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Abstract

Background/Objectives: The principal function of pharmaceutical blister packaging is to
provide protection for the drug product. Moisture is regarded as a critical factor in the
physical and chemical aging of drug products. The present work proposes a modeling
framework to predict the performance of tablet blister materials based on the moisture
uptake profile of the drug product as well as degradation characteristics of the drug
substance, while the consumption of water due to degradation is included. Methods: The
model incorporates three kinetic superimposed processes that define moisture uptake and
drug stability. The processes of permeation, sorption and degradation are each described
with a rate constant. Based on a mass balance, these rate processes are interconnected
and the relative humidity in the blister cavity is predicted. Results: In a case study, the
model was applied to demonstrate the feasibility of predicting the stability of blistered
tablets. By establishing a correlation between the moisture uptake of the tablet and the
drug stability demonstrated in the model, it was feasible to predict the drug content
over shelf life. Conclusions: Modeling of the drug stability of blister-packed products
enables a rational packaging which offers novel possibilities for reducing material in order
to avoid overpackaging of pharmaceutical products. As some of the commonly used
barrier materials are considered to not be sustainable, this model can be used to consider a
rationally justified reduction or even abandonment of the barrier materials.

Keywords: blister packaging; modeling; stability prediction; drug; stability; sustainability

1. Introduction

The European Green Deal aims at achieving climate neutrality across the European
continent by the year 2050 [1]. A key component of this policy initiative entails the estab-
lishment of ambitious targets for the reduction in packaging waste and the prevention of
overpackaging of products. Moreover, a design-for-recycling principle is introduced to
improve the suitability of packaging for circular economy [2].

A primary function of blister packaging is the protection of the drug product, thereby
ensuring the quality of pharmaceutical products over their shelf life. Moisture is widely
regarded as a critical factor contributing to physical and chemical aging [3-5]. Consequently,
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an adequate moisture barrier is of paramount importance in the development of blister
packaging [6].

In the context of the circular economy, a preferred solution is a blister made from
a single-component material [7,8]. Due to the absence of high barrier layers in single-
component polymeric packaging materials, the simultaneous assurance of pharmaceutical
quality and recyclability represents a key challenge in the development of sustainable
blister packaging [9,10].

The selection of blister packs typically involves an iterative process, whereby stability
studies are often conducted following a trial-and-error approach. This procedure offers
potential for economic and efficiency-driven optimization by narrowing down suitable
packaging candidates, complementing but not replacing regulatory.

Based on the interdependency of moisture content and drug stability, several model
approaches for the prediction of moisture uptake were developed, considering moisture
uptake as a surrogate parameter for predicting shelf life. Numerical approaches were
utilized to approximate the relative humidity and product moisture contents in packages
as a function of time [11-14]. Chen and Li published an analytical solution for predicting
the moisture uptake by packaged products [15]. Within these approaches, the kinetics of
water permeation into the packaging and the sorption isotherm of the drug product are
interconnected, whereby a maintained equilibrium state inside the package is assumed.
Furthermore, moisture in the headspace volume of the packaging is neglected. A more
general approach was established by Remmelgas et al. through the integration of the
sorption kinetics of the drug product and the water vapor in the headspace into their
modeling framework [16,17]. The humidity-corrected Arrhenius approach was employed
to establish a correlation between the degradation rate and the relative humidity in the
environment of the tablet [18,19]. This allowed a mechanistic prediction of the drug content
over the shelf life by considering the products moisture uptake profile in packaging [20,21].

However, none of the previous approaches take into account the mass of water used
for degradation within a holistic approach. This may result in an inaccurate estimation
of the moisture content, leading to a systematic deviation in the predicted drug content.
Furthermore, the model approach used is sometimes not clear, and the algorithms are
usually not disclosed. This reduces scientific value and avoids any further development of
these software applications by the scientific community.

