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Abstract

Bilayer tablets offer various drug release profiles for individual drugs incorporated
in each layer of a bilayer tablet, which is rarely achievable by conventional tablets. These
tablets also help avoid physicochemical incompatibilities between drugs and excipients.
Successful manufacturing of such more complex dosage forms depends upon screening of
material attributes of APl and excipients as well as optimization of processing parameters
of individual unit operations of the manufacturing process that must be strictly monitored
and controlled to obtain an acceptable drug product quality and performance in order to
achieve safety and efficacy per regulatory requirements. Optimizing formulation attributes
and manufacturing processes during critical stages, such as blending, granulation, pre-
compression, and main compression, can help avoid problems such as weight variation,
segregation, and delamination of individual layers, which are frequently faced during the
production of bilayer tablets.

The main objective of this review is to establish the basis for the implementation of
Quality by Design (QbD) system principles for the design and development of bilayer
tablets, encompassing the preliminary and systematic risk assessment of critical material
attributes (CMASs) and critical process parameters (CPPs) with respect to in-process and
finished product critical quality attributes (CQAS). Moreover, the applicability of the QbD
methodology based on its purpose is discussed and complemented with examples of bilayer
tablet technology.

Keywords: Bilayer Tablet; Delamination; Weight Variation; Segregation; Drug
release; Process Analytical Technology (PAT)
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l. Introduction

Bilayer tablets have been considered one of the best options for the development of
fixed-dose combination (FDC) formulations, circumventing not only the problem of
physicochemical incompatibilities of drugs but also providing different drug release
profiles for each drug present in the individual layer of bilayer tablets (Janczura et al.,
2022; Singh et al., 2019; Won et al., 2021). Bilayer tablets can provide unique product
performance regarding drug delivery and patient compliance, as they are considered one of
the alternatives to overcome the oral delivery problems of drugs such as those faced with
conventional or matrix tablets. A bilayer tablet is necessary when prompt drug release is
required to relieve the symptoms of diseases, such as inflammation and hypertension while
maintaining the appropriate drug blood level over the desired prolonged administration
interval (Dey et al., 2012). Nevertheless, a new set of challenges is anticipated to bilayer
tablets regarding the formulation and manufacturing parameter controls and product
performance requirements compared to conventional tablets (Vaithiyalingam and Sayeed,
2010).

Formulation development by Quality by Testing (QbT) ensures the quality of the
drug product only after its analytical testing in a quality control laboratory; however, this is
not guaranteed during the design and development stage itself. The Quality by Design
(QbD) concept in pharmaceutical development has evolved as a systematic method of
development strategy offering several benefits, such as high-quality drug products with
operational flexibility within optimized ranges of critical factors, regulatory flexibility in
drug product application approvals, and post-approval change management (Lee et al.,
2022). QbD is a systematic step-by-step approach that begins with predefined objectives in
the form of a quality target product profile (QTPP), profound drug product formulation and
manufacturing process understanding, and process controls based on sound science and
quality risk management principles. The identification and optimization of critical material
attributes (CMASs) and critical process parameters (CPPs) for the development of design
space (DS) through a systematic series of design of experiments (DoE) along with the
implementation of a control strategy with the adaptation of the continuous improvement
throughout the drug product lifecycle (Chun et al., 2021; ICH Q8 (R2) 2009) will help in

likely meeting some of the critical challenges, that is, segregation of Active Pharmaceutical
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Ingredient (API) from blend, weight variation of layers, content variability of APIs in
different layers, and delamination of layers, during commercial manufacturing of bilayer
tablets.

A detailed understanding of bilayer tablet formulation design and its manufacturing
process is most relevant to flexible operational and regulatory frameworks. The level of
operational and regulatory flexibility highly depends on the scientific knowledge provided
during the dossier application for marketing approval (ICH Q8 (R2) ), 2009). The
increasing application of the QbD concept in the pharmaceutical industry has been very
successful as it helps improve pharmaceutical development efficiency with effective drug
product formulation optimization and provides a robust manufacturing process.
Furthermore, it improves communication between regulators and the pharmaceutical
industry, provides regulatory relief and flexibility, manages post-approval changes, and
allows real-time quality control with a subsequent real-time release (ICH Q8 (R2) ), 2009;
Pramod et al., 2016; Weitzel et al., 2021). Therefore, applying the QbD concept to bilayer
tablet development would significantly benefit the pharmaceutical industry and regulatory
authorities. An incomplete mechanistic understanding of the more complex manufacturing
processes of bilayer tablet compression has encouraged researchers to implement the
systematic QbD concept for bilayer tableting process development (Chun et al., 2021;
Vaithiyalingam and Sayeed, 2010). Nevertheless, early scientific evaluations of bilayer
tablets have been published previously (Stephenson and Spence, 1964; Sastry and Khan,
1998; Narendra et al., 2006).

The application of QbD in marketing authorizations for drug products is increasing
(ter Horst et al., 2021). This is a valuable strategy for developing formulations containing
more than one drug, particularly if different drug release profiles are required within the
same pharmaceutical dosage form (Fernandez-Garcia et al., 2020). A large number of unit
operations involved in its manufacture require more intense and validated control according
to regulatory requirements to ensure a quality system based on efficacy, quality, and safety
(Grangeia et al., 2020). Applying the QbD concept to optimize bilayer tablets might reduce
the number of experiments required to produce a cost-effective drug product with extended-
release properties (Chappidi et al., 2019). Several literature reviews have reported the
critical steps (Abebe et al., 2014; Vaithiyalingam and Sayeed, 2010; Akhtar et al., 2020)
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and relevance of the QbD concept (Kottala et al., 2012b, Kottala et al., 2012c) regarding the
pharmaceutical development of bilayer tablets, but there is no published review comprising
a systematic approach to the implementation of QbD for bilayer tablet development, to the
best of our knowledge.

