular Weights and Pure-Component PC-SAFT Parameters of Indomethacin, Naproxen, PVP K25, Water and Buffer Components Used in this
Work

Component M m*# o u/kg 81/?1231 Jkg K‘/%BL Nes=ee Ref.

(g/mol) (=) @ (K () ) (=)

Indomethacin 357.79 14.283 3.535 262.79 886.4 0.02 33 (33)
Naproxen 230.26 8.111 2.938 229.45 934.2 0.02 2/2 (34)
PVP K25 25700 1045.2 2.710 205.59 0 0.0451 231/231

Water 18.02 1.205 Ovater 353.95 2425.7 0.0451 1/l (28)
K* 39.10 I 3.342 200 - - - (58)
Na™ 22.99 I 2.823 230 - - - (58)
H,PO4 96.99 I 3.651 95 - - - (58)
HPO,*~ 95.98 I 2.162 146.02 - - - (58)

® Ggater = 27927 + 10.1 1-exp(—0.01775T)— | 417-exp(—0.01146°T) (28)

HPO,*") and the binary interaction parameters between API
and PVP K25, between API and water, between PVP K25
and water as well as those between the buffer components and
water were taken from literature (28,33,34,53,58). These
parameters as well as the melting properties of the APIs used
for the modeling are listed in Tables I, II, and III. It needs to
be noted that PVP K25 was treated as a molecule with in-
duced association and the association-volume parameter of
PVP K25 was set equal to the one of water.

API Solubility in Water and in Buffered Solutions

Using the parameters from Tables I, II, and III, the
solubility of crystalline naproxen in water was calcu-
lated from SLE (see Eq. (21)) and those of amorphous
naproxen and indomethacin in water were calculated
from LLE (see Eqgs. (24) and (25)) with PC-SAFT as
described in Sections “Solid-liquid Equilibrium?”,
“Liquid-liquid Equilibrium” and “PC-SAFT”.

The solubility of amorphous indomethacin at a certain pH
is calculated by using Eq. (29). The calculated solubilities are
listed in Tables IV and V.

As shown in Table IV, the calculated solubilities of both,
crystalline and amorphous naproxen and those of amorphous
indomethacin increase with increasing temperature. More-
over, the solubility of amorphous naproxen is more than ten
times higher than that of its crystalline form, and the solubility
of amorphous naproxen is more than five times higher than
that of amorphous indomethacin.

As shown in Table V, as indomethacin is a weak acid, the
calculated solubility of amorphous indomethacin increases
with increasing pH.

These calculated solubility data were further used for
modeling the dissolution of API from solid dispersions.

In order to determine the API activity coefficient in the
buffer system, the compositions of buffer components (K,
Na*, Hy,PO,~, HPO,?") were required. Reschke ¢ al. (38)
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developed an approach to combine the dissociation equilibri-
um of weak electrolytes with PC-SAFT. In their work, the
concentration dependence of the electrolyte dissociation was
accounted for and the estimation schemes for the determina-
tion of the concentrations of the different species were formu-
lated for mono-, di-, and triprotic acids and their salts. There-
fore, in this work, the compositions of buffer components were
determined by using the approach developed by Reschke ez al.
(38). The calculated compositions of buffer components are
summarized in Table VL

Dissolution Profiles and Dissolution Mechanisms
of Solid Dispersions

The simultaneous dissolution profiles of indomethacin and
naproxen solid dispersions in PVP K25 were measured and
compared with those of the pure crystalline APIs. Moreover,
the influence of API loading, type of APL, temperature, stirring

Table Il PC-SAFT Binary Interaction Parameters kj Used in this Work
System k7 kj. o Ref.
Indomethacin/PVP K25 —0.000633 0.0922 (34)
Naproxen/PVP K25 0.000128 —0.130 (34)
Indomethacin/Water 0.000169 —0.110 (53)
Naproxen/Water 0.000227 —0.0612 (53)
PVP K25 ater 0 —0.148

