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Abstract: The development of analytical procedures, in line with the recent regulatory requirements
ICH Q2 (R2) and ICH Q14, is progressing, and it must be able to manage the entire life cycle of
the methodology. This is also applicable to and especially challenging for combinations of drug
substances and dosage form. A reliable and efficient, stability-indicating, MS-compatible, reverse-phase
ultra-performance liquid chromatographic (UPLC®) method was developed for the determination
of carvedilol and felodipine in a combination oral dosage form. The development of the method,
performed using analytical quality by design (AQbD) principles, was in line with the future regulatory
requirements. Furthermore, the fixed-dose combination dosage forms are a clear solution to the
polypharmacy phenomenon in the elderly population. The main factors evaluated were the mobile
phase buffer, organic modifier, column, flow, and column temperature. The optimum conditions were
achieved with a Waters Acquity HSS T3 (100 x 2.1 mmi.d., 1.8 pm) column at 38 °C, using ammonium
acetate buffer (5 mM, pH 4.5) (Solution A) and MeOH (Solution B) as mobile phases in gradient elution
(t =0min, 10% B; t = 1.5 min, 10% B; t = 12.0 min, 90% B; t = 13.0 min, 10% B; t = 15.5 min, 10% B) at a
flow rate of 0.2 mL/min and UV Detection of 240 and 362 nm for carvedilol (CAV) and felodipine (FLP),
respectively. The linearity was demonstrated over concentration ranges of 30-650 pg/mL (R? = 0.9984)
(CAV) and 32-260 pg/mL (R% =0.9996) (FLP). Forced degradation studies were performed by subjecting
the samples to hydrolytic (acid and base), oxidative, and thermal stress conditions. Standard solution
stability was also performed. The proposed validated method was successfully used for the quantitative
analysis of bulk, stability, and fixed-dose combination dosage form samples of the desired drug product.
Using the AQbD principles, it is possible to generate methodologies with improved knowledge, leading
to high-quality data, lower operation costs, and minimum regulatory risk. Furthermore, this work
paves the way for providing a platform of robust analytical methods for the simultaneous quantification
of innovative on-demand new dose combinations.

Keywords: carvedilol; felodipine; personalized medicine; on-demand dose combinations; UPLC

1. Introduction

Lately, personalized medicine has been a very active topic within the pharmaceutical
industry. This approach addresses the individual requirements of patients, their preferences,
social contexts, etc. [1]. Treating complex chronic diseases in combination with satisfying
individual patient demands has led to the development of novel dose combinations in
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response to these challenges. The prescription of several active pharmaceutical ingredients
(APIs) to one particular patient is a very common clinical practice. Drug combinations
offer a solution in terms of patient convenience and treatment adherence. This being said,
it becomes a challenge, including the involvement of the regulatory bodies, particularly
in the development of compliant analytical procedures, to analyze combination dosage
forms [2]. There are already efforts being made by the United States Pharmacopoeia (USP)
to modernize and include fixed-dose combinations (FDC) in their monographs [3].

As there are already established individual monographs for analysis, one approach
could be to perform the testing in a separate manner. This would result in a waste of effort
and economic resources. Instead, having a combined approach would facilitate the analysis
of the QC labs within the pharmaceutical industry. It is clear that the analytical method-
ologies need to be compliant with traditional requirements such as stability-indicating
features [4], chromatographic performance [5], development [6], and validation [7]. Ad-
ditionally, this approach is preferred by the USP, considering the opportunities made for
external sponsors and global laboratories in their recent submissions [8].

Carvedilol (CAV) is a vasodilating, nonselective, third-generation 3-blocker without
the negative hemodynamic and metabolic effects of traditional 3-blockers [9]. It is also
a preferred choice for the treatment of heart failure, hypertension, and left ventricular
dysfunctions [10]. Carvedilol competitively blocks 31, 32, and «1-adrenoceptors and has
additional antioxidant and antiproliferative effects, improving ventricular function and
reducing mortality and morbidity in patients with chronic heart failure [11].

Felodipine (FLP) is a vascular-selective dihydropyridine calcium channel blocker
which lowers arterial blood pressure by decreasing peripheral vascular resistance [12].
Felodipine selectively dilates systemic, but not pulmonary, arterioles, has no effect on
venous vessels, and is well-tolerated [12,13].

The intention of the use of a combination of different antihypertensive drugs is to
improve blood pressure and provide enhanced efficacy and similar tolerability to the same
or higher dosages of the individual drugs administered as monotherapy [12]. Controlled
double-blind clinical trials have demonstrated that combinations of calcium channel block-
ers and beta blockers result in augmented symptom benefits compared with either drug
class alone [14]. The predominant mechanism responsible for such improvement is in-
creased lowering of myocardial oxygen demand by virtue of additive diminution in heart
rate, blood pressure, and, consequently, pressure-rate product both at rest and during
exercise [14]. A combined therapy with calcium channel blockers and beta blockers is also
an important contribution to the treatment of patients that remain symptomatic during
single-drug treatment [14]. However, the appearance of additive adverse cardiac effects
requires close clinical monitoring and careful selection of patients [14].