In this review, we explained the risk identification, analysis, and evaluation of
CMA s and CPPs of bilayer tablets with respect to critical quality attributes (CQAS) through
systematic risk assessment, along with the implementation of a control strategy for the
implementation of QbD for the development of bilayer tablets. This will indeed help us
meet some of the critical challenges, that is, segregation of the active ingredient from the
blend, weight variation of layers, content variability of active ingredient(s) in different
layers, and delamination or separation of layers during the commercial manufacturing of
bilayer tablets. Along with QbD, in-process parametric online or inline releases for in-
process quality checks through the Process Analytical Technology (PAT) framework are
also discussed. Thus, the main objective of this review is to elucidate and provide a
practical framework appropriate and suitabie for the application of a systematic step-by-

step QbD strategy for the pharmaceutical development of bilayer tablets.

2. Quality by Design approach — bilayer tablet development strategy
2.1. Definition of bilayer tablet QTPP and CQAs

In QbD, ‘What we want?’ should be defined from the first stage as the QTPP, which
records the voice of the customers, that includes pharmacists, physicians, and patients. In
the QTPP, the quality characteristics of drug products are summarized, which ideally
should be achieved to ensure its desired quality. From the QTPP, Quality Attributes (QAS)
of drug products are summarized, which preferably should be achieved to ensure the
desired quality, considering its safety and efficacy. Of all QAs, CQAs of drug products are
determined based on impact analysis by changes in formulation and/or process variables
and severity of harm to patients. CQAs are defined by ICH Q8 guidance as a "physical,
chemical, biological, or microbiological property or characteristic that should be within an
appropriate limit, range, or distribution to ensure the desired product quality."

Any change in bilayer tablet formulation or processing parameters that may impact
any of the CQAs, which may in turn affect efficacy and safety, must be investigated and
discussed in detail to achieve the predefined product quality (Chun et al., 2021). Tables 1

5
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and 2 summarize the definition of QTPP and determination of CQAs for bilayer tablets,
respectively; the details mentioned in the last column of both tables justifies the purpose of

the definition of QTPP and determination of CQAs, respectively.
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Table 1. Example for definition of QTPP for a generic drug product based on bilayer tablets.

QTPP

Target

Justification

Dosage form

Bilayer Tablet

Dosage design

Immediate Release and Modified Release Combination

Route of administration

Oral

Dosage strength

x mg for 1st APl and y mg for 2nd API

Drug Product quality

attributes

Must meet the same compendia or other applicable reference standards

Identity, Assay (Weight Variation and Content Uniformity), Purity (Impurity, Microbial limits, Water Content,
Residual Solvents), Quality (Appearance, Hardness, Friability) and Performance (Disintegration, Dissolution)

Primary packaging

HDPE plastic Container and PP closure to protect the product from heat, moisture, oxygen, light and microbial
attack to achieve the target shelf-life

Requirements of
Pharmaceutical

Equivalence

Pharmacokinetics

Fasting and Fed BE Study

Requirements of Bio-

90 % confidence interval of the PK parameters, AUCos, AUCq..o and Cumay, should fall within bioequivalence | Eduivalence
limits of 80-125 % with the reference product
Ease of storage and | Can be stored and distributed at real-time storage conditions as a regular practice with desired stability to handle
distribution the product easily and to ensure product integrity
Stability and shelf-life It should be stable against hydrolysis, oxidation, photodegradation and microbial growth. At least a 24-month | Requirements of

shelf-life is required at room temperature.

Equivalent to or better than Reference Product shelf-life

Patient acceptance and
compliance

It should be suitably size, shape for swallowing and suitably colored for possessing acceptable shade similar to
Reference Product. It can be easily administered similarly to Reference Product labeling to achieve the desired
patient acceptability and suitable compliance

Patient Acceptance and

Compliance

Abbreviations: API- Active pharmaceutical ingredient; AUC- Area under the curve; BE- Bioequivalence; Cna.- Maximum concentration; HDPE- High density
polyethylene; PK- Pharmacokinetics; PP- Polypropylene
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Table 2. Example for determination of CQAs for a generic drug product based on bilayer tablets.

In process and /or finished product quality | Change in formulation and/or process | Is failure to meet this attribute severely
attributes of drug product variables impacts this quality attribute? | harm to the patient? Is this a CQA?
Physical Attributes Yes No (appearance same as innovator, so | No
patient compliance is not an issue)
Identification No (controlled at API release stage) Yes Yes
Assay Yes Yes Yes
Impurities Yes Yes Yes
Weight Weight of 1st Layer Yes Yes Yes
Variation Weight of 2nd Layer Yes Yes Yes
Content Content of 1st Layer Yes Yes Yes
Uniformity | Content of 2nd Layer Yes Yes Yes
Tablet Thickness / Hardness of 1st Layer | Yes Yes  (indirectly  affecting  capping, | Yes
Hardness Thickness / Hardness of 2nd | Yes lamination/ separation, friability, | Yes
Layer disintegration and dissolution)
Tablet Friability Yes Yes (patient compliance essential) Yes
Disintegration Yes Yes Yes
Dissolution Yes Yes Yes
Water Content Yes Yes (indirectly affecting impurities) Yes
Residual Solvent No (controlled at API and excipient stages) | Yes Yes
Microbial Limits No (controlled at API and excipient stages) | Yes Yes
Abbreviations: API- Active pharmaceutical ingredient; CQA- Critical quality attribute
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Once the QTPP and CQAs were established based on prior knowledge and the literature,
an initial risk assessment was performed. This procedure aims to identify potential high-risk
variables and critical risk factors that will be prioritized for further optimization and control. Risk
assessment is a systematic process exploited in quality risk management (ICH Q9 2005) to
determine which CMAs and/or CPPs are critical for bilayer tablet quality and, eventually, which
need to be experimentally assessed and controlled within appropriate ranges to ensure the desired
drug product quality (ICH Q9 2005). Risk assessment should be performed early in
pharmaceutical development, but it is essential to repeat it at different developmental stages as
further information becomes available and improved understanding is achieved (Destro and