The aim of the study was to establish a modeling framework to predict the perfor-
mance of tablet blister materials considering various environmental conditions as well as
degradation characteristics of the drug substance, explicitly accounting for the consumption
of water associated with hydrolytic degradation of the drug. The chemical stability of the
drug was selected as a performance indicator. The concept was introduced at the IAPRI
Conference in 2024 and intensively discussed by experts in the field [22]. In the pursuit
of developing a comprehensive modeling framework that can be universally applied to a
wide variety of packaging product combinations, it is imperative to consider the amount of
water consumed by the degradation process.

The selection of packaging is based on the barrier properties of the packaging ma-
terial and the material properties of the formulation with regard to sorption and degra-
dation. This enables a rational selection of packaging material, which appears superior
to iterative methodology in terms of costs and efficiency. Aligning with the quality-by-
design paradigm, the modeling framework facilitates the identification of crucial inquiries
in packaging development concerning material selection and packaging design. This
approach offers the additional advantage of enhancing the sustainability of pharmaceu-
tical packaging by preventing the unjustified use of unsustainable barrier layers and
avoiding overpackaging.
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2. Results and Discussion
2.1. Model Design

Water ingressing into a tablet blister experiences different stages, which results from
the encapsulation of water transport processes within the blister. Hence, the tablet blister
can be regarded as a multi-compartment system in which the water can be located in
different compartments (Figure 1). Transfer of water is only possible between adjacent
compartments. First, some water molecules will appear in the gas phase (m};¥), other
molecules will be sorbed to the tablet (m39"), and then, water molecules are available for

decomposition of the drug contained in the tablet (mdeg).

X

1

n kperm
: .
a environment |g———*%
G

dru/g-;ug ) ukvap

t

L)

eg kSO
\ kd r
' i — sor —

Figure 1. Schematic illustration of the occurring mass flows of water permeated into cavity (blue
arrows), water vapor in cavity (green arrows), sorption of water to tablet (yellow arrows) and
consumption of water due to degradation of the drug substance to degradation products (shaded
drug) (red arrow).

The total mass within the blister (m!9') is invariably the sum of these individual
contributions:
ngt P+msor+md88 (1)

Moreover, the transport of water into the cavity, water sorption and degradation are
rate processes, thus the quantity of water in each term changes over time. Since these rate
processes are coupled, the quantity of water in the gas phase is usually altered with time.
In a blister system that is not in equilibrium, the mass balance is applicable to each time
step and is therefore time dependent.

vap __ __ tot sor deg
Myt = My p — My — My p (2)
mi%, m$% and mW ¢ are described individually and can be analytically accessed. mwf

results from the mass balance and is directly related to the relative humidity in the blister
cavity. After calculation of all individual sub-processes, Equation (2) is solved with respect
to time.

The mass of water within the system at a time t (m{%) is composed of two constituent
components: the initial mass of water within the system, prior to the commencement of the
time interval under consideration, and the additional water mass that is introduced into
the cavity during the specified time interval. The mass of water that has permeated the
cavity is thus:

tot

Vap tot Myt sor deg
my ¢ = wt 1+/ dt dt_rnwt_rnw,’c (3)

Equation (1) can be applied and integrated into Equation (3):
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q t dm!ot q

— mVapP sor €g w, sor eg

- rnw,’ffl + mw,tfl + 1‘nw,t—l + / dt dt — mw,t - mw,t (4)
-1

t

t

dm!ot . . e .

m:;,af_l and f1 12;"" dt describe the mass in the gas phase of the cavity if there is
t—

no subsequent sorption by the tablet and degradation in the tablet. As degradation and
sorption alter the water mass in the gas phase, a coupling process occurs via this mechanism.
Consequently, the three kinetic processes are interconnected by the mass of water present
in the gas phase of the cavity. This directly impacts the water mass that permeates the
system by influencing the concentration gradient, necessitating the implementation of an
iterative solution. The convolution of the sub-processes converges but does not necessarily
describe a state of equilibrium. The relative humidity is determined from the mass of water
in the gas phase and converges to a value over the iterations.