K" Mater —0.00401 .40 (58)
Na™"/Water —0.00798 2.38 (58)
H,PO,4~ /Water 0 0.25 (58)
HPO.L2 ™ Mater 0 0.25 (58)
K*/H,PO, ™~ 0 0.0182 (58)
K™ /HPO,2™ 0 [ (58)
Na*/H,PO,~ 0 —0.0709 (58)
Nat/HPO~ 0 —1 (58)
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Table L Melting Properties of Indomethacin and Naproxen Taken from Table V  Solubilities of Amorphous Indomethacin in Buffered Solutions

(53) with Different pH Values at 310.15 K as Calculated from Eq. (29)

API Ah(S)/L\PI Tg/LAPl AC;S)‘LOAP\ API X/LND (pH 4.98) X/LND (pH 6.05) X/LND (pH 7.25)
(K/mol) ®) (/mol K)) (g/mL) (g/mL) (g/mL)

Indomethacin 392 4332 116.9 Indomethacin 470685 - 10> 427150 10°  6.59601 - 10*

Naproxen 315 4295 87.4 (amorphous)

speed and pH value of media on API dissolution was
mvestigated.

The dissolution mechanisms of indomethacin and
naproxen were analyzed using the chemical-potential-
gradient model combined with PC-SAFT as described
above. For the calculation of activity coefficients of
naproxen and indomethacin in the aqueous bulk phase
(y? in Eq. (5)), the presence of PVP K25 was accounted
for by using PC-SAFT. In the modeling, the molar
density and kinematic viscosity of water at different tem-
peratures were calculated based on the following corre-
lations according to the reported data in literature (59):

p/(mol/L) = —0.0003-(T/°C)*~0.0008- (T /°C)

+55.525 (41)

v/ (m?/s) = 2.248-107'-(T/°C)*~3.195-10"%-(T/°C)

+1.572-107°
(42)

The fitted parameters (k,, &, K} and K5) are summarized in
Tables VII and VIII. Furthermore, the relation between the
dissolution rates of indomethacin and PVP K25 was analyzed.
Using the determined rate constants of surface reaction and
diffusion (as shown in Table VII), the dissolution profiles of
indomethacin in water from its solid dispersions were calcu-
lated and predicted by combining Egs. (16), (18) and (19) with
PC-SAFT.

Table IV Solubilities of Crystalline and Amorphous Naproxen as well as
that of Amorphous Indomethacin in Water as Calculated from PC-SAFT

API Xap (305.15 K)  xhgy (310.15K) iy (315.15 K)
(g/mL) (g/mL) (g/mL)

Naproxen 39.7780 47.5644 56.8239
(crystalline)

Naproxen 532.511 556.843 584.716
(amorphous)

Indomethacin 135.664 153.532 174.233
(amorphous)

To evaluate the accuracy of the calculated dissolution pro-
files of indomethacin, the average relative deviation (ARD
(%)) between the calculated and experimental data was ana-
lyzed according to Eq. (43). The calculated ARDs are present-
ed in Table IX.

ey | exp __  cale
1 m__Xm

exp
Xm

ARD (%) = 100 (43)

nex[) m=1

Effect of API Loading on Solid Dispersion Dissolution

The simultaneous dissolution profiles of APT and PVP K25 for
indomethacin and naproxen solid dispersions in water at
310.15 K and at a stirring speed of 50 rpm are presented in
Figs. 7 and 8. The parameters £, £, K} and K, which were
fitted to the experimental dissolution profiles of indomethacin
and naproxen (as shown in Figs. 7, 8, 11, 12, and 13) are listed
in Tables VII and VIII, respectively.

Figure 7a shows that the dissolution of indomethacin from
its solid dispersions is faster than that of its pure crystalline
form, which indicates that the dissolution rate of indometha-
cin can be improved by preparing its amorphous solid disper-
sion. It also shows that the dissolution of indomethacin from
solid dispersions is improved when decreasing the indometh-
acin loading, which is in good accordance with the observa-
tion by Mehta et al. (60) for API (thiazole-based leukotriene D4
antagonist) dissolution from its formulations with different
loadings. Figure 7b shows that the dissolution of PVP K25
from indomethacin solid dispersions is much slower than that
of pure PVP K25 and is also improved by decreasing the
indomethacin loading.