Barolo, 2022; Tomba et al., 2013). Figure 1 schematically illustrates the QbD concept.

Constant Enhancement

— B
TN
= ‘ & .-
SN |
@ i

Constant Enhancement

Figure 1. The QbD concept's representative scheme which consists of two main parts: process and product
understanding in the form of CMAs and CPPs. The result is a complete understanding of both parts that guarantees
that the final drug product complies with predefined QTPP and predetermined CQASs
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The starting point of risk assessment is anticipated to systematically identify all the
possible variables that may be responsible for any variability or defect in the bilayer tablet.
Therefore, tracking all probable risk factor variables is recommended using an Ishikawa Fishbone
diagram. An Ishikawa Fishbone diagram is usually the first step in identifying potential risk
variables for CQAs. It is a multivariable overview represented as a horizontal line with the
underlying CQAs of the drug product, and diagonal lines representing potential risk factors
(Kovacs et al.,, 2021) (Saydam and Takka, 2018). An Ishikawa diagram for bilayer tablets
manufactured after wet granulation is presented in Figure 2 based on experience and literature
data, where formulation and process variables, among others, are hierarchically organized. The
major categories of variables included in this diagram are related to raw material attributes,
process parameters, and environment. This fishbone diagram represents a cause-effect correlation
between potential material attributes and process parameters impacting CQAs. It has been used in
the development of bilayer tablets (Lee et al., 2017) to map the different stages of a process; it
helps depict where quality issues might arise and dictate which resources are essential at specific
times.

However, the relative levels of impact of the described variables may differ for each
CQA. The qualitative levels of the individual formulation variables can be represented through a
risk estimation matrix (REM). REM is a systematic and proactive method for identifying and
mitigating possible failure modes that are most likely to generate product failure. Therefore, this
risk analysis tool aims to identify and prioritize the formulation and process parameters with the
highest risk to CQAs and, thus, must be studied in more detail. Each factor mentioned in the
Ishikawa diagram should be ranked later in REM analysis. Table 3 displays the REM of the
bilayer tablet formulations and the manufacturing process parameters. If a bilayer tablet's
formulation and process parameters are based on the disclosed data of a marketed drug product,
the formulation parameters may be evaluated as low-risk through REM. Accordingly, only the
processing parameters, such as blending, granulation, and tableting operation for bilayer tablets,
are likely to be optimized by the further DoE (Won et al., 2021).

The most threatening risk factors are those that rarely occur but exhibit a high severity of
impact on product QAs, and their detection often occurs at a late stage, not allowing adequate

correction of the problem. Low-risk factors mean that no further investigation is required,

10



Journal Pre-proof

whereas high-risk factors warrant further investigation. Medium risk is commonly considered

acceptable based on current literature data.

11
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Figure 2. Typical Ishikawa Fishbone diagram for dual release bilayer tablets produced by wet granulation. Abbreviations: API- Active pharmaceutical ingredient; DT-

Disintegration time; UC- Uniformity of content
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Table 3. Risk estimation matrix (REM) presenting qualitative initial risk assessment levels of bilayer tablet formulations and manufacturing parameters.
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MATERIALS Diluent
k)
Disintegrant
Lubricant
API 2
3 -
| Diluent
% | Lubricant
Physical Assay | Impurities | Uniformity | Hardness / | DT | | Water Residual
Attributes of Content | Friability Dissolution Content | Solvent
_ | Co-Sifting
=3 -
&' | Granulation
“ Drying
PROCESS Milling
PARAMETERS Lubrication
Co-Sifting
% Dry Mixing
= | Lubrication
N
Precompression of 1 Layer
8 Final Compression of 2™ Layer

Cell background: Gray- No correlation; Green- Low-risk factor; Yellow- Medium risk factor; Red- High-risk factor. Abbreviations: BC- Bilayer compression; API-

Active

Pharmaceutical Ingredient; CQA- Critical quality attribute; DT- Disintegration
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2.2. ldentification of the bilayer tablet CMAs and CPPs

Once the initial risk assessment has been established, the QbD development advantages toward
identifying CMAs and CPPs of bilayer tablets. CMAs and CPPs are parameters whose variability
significantly affects CQAs; therefore, their optimization, monitoring, and control are required during
the development stage to ensure the commercial production of bilayer tablets with the intended quality.
The values of both critical variables are believed to be within an appropriate range, limit, or distribution
to ensure a predefined quality. The CMAs and CPPs underlying the different bilayer tablets for oral
administration are based on data available from the relevant literature (Kottala et al., 2012a, Kottala et
al., 2012b; Lee et al., 2017; Tho and Bauer-Brandl, 2011).