All sub-processes follow a first-order kinetic if they run independently of each other.
Permeation, sorption and degradation have analytical solutions that commonly obey the

following pattern:
dm,,
dt

The upper limit of function is referred to as m, .. Within the context of permeation

= —k-(my,e0 — my) (5)

and sorption, this is defined as equilibrium at a specific relative humidity and temperature.
In the context of degradation, it would be the quantity of water required to degrade the
entire drug contained in the drug product. k represents the rate constant of the respective
sub-process.

Integration of Equation (5) over a fixed time interval enables the determination of the
change in water mass in a compartment over a time step At:

My t
1 ! t
L / dm= —k[ dt ©)
My,co — My . Jt—1
My t—1
Arnw,At = Mw,co0 — (mw/oo - rrlw,t—l)’e_kAt (7)

2.2. Model Parametrization
2.2.1. General

Each mathematical model will require specific parameters, which are commonly ac-
quired for a certain application. Specifically, the permeation, sorption as well as degradation
processes must be characterized by appropriate parameters. However, this work is ded-
icated to model development and utilizes literature data exclusively for the purpose of
parameterization. Moreover, the constants employed in this study are given in Table 1.

Table 1. Parameters used for modeling. The blister cavity is geometrically adapted to the tablet.

Parameter Symbol Value Unit Reference
Permeation
Saturation pressure at 40 °C and v
100 kPa Pw 7.39 kPa [23]
Molecular mass of water Mw 18.0 g mol ! -
Gas volume of blister cavity * vvap 0.41 ml -
Ideal gas constant R 8.314 Jmol 1 K1 -
Temperature * T 313 K -

Surface area of blister cavity * Ablis 3.9 cm? -
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Table 1. Cont.
Parameter Symbol Value Unit Reference
Sorption
Dry mass of tablet mgirl; 364 mg [24]
GAB parameter Wm 0.0296 - [24]
GAB parameter CcaB 8.93 - [24]
GAB parameter Kgas 0.847 - [24]
Rate constant of sorption Ksor 441 s71 -
Degradation
Molecular mass of cilazapril My 417.5 g mol ! [25]
Mass of cilazapril per tablet * mgei 10 mg -
Pre-exponential factor Kdeg,0 5.43.10~18 s! [26]
Activation energy Ea 1.71-10° J mol ! [26]
Humidity sensitivity factor B 3.4 - [26]

* Parameters that are selected within commonly used ranges.

2.2.2. Permeation

The permeation process into the blister cavity is characterized by two fundamental
parameters, namely the equilibrium mass of water in the vapor phase of the blister cavity
(m&?,ﬁ’o) and the rate constant of permeation (kperm)- The equilibrium mass depends on
the relative humidity in the environment (outside of the blister) as well as the volume of
the blister cavity (VY?%P). On the other hand, the rate constant is a property of the blister
material which can be ascertained within permeation tests.

The driving force of permeation is the difference in the partial vapor pressures of the
water between the interior of the blister cavity (py, ") and its environment outside (p"),
and can thus be expressed as relative humidity (¢.) by normalizing to the saturation vapor
pressure (pLY).

ow= 1% ®)
Pw

The vapor pressure of water is proportional to the mass of water in the gas phase of

the blister cavity (my "), as stipulated by the ideal gas law.

vap __ Que’ My VVP Pu
v R-T

©)

The equilibrium of the mass of water in the gas phase of the blister cavity is determined
by the insertion of the relative humidity of the environment. Therefore, my; &, is contingent

on the relative humidity outside of the blister.

vap (PS;W'MW'Vvap'p‘]X,V
o0 = RT

(10)

The permeation of water vapor through a plane sheet can be described by a first-order
kinetic, characterized by the rate constant of permeation (kperm) [27]. This concept can be
transferred to the mass flow of water into the blister cavity:

dmvwap vap vap
T = l<perm' (mw,oo* myy ) (11)