Table VI  Calculated Compositions of Buffer Components (K*, Na™,
H,PO4 HPO427) in Buffer Systems with Different pH Values

Composition (mole fraction)

Component  pH 4.98 pH 6.05 pH 7.25

K* 1203101073 1.16056- 107> 62216 10°*
Na*t 1420 107° 1.6058 - 10~* 136438 - 107>
H,PO.~ 1203101073 1.16056- 107> 62216 10"
HPO,2™ 7.10-107° 8.029 - 107> 6.8219-107*
Water 9.9757250 - 10~ 9.9743801 - 10~'  9.9670911 - 10~
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Table VII  Parameters kg, ky, K, and K; Fitted to the Experimental Dissolution Profiles of Indomethacin Solid Dispersions

Conditions ks ky K, Ky k,

50 rpm, 310.15 K, in water winp = 0.8 5501077 2.17-10°¢ 1.87-107° 972-10°¢ 4391077
winp = 0.4 7361077 536-10°¢ 990-10°¢ 9.53-10°¢ 6471077
winp = 0.2 133-10°¢ 373-107° 249-10°° 1731077 1.28-10°¢

310.15 K, winp = 0.8, in water 100 rpm 6431077 250-10°¢ 1371077 542-10°¢ 5.01-1077

50 rpm, winp = 0.8, in water 305.15 K 5381077 1.69-107° 381-107° 161077 4081077

50 rpm, 310.15 K, winp = 0.8, in buffer pH 4.98 9.03- 1077 3.08-107° 3441077 5.56-107° 6981077

pH 6.05 456-107° 133-107° 6.43-107¢ 1.67-107° 339-10°¢
pH 7.25 587107 638107 2.83-10°¢ 8.14-107¢ 3.06- 107

As shown in Fig. 8a, the dissolution of naproxen
from its solid dispersions is also faster than that of its
pure crystalline form, which implies the effectiveness of
improving the dissolution rate of hydrophobic naproxen
by preparing its solid dispersions using a hydrophilic
polymer. Moreover, the dissolution of naproxen from
solid dispersions is also improved by decreasing the
naproxen loading. However, the improvement of
naproxen dissolution at a loading of 0.8 compared to
the dissolution of pure crystalline naproxen is much less
than that at other naproxen loadings.

As found by DSC, PXRD and SEM, solid dispersions
at a naproxen loading of 0.8 are crystalline, while those
at naproxen loadings of 0.6, 0.4 and 0.2 are amor-
phous. As shown in Table V, the solubility of amor-
phous naproxen is more than ten times higher than that
of its crystalline form and the smaller solubility of crys-
talline naproxen decreases the thermodynamic driving
force for naproxen dissolution. This explains why the
improvement of naproxen dissolution from its solid dis-
persion with naproxen loading of 0.8 compared to the
dissolution of pure crystalline naproxen is smaller than
those with lower naproxen loadings. Figure 8b shows
that the dissolution of PVP K25 from naproxen solid
dispersions is also much slower than that of pure PVP
K25, and is also improved by decreasing the naproxen
loading. Here, it needs to be mentioned that the disso-
lution profile of PVP K25 from solid dispersions with a
naproxen loading of 0.2 could not be analyzed as de-

Dissolution Mechanism of Solid Dispersions

As discussed in the review by Craig (18) and by Mehta et al.
(60), the dissolution of solid dispersions can be considered as
carrier-controlled for the following three cases: (1) the dissolu-
tion rates of the API from the polymer and that of polymer
itself are equivalent; (2) the dissolution rates of different APIs
in the same carrier are similar or identical; (3) the dissolution
rate of an API from solid dispersions with different API load-
ings are similar or identical (e.g. at low API loadings<0.2 (60)).

As shown 1n Figs. 7 and 8, the dissolution rates of both,
indomethacin and naproxen are slower than that of PVP K25,
and the dissolution rate of indomethacin from PVP K25 is
slower than that of naproxen. Furthermore, the dissolution
rates of both, indomethacin and naproxen increase with de-
creasing API loading. All these observations imply that the
dissolution of indomethacin and naproxen solid dispersions
with PVP K25 is not carrier-controlled, but 1s controlled by
both, dissolution of API as well as carrier. This means that the
APIs (indomethacin, naproxen) and PVP K25 co-dissolve dur-
ing the solid dispersion dissolution and the dissolution of APIs
(indomethacin, naproxen) and PVP K25 influence each other.