Formulation design and process parameters that show critical results in risk assessment should
be screened and optimized through the DoE. DoE is an essential QbD element and represents a
structured and organized experimental process that provides information with higher precision
regarding the effect of changes in the variable(s) on the product and process response(s) and detects
cause-effect relationships and interactions among these variables (ICH Q8 (R2) ) 2009). The screening
and optimization process requires fewer experiments than the one-factor-at-a-time (OFAT) strategy
through multivariate DoE. A screening design is experimental planning that simultaneously evaluates a
relatively large number of factors in a small number of experiments to screen significant critical factors
out of non-significant factors. During the screening phase, all factors were tested to identify the most
influential ones (CMAs and CPPs). Different experimental designs, such as fractional factorial,
Placket—Burman, and 2-level full factorial designs (Maddiboyina et al., 2020), can be utilized to screen
for factors impacting the critical quality and performance attributes of bilayer tablets.

After the screening experiments, the significant critical variables were further explored in the
optimization phase to define their optimal operating ranges. The optimization stage enables the
identification of the optimal conditions of the critical factors for the development of the DS within
which all CQAs meet their predefined specifications to ensure product QTPP. Different experimental
designs can be utilized to determine the optimal conditions. Response surface designs, such as the
Central Composite Design (Bellini et al., 2019; Won et al., 2021) and Box-Behnken (Amit et al., 2021;
Kenjale and Pokharkar, 2022; Singh et al., 2019; Tak et al., 2017), have been the most common designs
for appropriate optimization. A response surface plot is a graphical representation of the effects of
different

14
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factors (or independent variables) on the identified responses (or dependent variables). This allows for
the exploration of formulation and process design spaces.

2.3. Development of bilayer tablets
2.3.1. Marketed drug products

Because of its benefits over other solid dosage forms, there has been a focus on the
development of this type of fixed-dose combination (FDC). Table 4 presents a list of marketed bilayer
tablets consisting of two distinct layers approved by the Food and Drug Administration (FDA) or
European Medicines Agency (EMA).

2.3.2. Incompatibility between ingredients

Bilayer tablets' advantages over other technologies include the possibility of incorporating
incompatible ingredients in the same dosage form, which cannot be avoided, for example, in a
conventional monolayer tablet. A deep understanding of the compatibility between drugs and
excipients is essential. Physical separation is a good approach in the case of incompatibility between
ingredients, preventing cross contamination among the layers (Vaithiyalingam and Sayeed, 2010).

A negative impact on the quality of the drug product may arise from the physical and chemical
interactions between drugs and excipients. To prevent this incompatibility, in some formulations, an
intermediate layer is needed to provide physical separation (Dave et al., 2015).

Eventual physical interaction. among ingredients may involve a change in tablet
physicochemical parameters such as dissolution and solubility (Chadha and Bhandari, 2014). Some
examples of physical interactions between drugs and excipients can be found in the literature: the
dissolution of drugs such as paracetamol (Hussain et al., 1992) and metformin HCI (Ariyasu et al.,
2016) was affected by the use of hydrophobic magnesium stearate; the crystallinity degree of
chloramphenicol in polymorphic form B was correlated with the presence of colloidal silica (Forni et
al., 1988). On the other hand, beneficial interactions can also be found between drugs and excipients: in
a study by Tantry et al., it was concluded that high molecular weight polyvinyl pyrrolidone (PVP)
influences the phase transitions of theophylline (Tantry et al., 2007).

Chemical interaction involves a change in the molecular structure and can result in degradation
of the drug substance (Chadha and Bhandari, 2014). Acid-base interactions and Maillard reactions are

some of the most common drug-excipient interactions (Wirth et al., 1998).

15
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Table 4. List of marketed tablets consisting of two distinct layers made by compression for various indications approved by the FDA or EMA. Each
formulation, whenever possible, is discriminated for its indication, APIs, rationale for its production, and trademark name.

o . . . Example of brand
Indication Formulation Rationale Approval date | REF
name
Glimepiride and
T2D o - Duetact 2006 FDA data
Pioglitazone HCI
Pioglitazone and
T2D . - Tandemact 2007 EMA data
Glimepiride
Diabetes mellitus /| = . . . .
L Sitagliptin and Simvastatin - Juvisync 2011 FDA data
Dyslipidemia
. Telmisartan and . .
Hypertension o Interaction between drugs Kinzalkomb 2002 EMA data
Hydrochlorothiazide
Hypertension Telmisartan and Amlodipine 3 Twynsta 2009 FDA data
i i IR of guaifenesin/ER  of
Guaifenesin and \ y .
Expectorant . guaifenesin and | Mucinex D 2004 FDA data
Pseudoephedrine .
pseudoephedrine
L Desloratadine and . .
Allergic rhinitis . ER of pseudoephedrine sulphate | Clarinex-D 2005 FDA data
Pseudoephedrine sulphate
. Cetirizine HCI and .
Allergies . IR/ER of pseudoephedrine HCI | Zyrtec-D 2007 FDA data
Pseudoephedrine HCI

Abbreviations: EMA- European Medicines Agency; ER- Extended Release; FDA- Food and Drug Administration; HCI- Hydrochloric Acid; IR-
Immediate Release; REF- Reference; T2D- Type 2 Diabetes
! According to disclosed information in a common technical document (CTD).

16
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A recent study (Rojek et al.,, 2021) demonstrated that atenolol is incompatible with
hydroxyethyl cellulose, hypromellose, and methylcellulose. As we can see through table 4, the
interaction and incompatibility between drugs can be the reason to opt for a bilayer tablet. For cases
where there is incompatibility between drugs such as Kinzalkomb® (telmisartan and
hydrochlorothiazide) physical separation with a layer makes it possible to overcome this obstacle.