This rate constant is derived from the experimentally determined water barrier prop-
erties, like the water vapor transmission rate (WVTR). This is defined as the mass flow
of water vapor passing through a given surface under certain conditions of temperature
and relative humidity. For pristine blister foils, it is specified by the foil manufacturer
(Figure 2, left). Furthermore, permeation tests (Figure 2, right) are widely employed for
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experimental determination of the WVTR, allowing the measurement of processed blister
foils such as thermoformed blister cavities [28,29]. In these tests, the donor cell (myy%,) and
the acceptor cell (rn‘c,lvr ¥) are separated by the blister cavity, while the water vapor flow is
measured (Figure 2, right).

tropical conditions
ASTM F-1249

38 °C/90 % rh

base film PVC 250 pm

Blis | Form 33
Blis | Ba DX/ TX 40 0.65
flush gas carrier gas . " carriergas flush gas
Blis | Ba DX / TX 60 El 0.45 inlet inlet carrier ce outlet outlet
- | A -
Blis | BaDX/TX 904 |03 ‘ i if ;
I ] 1 [ i base
Blis | BaDX 1201 | 0.25 1 I : layer
| ] A || S J | e
Aclar® DX / SW Accel 1700-{ | 015 . -
Aclar® DX / TX / SW 2000 ] 0.11 aluminum — 0 cavity
cla 1 3
layer X .
Aclar® DX / TX / SW 3000{] 0.08 I v
test gas inlet test cell test gas outlet
Aclar® DX / TX / SW 4000 ] 0.06
Aluba™ - 0
0.0 0t5 1?0 1t5 210 215 3:0 315

water vapor transmission rate WWTR [g m? d"']

(a) (b)

Figure 2. Permeation characterization of blister films and cavities. (a) Water vapor transmission
rate (WVTR) for pristine blister foils according to [30]; (b) Experimental setup of permeation tester
examining a blister cavity according to [31].

In steady state of the WVTR measurement, the following applies, where AP is defined

)

Water vapor that has permeated through the foil is removed directly in the acceptor
dry
W

as the surface area of the blister cavity:

wet dry
w,o0 — My

WVTR - AP = korp- (m (12)

compartment (m,,~ = 0), thus acting as a sink.

et
,00

WVTR - APES = Koerm -m)y (13)
The relative humidity is established within the cell situated in front of the sample (i.e.,

the donor compartment), which is proportional to the mass contained within the gas phase

(Equation (10)).

(pwet My, .yvap p‘Iij

WVTR - AP = Kperm- R (14)
This is rearranged in order to obtain the rate constant of permeation:
WVTR-APE.R-T
1<perm = (15)

QW M,y -VVaP-pLV

The permeation can be defined by the upper limit, which is related to the relative hu-
midity in the environment of the blister, and a characteristic rate constant, which quantifies
the water barrier of the blister.

2.2.3. Sorption

The sorption process can be described by the mass of water sorbed to tablet at

sor

equilibrium (m{7,) and the rate constant of sorption (ksorp). The equilibrium mass depends

on the relative humidity in the direct environment of the tablet (inside of the blister). In
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contrast, the rate constant of sorption is a material property of the tablet and can be
determined within sorption testing.

The driving force of sorption is defined as the difference between the mass of water
already sorbed by the tablet (m3}) and the sorbed mass of water at equilibrium (m3?,). This
equilibrium results from the material properties of the tablet components and is derived
directly from the sorption isotherm. The Guggenheimer—Anderson-De Boer (GAB) model
represents a widely applicable framework for modeling the experimentally determined
sorption behavior of a large number of different solid-state systems [32-34]. However, it is
also possible to utilize alternative models. By adjusting the model parameters (Wm, CGap,
Kgap) a mathematical description the moisture of the sorption isotherm can be obtained
(Figure 3, left):

va
W CoanKcap ow’

Xi\(])roo == = Wm* (16)
. tab
m gy (1 N KGAB‘QX\?p) ’ (1 — Kaas ow' + CGAB’KGAB'(PX\/ap)