According to the simultaneous dissolution profiles of indo-
methacin and PVP K25 from their solid dispersions, the ratios
Ownp) in Eq. (17) of the dissolution rate of indomethacin to
that of PVP K25 were calculated for indomethacin loadings of
0.2, 0.4 and 0.8 according to Eq. (44) and the results are
shown in Fig. 9.

n,
scribed above as the absorbance of the samples was too 1 o JFZAPI,'
. P O(wapr) = Z - (44)

high to be accurately detected. Nexp = ]pgﬁ,,m_i

Table VIII  Parameters ks, kq, K| and K; Fitted to the Experimental Dissolution Profiles of Naproxen Solid Dispersions

Conditions ks kq K Ky ke

50 rpm, 310.15 K, in water wiap = 0.8 376-10°¢ 376-10°¢ 832-10°" 527107 1.88-107¢
wiap = 0.6 2.17-10°¢ 296-10°° 573-10°¢ 573-10°¢ 125-10°°
wiap = 0.4 441-10°° 1.07- 107 1.58-10°¢ 141107 3.12-10°¢
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Table IX  Average Relative Deviation (ARD) for the Calculated and Exper-
imental Dissolution Profiles of Indomethacin Under Different Conditions

Conditions ARD (%)
310.15 K, winp = 0.8, in water 50 rpm [1.02
100 rpm 14.82
150 rpm 12.83
50 rpm, winp = 0.8, in water 305.15K 7.83
310.15K [1.02
315.15K 15.08
50 rpm, 310.15 K, winp = 0.8, in buffer pH 4.98 17.08
pH 6.05 23.55
pH 7.25 18.33

As shown in Fig. 9, a linear relation between 8wy and
indomethacin loading (w;yp) for indomethacin solid disper-
sion dissolution was found in this work. This linear relation
again underlines that the dissolution mechanism of indometh-
acin solid dispersion are both API- and carrier-controlled. It
also indicates that both indomethacin and PVP K25
codissolve in proportion to their initial API loading, which
belongs to one of the three mechanisms as proposed by Craig
(18).

Figure 10a and b show the rate constants of surface reac-
tion £, and diffusion £, for indomethacin and naproxen disso-
lution in water from their solid dispersions with different API
loadings.

As shown in Fig. 10a, for the dissolution of indomethacin
from its solid dispersions with indomethacin loadings of 0.2,
0.4 and 0.8, it is obvious that the rate constant of surface
reaction £ is smaller than that of diffusion £, which indicates
a surface-reaction-controlled dissolution process. This means,

a
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the dissolution of indomethacin can be efficiently improved by
designing its formulations or by improving its solvation per-
formance (e.g. by addition of solubilizer).

As shown in Fig. 10b, the dissolution of naproxen from its
solid dispersions with naproxen loading of 0.8 is controlled by
both, surface reaction and diffusion, while the dissolution of
naproxen at naproxen loadings of 0.4 and 0.6 is controlled by
surface reaction. This observation shows that the dissolution
mechanism of naproxen can be changed by changing its load-
ing in the solid dispersions.

Figure 10 also illustrates that both, surface reaction and
diffusion for amorphous indomethacin and naproxen dis-
solution are improved by decreasing the API loading in
PVP K25. This explains the mechanism (from kinetic part)
of the improvement of amorphous API dissolution by de-
creasing the API loading. For the dissolution of naproxen
from its solid dispersions with naproxen loading of 0.8, the
rate constants of both, surface reaction and diffusion are
higher than those from solid dispersion with naproxen
loading of 0.6. The dissolution profile (shown in Fig. 8a),
however, shows a slower naproxen dissolution at a
naproxen loading of 0.8. This implies that naproxen dis-
solution at a naproxen loading of 0.8 is also limited by its
solubility (thermodynamic driving force).