As one of the early stages of product development, the selection of formulation components is
of utmost importance (Dave et al., 2015). In light of the relevant contribution of bilayer tablets as one
of the most successful applications in the field of FDCs, it is surprising that throughout the number of
QbD applications in recent years, the incorporation of incompatible drugs has rarely been pointed out
by authors as the main reason to develop bilayer tablets. Several formulations have used drugs
presenting some incompatibilities sooner or later during formulation and manufacturing, including
telmisartan and amlodipine (Lee et al., 2017). However, it seems Clear that the incompatibility of drugs
has not deserved academic and industrial attention regarding QbD usefulness in their design as bilayer
tablets.

2.3.3. Dual release formulations

A bilayer tablet is suitable for the sequential release of one or two different drugs, in which an
immediate release (IR) layer provides a drug as a loading dose, whereas a sustained release (SR) layer
acts as a maintenance dose (Tak et al., 2017; Momin et al., 2015; Salatin et al., 2022). Based on these
considerations, bilayer tablets have been developed based on the QbD concept to provide biphasic
release of one (Dholariya et al., 2014) or two drugs (Singh et al., 2019; Lee et al., 2017) for the
treatment of diabetes (Amit et al., 2021) (Chun et al., 2021), asthma (Singh et al., 2019), and
hypertension (Lee et al.,, 2017). Although sequential release mechanistic studies of bilayer tablets
containing either one or two drugs have been extensively used to improve therapeutic efficiency,
studies specifically analyzing the drug release from each layer together with the effect of the
mechanical properties of individual layers on bilayer tablet product quality are limited (Han et al.,
2022). The development of bilayer tablets for the dual-drug release can be streamlined based on the
principles of QbD. Table 5 describes the applications with an emphasis on the identification of CMAs
and CPPs.

17
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Table 5 - Application of a Quality by Design approach for bilayer tablets with dual-drug release profiles.

Parameter Criticality CQAs Reference

Drug in the IR layer/total drug CMA DR (Tak etal., 2017)

HPMC/drug in the SR layer CMA

Eudragit® RL/drug in the SR layer CMA

Lubricant in the IR layer CMA Cl, CU and DR in the IR | (Amitetal., 2021)
layer

Kneading time and lubrication time in the IR | CPP Cl, CU and DR in the IR

layer layer

HPMC, Compritol® and lubricant in the SR layer | CMA Cl and DR inthe SR layer

HPMC K4M, sodium bicarbonate, and ethyl | CMA DR, 50% of drug discharge | (Maddiboyina et al.,

cellulose time, and floating lag time 2020)

The 1st and 2nd compression forces, CPP Friability, hardness, drug | (Won etal., 2021)

turret speed, and 1st and 2nd feeder speed content assay and CU, DR

HPMC E4M and MCC in the SR layer CMAs DR (Dey et al., 2012)

Concentration of superdisintegrants and drug/total | CMA DT and DR (Dholariya et al.,

polymer ratio in IR and SR layers, respectively 2014)

Binder concentration (sodium CMC) and SR | CMA DR (Chinta and Pilli,

polymer (HPMC K100M CR/ PEO/ Carbopol®) 2020)

Amount of drug, sodium starch glycolate and | CMA DT and DR (Singh et al., 2019)

bicarbonate in the IR layer

Amount of drug, HPMC and magnesium stearate | CMA DR

in the SR layer

CMC Ca, Erythritol, HPC in the IR CMA Assay, CU, DR, hardness, | (Han et al., 2022)
friability

Kollidon® SR, HPMC 4000 and HPMC in the SR | CMA Assay, CU, DR, hardness,
friability

Amount of CCS and amount of Eudragit® RLPO | CMA DT and DR (Kenjale and

in IR and SR layers, respectively Pokharkar, 2022)

Hardness CPP DT and DR

Amount of guar gum and amount of xanthan gum | CMA Swelling index and DR (Parmar and Desali,

2022)

Abbreviations: CCS- Croscarmellose sodium;

Cl- Carr’s Index; CMA- Critical

material attribute; CMC Ca-

Carboxymethyl cellulose calcium; CPP- Critical process parameter; CQA- Critical quality attribute; CU- Content
uniformity; DR- Drug release; DT- Disintegration time; HPC- Hydroxyl propyl cellulose; HPMC- Hydroxyl propyl methyl
cellulose; IR- Immediate release; MCC- Microcrystalline cellulose; MS- Magnesium stearate; SR- Sustained release

18
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2.3.4. Manufacturing Processing Parameters

Bilayer tablets are more challenging to manufacture than conventional tablets because it is

difficult to predict their long term mechanical stability owing to several factors, such as the mechanical

and compression properties of the materials. The first systematic approach to overcome manufacturing

obstacles was based on the compressibility of wet granulation formulations incorporated with vitamin

E, using a three-factor full factorial design to assess the effects of vitamin E, binder, and filler on

responses such as granule flow, tensile strength, friability, tablet disintegration, and dissolution (Jin and

Tatavarti, 2010). Table 6 shows the QbD-driven applications with an emphasis on identifying CMAs

and CPPs while overcoming obstacles in manufacturing bilayer tablets.

Table 6- Applications of Quality by Design approaches to minimize manufacturing step obstacles in developing bilayer

tablets.