=

S 0.175 4 10 . - N

g T

T 0.1501 ] éxé

Py 208+ i

Q,0.125 4 | 5

T %

=] o

égonoo- ] B o8 " 64%

x © e 113%

2 00757 ] E 04 216%

2 3 ¢ 328%

‘S 0.050 - E o 4 432%

£ g 0.2 57.6 %

g 0.025 4 s * 753%

£ m data < ¢ 843%

£ 0.000 : . I—G{\B model (R = 0.9997) 0.0 . i . . —model (R = 0.9862)
0.0 0.2 0.4 0.6 0.8 1.0 0 5 10 15 20 25 30 35 40

relative humidity ¢ [-] time t [d]

(a) (b)

Figure 3. Sorption properties of a tablet formulation at 25 °C in accordance with [15]. (a) Sorp-
tion isotherm after application of the GAB model; (b) Normalized sorption kinetics at different
relative humidities.

tab
dry
equation enables calculation of the total mass of sorbed water (m;y,) from the equilibrium

moisture load (X5°L ) at a given relative humidity:
W,00 g Yy

Since the dry mass of the solid (m3") is a constant quantity, rearranging the GAB

C K __vap
msor = Wy GAB GAB Pw 'mtab (17)
W,00 vap vap vap dry
(1 — Kgap 0w )(1 —Kgap ow' + CoapKgap ow )

sor
W,00

The sorption of water to the tablet follows a first-order kinetic, characterized by the

Therefore, m{C%, is contingent on the relative humidity in the blister cavity.

rate constant of sorption (kgor):

sor
dms$?

dt

= Ksor* (mxs/\?,go_ mi@’r)

(18)

This rate constant can be determined by analyzing the time-dependent moisture
uptake of the tablet at a certain relative humidity level. Dynamic vapor sorption (DVS)
analyses are widely used to determine the sorption isotherm and sorption kinetics. In these



Pharmaceutics 2025, 17, 1233

8 of 15

experiments, the increase in mass of a dry tablet is measured in response to a set relative
humidity within the tablet environment.

By normalizing the moisture load (X3{") to the equilibrium moisture load of the set
humidity level (nggo), a single rate constant for all humidity levels can be determined
(Figure 3, right):

XSOI‘
W

sor
Xiv.co

= 1— e Kot (19)

In case ksorp changes depending on the relative humidity under consideration, a
function of keor (¢w) can also be utilized. The sorption can be characterized by the upper
limit, which denotes the mass of water sorbed to the tablet in equilibrium for a given
ambient humidity of the tablet. Additionally, the sorption constant describes the kinetic
rate of the sorption process.

2.2.4. Degradation

Given the presence of moisture-sensitive bonds (e.g., ester or amide bonds) in many
drug substances, water is assumed to be a reactant in degradation reactions, such as
hydrolysis (Figure 4, left). However, it is acknowledged that degradation reactions can
occur in the absence of moisture.

5x107* T T T T
o,
drug x@' 4x10* -
0 0 " s
+ | HO | = + N2 © ~
RS0 Re FELE N i T serot
j2]
ester water degradation products 2
G 2x107 1
[0} [0} R b
R + | HO | <= + -Ro S
R,)J\N 2 R1)J\NH2 L 2
H S 1x107% 4
amide water degradation products )
©
0

0.0 0.2 0.4 0.6 0.8 1.0

relative humidity ¢, [-]
@) (b)

Figure 4. Degradation behavior of the contained drug. (a) Degradation reactions of hydrolysis-
sensitive drugs; (b) Degradation rate constant of cilazapril at different relative humidities and 40 °C
in accordance with [26].

The degradation process can be fully delineated by the mass of water required
to degrade the mass of drug contained in the tablet (mi‘f,%o) and the degradation rate
constant (Kqeg)-

The upper limit depends solely on the drug load of the tablet. Conversely, the degra-
dation rate constant is contingent on the environmental conditions of the tablet, namely
temperature and relative humidity.