From Figs. 7 and 8, it is observed that the dissolution of
naproxen from its solid dispersions is faster than that of indo-
methacin. As listed in Table V, the solubility of amorphous
naproxen is more than five times higher than that of amor-
phous indomethacin. Moreover, both, surface reaction rate
constant and diffusion rate constant for naproxen dissolution
are higher than those for indomethacin. This shows that the
three main factors: higher solubility (thermodynamic driving
force), higher surface reaction rate constant and higher
diffusion rate constant lead to a faster dissolution of naproxen
compared to indomethacin.
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Fig. 7 Simultaneous dissolution profiles of indomethacin (a) and PVP K25 (b) from solid dispersions in water at 310. 15 Kand at a stirring speed of 50 rpm. In (a),
the gray circles, black squares, gray triangles and stars represent the dissolution profiles of pure crystalline indomethacin (34) and of indomethacin from its solid
dispersions with indomethacin loadings of 0.8, 0.4 and 0.2, respectively. In (b), the black squares, gray triangles, stars and black circles represent the dissolution
profiles of PVP K25 from solid dispersions with indomethacin loadings of 0.8, 0.4, 0.2 and of pure PVP K25, respectively.
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Fig. 8 Simultaneous dissolution profiles of naproxen (a) and PVP K25 (b) from solid dispersions in water at 310.15 K and at the stirring speed of 50 rpm. In (a),
the black circles, hollow squares, gray triangles, stars and black stars represent the dissolution profiles of pure crystalline naproxen (34) and of naproxen fromiits solid
dispersions with naproxen loadings of 0.8, 0.6, 0.4 and 0.2, respectively. In (b), the gray squares, hollow triangles, gray stars and black circles represent the
dissolution profiles of PVP K25 from solid dispersions with naproxen loadings of 0.8, 0.6, 0.4 and of pure PVP K25, respectively.

Effect of Stirring Speed on Solid Dispersion Dissolution

It was known from the dissolution measurements of indometh-
acin solid dispersions with different indomethacin loadings
(0.2, 0.4, 0.8) that the deviation of the dissolution measure-
ments is lowest for solid dispersions with an indomethacin
loading of 0.8. Therefore, in order to more accurately inves-
tigate the effect of temperature and stirring speed on indo-
methacin solid dispersion dissolution, the solid dispersions
with an indomethacin loading of 0.8 were investigated. The
dissolution profiles of indomethacin in water from its solid
dispersions with indomethacin loading of 0.8 at different stir-
ring speeds are presented in Fig. 11a. It depicts a slight im-
provement of indomethacin dissolution with increasing stir-
ring speed.

The corresponding rate constants of surface reaction £, and
diffusion £, are illustrated in Fig. 11b. It shows that the rate

g I I 1 I 1 I 1 I I
6 _
e(wmo) B -
CIN g )
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0 1 I 1 l 1 I 1 l 1
0.0 0.2 04 0.6 0.8 1.0
WIND(-)

Fig. 9 The ratio (6) of the dissolution rate of indomethacin to that of PVP
K25 for its solid dispersions with indomethacin loadings of 0.2, 0.4 and 0.8.
Full line represents a linear fitting between 8 and indomethadin loading (Winp)
with a function of 8 = | |.21 wyp —1.59.
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constant of surface reaction is smaller than that of diffusion at
both stirring speeds of 50 and 100 rpm. It indicates that the
dissolution process is controlled by surface reaction, which
implies that the dissolution of indomethacin can be effectively
improved by improving the solvation performance of indo-
methacin. Figure 11b also shows that the increase of stirring
speed slightly improves both the surface reaction and the dif-
fusion. The surface reaction can also be improved as the mass
transport of indomethacin molecules at the solid-liquid inter-
face is enhanced by increasing stirring speed. This implies
that, with an increase of stirring speed, the dissolution rate is
increased mainly due to the slight increase of surface reaction
rate constant as the dissolution is identified as surface reaction
controlled.

In addition, using the determined rate constants of surface
reaction and diffusion (as shown in Table VII), the dissolution
profiles of indomethacin in water from its solid dispersions
with indomethacin loading of 0.8 at the stirring speeds of 50
and 100 rpm were calculated and the results are also shown in
Fig. 11a. As shown, the calculated results are in good accor-
dance with the experimental data (with ARDs of 11.02% and
14.82% as shown in Table IX, respectively) although the con-
centrations of dissolved indomethacin are slightly
overestimated. Moreover, based on a linear relation of the
total rate constant of indomethacin dissolution with the stir-
ring speed (as shown in Fig. S3 in the Supplementary Infor-
mation), the dissolution profile of indomethacin from its solid
dispersion at 150 rpm was predicted and is also presented in
Fig. 11a. It is shown that the predicted results agree well with
the experimental data with an ARD of 12.83%.