Parameter Criticality In Process and Finished Product CQAs Reference

Surface characteristics and elastic/brittle | CMA Tensile strength of the tablets (Papos et al.,

behavior of the tablet ingredients 2015)

Material properties (plastic and brittle) CMA DR (Kottala et
- - al., 2012h)

Layer ratio, dwell time, layer sequence, | CPP DR

first- and second-layer forces

Excipients with immediate and sustained | CMA Yield Pressure, elastic recovery, and elastic | (Bellini et al.,

release properties work 2019)

Pre-compaction, main compaction, and | CPP Layer adhesion

turret rotation speed

Elastic behavior of the layer materials CMA Bilayer strength and cohesion (Busignies et

al., 2013)

Final tablet hardness, spray rate and | CMA, CPP Delamination tendency/Layer adhesion (Zacour et al.,

exhaust air temperature 2014)

Level of TPGS, level of the binder, CMA Friability, Tensile strength, DT, DR (Jin and

Klucel ® EXF and level of extragranular Tatavarti,

filler, Prosolv® 90 2010)

Abbreviations: CMA- Critical material attribute; CPP- Critical process parameter; CQA- Critical Quality Attribute; DR-
Drug release; DT- Disintegration time; TGPS- Vitamin E tocopheryl polyethylene glycol succinate
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Bilayer tablets tend to delaminate at the interface of the layers during and after several
compaction process stages, which are major bottlenecks that occur during commercial manufacturing.
The main issue to be addressed is a complete and in-depth understanding of the primary sources behind
the problems at the macro- and microscale levels and the establishment of effective solutions. Avoiding
delamination occurring between adjacent layers either soon after the compression process or during
storage requires a methodical evaluation of the raw materials and an appropriate selection of equipment
and process parameters. Several studies based on the QbD concept have been conducted to improve the
understanding of the formulation and process parameters that contribute to the cohesion and strength of
bilayer tablets (Bellini et al., 2019) and to study the formation of cracks (Kottala et al., 2012b). The
impact of the material properties and process parameters on the strength of bilayer tablets has been
previously published (Kottala et al., 2012a, Kottala et al., 2012, Chang and Sun, 2019).

The pre-compression force and main compression force are among the most critical tableting
parameters required to be controlled in the production of bilayer tablets (Akhtar et al., 2020). However,
an individual approach to this parameter may not succeed, as the influence of compression is material-
dependent. The presence of brittle materials in both layers was the combination that least favored
delamination and provided the best guarantees of a robust bilayer tablet (Kottala et al., 2012b). Owing
to their characteristics, plastic and brittle materials exhibit an elastic mismatch. The elastic mismatch
between brittle materials is minimai, and the interfacial strength of bilayer tablets tends to increase in
the presence of brittle materials in both layers. Bilayer tablets consist of brittle materials fractured in
the first layer, suggesting that the interfacial strength was greater than the strength of the individual
layers (Kottala et al., 2012b). Additionally, the deformation capacity of brittle materials is low due to
their rigid nature, so sufficient roughness is retained at the interface to establish connections (Kottala et
al., 2012b). For plastic materials, if the pressure exerted on the first layer is too high, the surface
roughness decreases, and delamination of the tablet is most likely to occur (Desai et al., 2013;
Busignies et al., 2014; Akseli et al., 2013). The compaction pressure used to form the first layer should
be kept to a minimum to provide sufficient surface roughness for the particles to nest and engage
between the layers (Wu and Seville, 2009). With increasing compression force, the particles undergo
processes such as plastic and elastic deformation (Kottala et al., 2012a). A detailed investigation of the
relationships between the surface characteristics and deformation properties of tableting materials and

the tendency of bilayer tablets to undergo lamination using a mixed two- and three-level half-replicated
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factorial design showed the prominent role of surface characteristics in the lamination of bilayer tablets
and the relevance of knowledge about materials’ plastic—elastic behavior (Papos et al., 2015). Studying
the behavior of powders is fundamental and helps establish a formulation that best favors tablet
compression. The relationship between the bonding area (BA) and bonding strength (BS) and its
evaluation allows a better understanding of different tableting behaviors (Osei-Yeboah et al., 2016).

Compression forces have a substantial impact on interfacial bonding strength (IBS). IBS
depends on BA and BS. The larger the BA and BS, the greater the IBS (Chang and Sun, 2019). BA is
influenced by porosity and waviness. Minimal first compression ensures that the first layer has
sufficient roughness upon contact and adhesion to the second layer (Blicharski et al., 2019). The
pressure exerted on the second layer has a complementary role and should also be thoroughly studied
(Kottala et al., 2012b). After increasing the compression force of the first layer, the porosity was
reduced, and the powder compaction increased. Consequently, the BA decreases, leading to a lower
IBS. In contrast, by increasing the second layer compression force, the waviness increases and
positively influences the interpenetration of particles, improving IBS (Chang and Sun, 2019). Thus,
there is a need to establish a criterion for tablets' minimal interface strength (I1S) (Chang and Sun,
2020). A low IS value may result in a bilayer tablet that is not sufficiently robust and may fail to meet
the minimum quality parameters. An acceptance criterion can be established (Chang and Sun, 2020),
demonstrating that this minimal IS can be essential for tablet formulation component selection and
optimization to ensure that the proposed formulation exhibits suitable tableting ability that uses a small
amount of powder early in the bilayer tablet development (Chang and Sun, 2020).

The physical properties of bilayer tablets, such as their size and shape, cannot be ignored when
assessing the interface delamination risks in bilayer tablets (Tao et al., 2017). The punch shape affects
the strength of the produced bilayers; convex or concave punches, compared to flat ones, have a greater
capacity to enhance the interactions between the two layers because, during the pre-compression
process, an increased surface area is achieved. This effect is directly proportional to the applied
compression force (Zhang et al., 2018). The use of convex punches during pre-compression yielded
good results. By increasing the curvature of the punch, interface resistance also increased, and deeper
punches were revealed to be the ones that mainly contributed to IS (Kottala et al., 2012a).