The driving force of degradation is characterized by the difference between the mass of
water required to degrade the entire drug contained (m‘jﬁ%o) and the mass of water already
consumed for degradation (ma,eg). For water-dependent degradation reactions, the mass of
water consumed to degradation is directly proportional to the mass of drug degraded. The
stoichiometry of this reaction is considered by the stoichiometric factor (vgeg). The mass of
water required for the degradation process can then be calculated, given the molar masses
of the drug (My) and water (Myy):

M
msveg = Veg- Mi‘g ,mgeg (20)
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By inserting the total mass of drug contained in the tablet, the mass of water required
to degrade the entire drug can be calculated.

de

Mw  de
Inw,go = Vdeg~ 5

Since the stoichiometry of the reaction and the molar masses remain constant over
time, the upper limit of the degradation is designated as a constant.

The degradation kinetic of the drug contained within the tablet, as well as the con-
sumption of water within this reaction, can often be described by a first-order kinetic,
defined by the degradation rate constant (kqeg).

dmi® d d
T = ke (MR- my®) (22)

This rate constant is typically determined in the context of stability studies, wherein
the drug content is monitored over time. Given that the degradation kinetic is contingent
upon the environmental conditions of the tablet, stability studies must be conducted under
variations in these parameters. Through the exposition of tablets to different relative
humidities, the degradation rate constant can be determined for different moisture contents.
It is assumed that the tablets possess an equilibrium moisture content and the relative
humidity in the environment is consistent with the moisture content of the tablets.

A humidity-corrected Arrhenius approach is a widely established model that relates
the rate constant of degradation directly to the various environmental conditions of the
tablets, i.e., temperature (T) and relative humidity (PveP) [18,35,36].

E
1(cleg = kdeg,O exp <R&:[‘> exp (B' (p\"]\?p) (23)

The temperature-dependency is assessed by adjusting the pre-exponential factor
(Kgeg0) and the activation energy (Ea). The influence of the relative humidity on the
reaction rate is determined by the empirical humidity sensitivity factor (B). This parameter
is derived from the experimentally determined rate constants at varying relative humidity
levels. For isothermal conditions, the degradation constant is a function of the relative
humidity in the tablet’s environment (Figure 4, right). In the microclimate surrounding a
drug particle situated within a tablet, the moisture content of the excipients may contribute
to the availability of moisture for the reaction [37,38]. As the moisture load of the tablet
corresponds to its water activity, this governs the availability of water for degradation.

The degradation process can be modeled by determining the upper limit, which
represents the mass of water required to degrade the entire drug, and the rate constant at
which the reaction occurs.

2.3. Model Implementation

In order to utilize the proposed model, it is necessary to examine the permeation,
sorption and degradation kinetics, as well as their interactions. Hence, Equations (11),
(18) and (22) must be solved simultaneously and coupled within Equation (2). Due to
the high interdependency of these, a numerical approach was employed, whereby the
individual kinetics were analytically solved for discrete time points, and the mass balance
was iteratively solved (Figure 5).
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conditions before V' = criterion satisfied
time step

vap

w,t-1

X = criterion not satisfied

To

J‘ dmw’t d
dt
t-1
sor va
sorption Mw,t Py P

ma’h (17), ksor (19)

conditions after
time step

va de:
Pt (9. m™ (20)

Figure 5. Flow chart illustrating the calculation algorithm for a single time step for numerous
iterations (i). Numbers in brackets refer to the respective equations.

All individual sub-processes are calculated for discrete time steps and Equation (4) is
solved until a convergence criterion is reached: After the calculation of the permeated water,
the mass of water sorbed to the tablet is determined. Subsequent to the incorporation of the
water into the tablet, its removal from the gas phase occurs. The water used for degradation
at the resulting relative humidity in the blister cavity is ascertained and considered within
the mass balance. The next iteration step is carried out based on the relative humidity in
the cavity phase that changed within the iteration step.

The model was implemented in Python (version 3.9.6, Python Software Foundation,
Delaware, DE, USA) as open-source programming language.