Effect of Temperature on Solid Dispersion Dissolution

The dissolution profiles of indomethacin in water from
its solid dispersions with indomethacin loading of 0.8 at
different temperatures are shown in Fig. 12a. It shows
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Fig. 10 Surface reaction rate constant ks and diffusion rate constant kq for indomethacin (@) and naproxen (b) dissolution in water from their solid dispersions with

different APl loadings at 310.15 K and at stirring speed of 50 rpm.

that the dissolution of indomethacin is slightly improved
with increasing temperature, and the influence of tem-
perature is smaller than that of other factors, such as
indomethacin loading and stirring speed.

The corresponding rate constants of surface reaction £; and
diffusion £, are illustrated in Fig. 12b. It shows that the rate
constant of surface reaction is smaller than that of diffusion for
both, 305.15 and 310.15 K. This indicates that the dissolution
process at both temperatures is controlled by surface reaction.
Figure 12b also shows that both, the surface reaction and
diffusion, for indomethacin dissolution are slightly improved
by increasing the temperature. As shown in Table V; also the
solubility of amorphous indomethacin increases with increas-
ing temperature. This implies that, with an increase of tem-
perature, the three factors: improved solubility (thermody-
namic driving force) and slightly increased £ and £, (from
kinetic part) lead to a slight increase of the dissolution rate of
indomethacin.

The dissolution profiles of indomethacin in water from its
solid dispersions with indomethacin loading of 0.8 at the tem-
peratures of 305.15 and 310.15 K were calculated and the

results are also shown in Fig. 12a. As shown in Fig. 12a, the
calculated results are in a good accordance with the experi-
mental data (with ARDs of 7.83% and 11.02% as shown in
Table IX, respectively), although it slightly overestimated the
dissolved concentrations of indomethacin. Moreover, based
on a linear relation of the total rate constant of indomethacin
dissolution with the temperature (as shown in Fig. S4 in the
Supplementary Information), the dissolution profile of indo-
methacin at 315.15 K was predicted and presented in
Fig. 12a. It is shown that the predicted results are in good
accordance with the experimental data with an ARD of
15.08%.

Effect of pH Value on Solid Dispersion Dissolution

The dissolution profiles of indomethacin from its solid disper-
sions with indomethacin loading of 0.8 in buffered solutions
with pH values of 4.98, 6.05 and 7.25 at 310.15 K and at
50 rpm are shown in Fig. 13a. As to be seen, the dissolution
of indomethacin at pH 4.98 is very slow, and it is improved
with increasing pH of the media. The percentages of dissolved
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Fig. 11 (a) Dissolution profiles of indomethacin in water from its solid dispersions with indomethacin loading of 0.8 at 310. 15 Kand at stirring speeds of 50 rpm

(gray circles), 100 rpm (light gray squares) and | 50 rpm (hollow triangles). The full (50 rom) and dashed (100 rpm) lines represent the calculated results and the dotted
(150 rpm) line represents the predicted results using the chemical-potential-gradient model. (b) Surface reaction rate constant ks and diffusion rate constant ky for
indomethacin dissolution in water from its solid dispersions with indomethacin loading of 0.8 at 310.15 K and different stirring speeds.
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indomethacin at pH 6.05 are more than five times higher than
those at pH 4.98, while the percentages of dissolved indo-
methacin at pH 7.25 are even more than 40 times higher than
those at pH 4.98.