Relative humidity can also affect tablet manufacturing, more precisely, the flowability and

compressibility of the powders, tensile strength, and later storage of the drug product (Klinzing and
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Zavaliangos, 2013). In addition to the effect of the plastic—elastic properties of raw materials and the
force of compression, excellent reviews have focused on the impact of environmental conditions on the
strength of bilayer tablets (Kottala et al., 2012c) (Zacour et al., 2014). A study of bilayer tablets
consisting of different material properties (Avicel® and lactose) compressed with different process
parameters, such as layer ratios and layer sequences, among others, revealed that tablets composed of
Avicel®-lactose and lactose-Avicel® showed a lower strength with increasing humidity and storage
time compared to tablets made of lactose-lactose due to the formation of solid bridges upon storage
(Kottala et al., 2012c).

Considerable attention has been paid to the development of an experimental method that can be
applied to bilayer tablets to detect bilayer lamination tendencies that are no longer visible when the
tablet is ejected but only manifest after storage and handling of the compacts (Wu and Seville, 2009). A
method designed to check the weight of individual layers consisted of taking samples without
interrupting the manufacturing process, thus ensuring correct dosing (Gansel and Dusel, 1989; Janczura
et al., 2022). The strength of adhesion in complex bilayer tablets can be assessed using statistical
methods for the applied tableting forces on the first layer and for applying the second layer on the first,
as well as regarding the fraction of the lubricant (Dietrich et al., 2000). Some applications (Busignies et
al., 2013; Zacour et al., 2014) are related to methods for testing bilayer tablets at their interface, as the
QbD concept has provided an understanding of the critical formulation and process parameters that

influence layer adhesion (Busignies et al., 2013).

3. Control strategy

The control strategy is a planned set of controls taken from a current product and a thorough
understanding of its production process. A control strategy ensures that the process performs as
expected and maintains its quality. From the DS developed through DoE, Control Space for each and
every CMAs and CPPs is proposed for future commercial manufacturing to ensure batch-to-batch
consistency in bilayer tablet product quality. CQAs should comply with bilayer tablet specifications as
drug product acceptance criteria. PAT, which supports innovation and increases process efficiency in
the manufacturing and quality assurance of drug products, is a useful tool that foresees the
implementation of analytical methods, such as Raman spectroscopy, near-infrared (NIR) spectroscopy,

and terahertz pulsed spectroscopy, in conjunction with multivariate analysis (MVVA), which eventually
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provides real-time release testing (RTRT) for bilayer tablets. RTRT is defined as "the ability to
evaluate and ensure the quality of in-process and/or final drug products based on process data, which
typically includes a valid combination of measured material attributes and process controls” (ICH Q8
(R2) ) 2009).

Regulatory agencies encourage scientists to use PAT tools as much as possible when
developing new drug applications. The improved process knowledge gained through PAT tools is
rewarding as it enhances the product and process design, ensures drug products with optimized QAs,
and minimizes risks for manufacturers and consumers. Moreover, PAT tools can provide cost benefits,
less time-consuming operations, fast and non-invasive testing, and low waste disposal (Peinado et al.,
2011) (Sacher et al., 2022). DoE and multivariate statistical models in integrated QbD/PAT-based
development have demonstrated the successful use and processing of real-time PAT data for
multivariate statistical analysis. The goal is to enhance process knowledge for various unit operations
and to develop a process control strategy to achieve consistent product QAs (Singh et al., 2019). PAT
has been used in different operating units to manufacture bilayer tablets, such as granulation,
compression, and coating processes. In this context, examples of the PAT framework applied to
formulation, process parameters, and process understanding in the development of bilayer tablets are
provided in Table 7.

Calibration models have been established for the non-destructive NIR analysis of API content
in two layers of intact bilayer tablets. These models enable NIR transmittance spectroscopy in bilayer
tableting processes to control the API content in separate layers (Ito et al., 2010). PAT was used with
inline transmittance NIR spectroscopy to confirm the bulk and ribbon densities of the optimized bilayer
tablet. This study suggests that integrated QbD, statistical, and PAT approaches can be used to develop
a robust control strategy for FDC bilayer tablets by implementing RTRT based on the relationships
among various variables (Chun et al., 2021). For example, various solutions have been proposed as
substitutes for conventional dissolution tests using faster and non-destructive techniques (Galata et al.,
2022).

The information obtained from the NIR and Raman spectra can be utilized to predict the
dissolution profiles of the tablets. The application of transmission Raman spectroscopy to quantify the
API in a bilayer tablet was reported by Zhang and McGeorge (Zhang and McGeorge, 2015). NIR

spectroscopy can predict the dissolution of bilayer tablets using a non-destructive approach. The two
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APIs were physically separated into layers and manufactured at three hardness levels. Spectral data of
both APIs were obtained through tablet hardness, and the dissolution profile was predicted through a
principal component analysis study. This non-destructive testing was performed for API-A but not for
API-B. Despite these positive results, a more robust test needs to be developed in the future (Baranwal
etal., 2019).

PAT, DoE, and MVA are empirical methods that monitor the relationships between the input
factors (independent variables) and output factors (dependent variables). Critical process factors with a
high impact on intermediate quality attributes (IQAs) and CQAs were selected, and a correlation
between factors and responses was established. The process parameters were optimized using Monte
Carlo simulations toward a DS, and MVA was used to determine the relationship between IQAs and
CQAs. MVA established a relevant correlation between the dissolution rate, bulk density, and granule
size. Thus, IQAs monitoring during the process and the integrated QbD concept using MVA can be

used as a control strategy for producing bilayer tablets as high-quality drug products (Kim et al., 2021).
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Table 7- Applications of the PAT framework for formulation and process understanding in the development of bilayer tablets.