The time step size and convergence limit are relevant discretization parameters, which
define the accuracy of the calculations and the computational effort. The selection of
a smaller time step size results in enhanced accuracy, whilst concomitantly incurring
extended computational times. Conversely, a large time step size can lead to systematic
deviations, whereas a reduction in the computation time can be achieved. The selection
of the time step size is contingent on the fastest sub-process indicated by the highest rate
constant. In order to provide a parameter-independent implementation, a dynamic time
step selection based on a time step size selection criterion (o) is required, whereby this
is based on the highest rate constant (Equation (24)). Within the context of Equation (7),
this corresponds to the relative approximation to the equilibrium state for the fastest sub-
process. This equation is derived directly from the definition of the process as a first-order
rate process.

In(1 — oat)

At =
- kfast

(24)
For a criterion of op; = 1072, At refers to the time step size to reach 1% of the equilib-
rium of the rate process under consideration. Since only a small fraction of the equilibrium
is reached with the selected time step size At, fast processes can also be integrated in a
numerically stable manner.
A sensitivity analysis was conducted, in which the temporal progression of residuals of
coarser time step sizes to a reference solution computed with a particularly small time step
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size was analyzed considering permeation, sorption and degradation (Figure 6, upper row).
Following this, a time step selection criterion was considered to be sufficient. Utilizing the
time step size criterion, the time step size can be dynamically adjusted at the beginning of
each time step during the calculation process. This ensures numerical stability when rate
constants are altered during the calculation.

o
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> =1102 (550 22 5
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Figure 6. Sensitivity analysis regarding time step size (upper row, time step size in brackets) and
convergence criterion (lower row) on predicted (a) cavity humidity, (b) mass of water sorbed to tablet
(b,c) drug content over time.

Since the mass balance is solved iteratively, the mass balance converges to an exact
solution as the iterations progress. Consequently, a second criterion is introduced to ensure
a sufficient degree of convergence. Equation (2) is solved iteratively for each time step until
a convergence limit (€cony) is met, which describes the permissible relative deviation of the
calculated water masses from the previous iteration step. In the event that the deviation
from the previous iteration step is no greater than this limit, the mass balance is considered
to be solved, and thus the subsequent calculation of the next time step is initiated.

A sensitivity analysis with regard to the convergence limit was performed using a
dynamic time step size selection (o= 10~2). Considering the residues for the three sub-
processes, a limit of econy = 10~8 was found to be adequate (Figure 6, lower row). Since
the convergence limit is rather independent of the specified parameters, this is taken to be
universally applicable.

2.4. Model Application
The model is based on the following assumptions:

e  The barrier properties of the blister, expressed as the rate constant of permeation, are
determined in the steady state of water permeation. The saturation of the blister film
is neglected with respect to the multi-year time scale of the simulation.

e  All rate constants of the different sub-processes are assumed as constants within a
time step.
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600
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e  The sorption properties of the formulation remain constant over the simulation period.
As degradation progresses, the composition of the tablet is assumed not be altered
due to the accumulation of the degradation product. This may lead to deviations from
the originally determined sorption rate constant and sorption isotherm.

In the context of a case study, the model was applied to demonstrate the feasibility
of predicting the stability of blistered tablets. As the objective of this case study is not to
simulate the stability of a real formulation, it is instead intended to provide insight into
the functionality of the model using the example of the moisture-sensitive drug cilazapril.
For this set of input data, the information provided by the simulations is less valuable due
to the combination of sorption data from a placebo tablet with the degradation properties
in another substance system. Moreover, sorption properties at 25 °C are included in the
simulation due to the lack of sorption data at 40 °C, and hence there is no combination
of isothermal transport processes. However, the temperature only has an influence on
magnitude of the parameter. All underlying models remain applicable.