The respective rate constants of surface reaction £
and diffusion £, are illustrated in Fig. 13b. It becomes
clear that the rate constant of surface reaction is smaller
than that of diffusion at pH 4.98 and 6.05. This indi-
cates that the dissolution process is controlled by surface
reaction. At pH 7.25, the rate constant of surface reac-
tion is close to that of diffusion, which indicates that the
dissolution process is controlled by both surface reaction
and diffusion. Figure 13b also shows that both, the sur-
face reaction and diffusion are obviously improved by
increasing pH value. As shown in Table VI, the solu-
bility of amorphous indomethacin increases obviously
with increasing pH. This implies that, with an increase
of pH, the three factors of improved solubility (thermo-
dynamic driving force), highly increased £, and £, (from
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kinetic part) lead to a considerable increase of the dis-
solution rate of indomethacin.

Furthermore, the dissolution profiles of indomethacin from
its solid dispersions with indomethacin loading of 0.8 in buff-
ered solutions with different pH values at 310.15 K and at
50 rpm were calculated and the results are also shown in
Fig. 13a. As shown in Fig. 13a, the calculated results are in a
good accordance with the experimental data.

This work shows that the developed chemical-potential-
gradient model combined with PC-SAFT is suitable to calcu-
late and even predict the dissolution profiles of indomethacin
as function of stirring speed, temperature and pH value of the
medium.

CONCLUSIONS

The simultanecous dissolution profiles of API and PVP
K25 for indomethacin and naproxen solid dispersions

o
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Fig. 13 (a) Dissolution profiles of indomethacin from its solid dispersions with indomethacin loading of 0.8 in buffered solutions with pH values of 4.98 (gray
circles), 6.05 (gray squares) and 7.25 (gray triangles) at 310.15 K and at 50 rpm. The full (pH 4.98), dashed (pH 6.05) and dotted (pH 7.25) lines represent the
calculated results using the chemical-potential-gradient model. (b) Surface reaction rate constant ks and diffusion rate constant ky for indomethacin dissolution in
buffered solutions with different pH from solid dispersions with indomethacin loading of 0.8 at 50 rpm and at 310.15 K.
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were measured m vitro by using a rotating disk system.
This investigation revealed that the dissolution of indo-
methacin and naproxen solid dispersions are both, API
and carrier-controlled and both, indomethacin and
naproxen, co-dissolve with PVP K25 in proportion to
their initial API loading. It is also found that the disso-
lution rate of indomethacin and naproxen is improved
by preparing its amorphous solid dispersions, by de-
creasing the API loading in polymer and by increasing
the stirring speed, temperature and pH value of the
media.

A theoretical chemical-potential-gradient model combined
with PC-SAFT was developed to investigate the dissolution
mechanisms of indomethacin and naproxen from their solid
dispersions at different conditions. The dissolution profiles of
indomethacin from their solid dispersions at different condi-
tions could be calculated and even predicted as function of
stirring speed, temperature and pH in good accordance with
the experimental data. Furthermore, the modeling showed
that the dissolution of indomethacin and naproxen in water
from their amorphous solid dispersions is mainly controlled by
surface reaction, which implies that API dissolution can be
effectively improved by designing its formulation and improv-
ing the solvation performance of APIs.

More general, this work reveals that the dissolution rate
Japr of APIs can be increased by the following factors: (1) the
increased API solubility (increasing thermodynamic driving
force); (2) the increased surface reaction rate constant £, or
the increased diffusion rate constant £, or both (improving
the kinetic part).

In the case that the dissolution of a solid dispersion is con-
trolled by API dissolution or by dissolution of both, API and
carrier (like in this work), the chemical-potential-gradient
model can be applied to calculate and predict the dissolution
profiles of the APIL If dissolution of the solid dispersion is
controlled by the carrier dissolution, the dissolution profile of
the carrier has to be determined and the dissolution profile of
the API can be predicted based on the dissolution rate of the
carrier.

It also needs to be mentioned that the dissolution
behaviors of solid dispersions always depend on the
state of the API in polymer. Amorphous APIs are gen-
erally better soluble than their crystalline counterparts.
However, they also tend to recrystallize into the low-
energy crystalline form at supersaturation in the disso-
lution media. Although the supersaturation was not ob-
served in this work, the dissolution behavior of solid
dispersions could be affected significantly once the re-
crystallization occurs. Therefore, for predicting API dis-
solution profiles from amorphous solid dispersions, the
recrystallization of amorphous APIs during solid-
dispersion dissolution has to be considered when super-
saturation behavior is observed.
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