Unit Operation
CQA and/or  Processing | PAT method Statistical tools Measurement Reference
form
e Assay e Compression e Raman °-? e Drug content (Zhang and McGeorge,
e Tablet thickness 2015)
o Layer thickness
e DR e Dry granulation e NIR e PCA e Drug content (paliperidone) | (Chun etal., 2021)
© Wet granulation e PCC e Bulk and ribbon densities
e DR e Granulation o NIR e PLS e Drug release (Baranwal et al., 2019)
e Compression e Tablet hardness
e PSD of drugs
o Assay e Compression o NIR e PLS e Drug content (ascorbic (Ishikawa et al., 2014)
acid)
e DR e Compression o NIR o PLS e Drug content (Ito et al., 2010)
o Assay e Compression e Raman e PLS ® Drug content and (Won et al., 2021)
uniformity (evogliptin
tartrate)
o Swelling property o Wet granulation o e PCA e Intrinsic dissolution rate (Kimetal., 2021)
e \Weight gain and Mass e Dry granulation e Granule properties
loss e True density
o Gel strength o Bulk density
o Dissolution o Cl
o Contact angle e Angle of repose
o CU P e Intrinsic dissolution rate
e Dissolution e Granule properties
e Contact angle o Ribbon density
o Bulk density
e Tapped density
e Granule uniformity

Abbreviations: CI- Carr’s index; CU- Content uniformity; CQA- Critical quality attribute; DR- Drug release; NIR- Near-infrared; PAT- Process
analytical technology; PCA- Principal component analysis; PCC- Pearson correlation coefficient; PLS- Partial least squares; PSD- Particle size distribution

 Not available;
b It does not apply.
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4. Conclusions

Bilayer tablets have opened new opportunities in the pharmaceutical industry because of
their ability to successfully deliver active substances to avoid incompatibilities in solubility,
stability, and therapeutic efficacy in a single dosage form. The increasing relevance of bilayer
tablets over the last 20 years has been particularly successful in developing dual release tablets
for the oral delivery of one or two drugs, yet they face more complex formulations and
manufacturing issues. According to international guidelines, optimizing formulation and process
parameters are critical for achieving bilayer tablets as drug products that meet the highest quality
and therapeutic efficacy standards. Moreover, the potential risks associated with manufacturing
bilayer tablets remain challenging to assess and control, most of which are related to the
delamination tendency.

The concept of QbD applied to bilayer tablet development in the early stages leads to a
multivariate approach comprising a number of formulation attributes and processing parameters,
compared to a conventional approach. The levels of binder, filler, and plastic-exhibiting materials
were identified as critical formulation parameters for drug release from the bilayer tablets.
Furthermore, process parameters such as the pre-compression force, main compression force, and
turret rotation speed have a critical impact on layer adhesion. The QbD-based concept has led to
remarkable progress in developing bilayer tablets containing different drugs at different doses
and release rates. As a breakthrough, using NIR and Raman spectroscopy as process analytical
technologies, QbD/PAT was revealed to be effective for the scale-up of bilayer tablets containing
a low drug dose in the IR layer to control the active ingredient content in an individual layer.

Significant advances have been made in understanding the delamination tendency in
bilayer tablets, among which the development of robust techniques to assess the IBS in bilayer
tablets stands out. Upon validation, these techniques applied in the formulation of bilayer tablets
through QbD made it easier to control critical events occurring in their manufacture, such as
delamination, and to compare tensile strength through shear determination techniques. PAT
provides that the design and quality used together with analytical tools are powerful tools for
constructing and controlling the quality of bilayer tablets. The number of PAT applications in the
manufacturing of bilayer tablets is increasing, and the number of license applications using this
approach is anticipated to rise rapidly. Implementing and understanding QbD and PAT practices

improves the quality of bilayer tablets as drug products and can be cost-effective in the long term.
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The continuity of drug quality is indispensable for manufacturers, regulatory agencies such as the
FDA and EMA, and patients, thus making these studies a priority in the pharmaceutical industry
and requiring further research.

Very effective approaches such as DoE and PAT have been used in recent studies to
demonstrate their effectiveness. For example, optimized concentrations of super disintegrants and
polymers using the QbD concept led to the development of hydrochlorothiazide bilayer tablets,
while substantially decreasing sources of variability and avoiding much of resources and time
required for a traditional approach such as QbT. Therefore, the design-based planning approach
dictated by QbD is a valuable strategy for optimizing the formulation and understanding of the
manufacturing of bilayer tablets. Employing this planned multivariate approach to bilayer tablet
development will help improve product design while also enhancing the quality, safety, and
efficacy of drug products. Increasing the application of the QbD concept in the design and testing
of mucoadhesive and floating bilayer tablets can surface out the way for the faster and effective
development of these challenging bilayer tablets designing, development and its successful
manufacturing. The identification and optimization of CMAs and CPPs for the development of
DS through a systematic series of DoE along with the implementation of a control strategy with
an adaptation of the continuous improvement throughout the drug product lifecycle (Chun et al.,
2021; ICH Q8 (R2) 2009) will likely meet some of the critical challenges, that is, segregation of
APIs from the blend, weight variation of layers, content variability of APIs in different layers,

and delamination of layers, during commercial manufacturing of bilayer tablets.
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