An initial relative humidity of 40% in the gas phase of the blister cavity and an ambient
air humidity of 70% were assumed. For identical tablets, the relative humidity in the blister
cavity (Figure 7a) and the moisture increase in the tablet (Figure 7b) were predicted in
various blister materials with a thickness of 100 pm after thermoforming. Based on the
correlation between the moisture uptake of the tablet and the drug stability shown in the
model, it was possible to predict the drug content over a period of about 3 years (Figure 7c).
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Figure 7. Simulation results of case study. Prediction of (a) relative humidity in cavity, (b) moisture

600 800 1000

mass of water sorbed to tablet m>" [mg]
o

uptake of tablet and (c) drug content over time at 40 °C and 70% assuming an initial relative humidity
of 40% in blister cavity.

As a result of the difference in relative humidity between the environment and the
cavity, moisture enters the blister. Subsequent to the increase in relative humidity, the
tablet begins the absorption of moisture (Figure 1). A higher barrier effect (e.g., PVC/Aclar)
results in slower water uptake by the tablet. However, only a high barrier leads to a visible
slowdown in moisture uptake in the system under consideration.

A direct correlation is also observed between the barrier properties of the packaging
material and the predicted stability of the drug. The degradation of the drug is found
to be slower in blisters with a higher barrier. Since the moisture uptake and the increase
in relative humidity in the blister cavity are retarded in high barrier materials, this is
especially evident in the initial period of shelf life. Nevertheless, drug content differs only
by approximately 3% compared to an unpacked tablet after 2 years of storage.

Furthermore, the drug content over time with a low barrier differs only slightly from
the drug content-time profile of an unpacked tablet. Thus, with a low barrier (e.g., PVC),
there is no substantial slowdown in degradation for this particular drug formulation. In
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this case, a high barrier is required as packaging materials with a low barrier do not offer
sufficient protection against moisture and do not contribute to preserving quality.

The results of this simulation provide a rational basis for selecting potential packaging
materials for further stability tests. Furthermore, a substantial reduction in experimen-
tal costs can be achieved by utilizing a mechanistic model compared to the subsequent
conduction of stability tests within an iterative packaging selection process.

3. Conclusions

In this work, a novel approach for predicting the moisture uptake and the drug content
of a blister-packed tablet was presented. This approach is based on the kinetics of the
interconnected transport processes of water. For the purpose of this study, a detailed mathe-
matical description of water ingress into the blister cavity, moisture uptake and water used
for degradation was provided. To this end, the rate constants of the respective transport
processes were derived. Since the modeling framework incorporates the consumption of
water due to degradation, this represents a holistic approach to predict the drug stability of
blister-packed pharmaceutical products.

The implementation of the modeling framework involved the application of an itera-
tive solving algorithm for the interconnection of the rate-processes of permeation, sorption
and degradation. The parameters found to be relevant in the context of the implementation
(time step size selection criterion o¢, convergence limit eqony) were defined and their
influence on the modeling result was investigated.

In order to provide insights into the model application, a case study based on literature
data was conducted. The case study elucidated the effect of the barrier properties of the
blister on the moisture uptake and the drug content over shelf life. As the drug content over
shelf life in a low-barrier blister was found to be comparable to that of an unpacked tablet,
a low-barrier blister is not providing any protection for the product under consideration. In
contrast, a substantial improvement in drug stability was achieved in packaging materials
with a higher barrier effect.

Predictive modeling of drug product stability in pharmaceutical blister packs enables
a rational selection of packaging materials, as the properties of the individual product are
directly correlated with the barrier properties of the materials used. This allows for greater
efficiency in addressing key questions within pharmaceutical product development. By
following the approach of quality-by-design, it opens new possibilities for reducing the
barrier levels, thus avoiding the overpackaging of pharmaceutical products. Since many
of the barrier layers used severely limit the recyclability of pharmaceutical blister packs,
avoiding these layers serves to increase the sustainability.
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Abbreviations

The following abbreviations are used in this manuscript:

DVS Dynamic vapor sorption

GAB Guggenheim-Anderson-De Boer
PP Polypropylene

pPvC Polyvinyl chloride

PVdC  Polyvinylidene chloride

WVTR  Water vapor transmission rate
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