There are several references to HPLC procedures for the elution of CAV [15-18]
and FLP [19-22], each of them in combination with other components [23,24]. However,
no analytical methods are available for the quantification of CAV and FLP in a dose
combination. Additionally, none of the analytical methodologies are developed under the
Analytical Quality by Design (AQbD) principles, which are currently becoming present in
product fillings [25].

The main target of Quality by Design (QbD) is product design taking into account
consistent performance as well as quality [26]. In terms of analytical applications, it pursues
an analytical methodology that systematically achieves its intended goal [27]. Basically, its
approach comes from conducting a thorough risk assessment and framing its parameters
of control. The method is built based on data evaluations and decisions from experimental
work [28-31]. As a first step, the method is defined with purpose suitability as an analytical
target profile (ATP) together with a quality target product profile (QTPP) [32-37]. Further-
more, upon evaluation, regulatory requirements like pharmacopoeia compliance and ICH
Q2 [7] are especially considered. On the ATP, the critical method attributes (CMeAs) are
defined with the acceptance criteria, while the critical method parameters (CMePs) are
investigated to restrict their influence on method performance and improve the under-
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standing between the CMeAs and CMePs that conjointly strengthen the impact the results.
A classic tool of investigation for this is applied mathematics involved in the design of
experiments (DoE) [27,29,33,34,38,39].

It is certain that the AQbD improves the process of cutting down the out-of-trend
(OOT) and out-of-specification (OOS) because of its strategy of risk assessment, which is
extremely helpful and saves costs of analytical testing and deviations [34].

A QbD approach also provides the potential for improved regulatory filings through
enhanced understanding of the method and risk-based regulatory flexibility during life
cycle management [40-43]. Presently, the concept of life cycle management is gaining
more importance in the development of products, and analytical methods are not an
exception. The newly implemented USP chapter <1220>, the analytical procedure life cycle,
presents an alternative framework for analytical methods and incorporates all the events
during its life cycle in order to demonstrate its suitability for intended purpose [44]. The
application of life cycle management to analytical methods provides the chance to apply the
scientific knowledge from the development of the method into quality risk assessment and
continuous improvement [45]. Overall, this approach is aligned and works as an extension
of the current pharmaceutical guidelines [6,29-31,43,44] with QbD conceptuality.

As a systematic approach, the steps of AQbD implementation are defined in Figure 1.
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Figure 1. AQbD flowchart, adapted from Watson [46].

Carvedilol and felodipine (Figure 2) have pKa values of 8.7 and 5.07 and logP values
of 3.05 and 4.36 [32], respectively. The pKa values are relevant because they inform us
about the ionization state of the compounds under the chromatographic conditions, which
can also influence their interaction with the stationary phase and the mobile phase. Given
the logP values of carvedilol and felodipine, one can anticipate that these compounds
would exhibit considerable retention on non-polar stationary phases, with felodipine likely
showing stronger retention than carvedilol due to its higher logP value.
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Figure 2. Molecular structure of carvedilol and felodipine.

2. Materials and Methods
2.1. Chemicals and Reagents

Acetonitrile and methanol of HPLC grade were acquired from VWR (Radnor, PA, USA).
Ammonium acetate (99%) for HPLC was purchased from Loba Chemie PVT. LTD (Mum-
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bai, India), and hydrochloric acid and formic acid from Carl Roth (Karlsruhe, Germany).
Sodium hydroxide pellets were obtained from Merck-Supelco (Darmstadt, Germany), and
hydrogen peroxide solution (>30%) was used for trace analysis. Ammonium bicarbonate
(99.5%) and ammonium formate (99%) were obtained from Sigma Aldrich (St. Louis, MO,
USA). The water used for all analyses came from the purification equipment 08.1205 of
TKA Germany (Niederelbert, Germany). All sample solutions were filtered before injection
into the chromatograph using glass fiber Whatman CELTRON 30/0-45 CA-GF 92 0.45 pum
filters from Sigma Aldrich (St. Louis, MO, USA). As the sample diluent, a mixture 70:30 of
acetonitrile:zwater was selected.

2.2. Standards, Samples, and Excipients

The APIs and reference working standards of carvedilol (purity of 99.67%) and felodip-
ine (purity of 99.7%) were acquired from Dacon Natural Products (Qingdao Shandong,
China). As excipients, agglomerated lactose Tabletosse® 100 was acquired from MEG-
GLE GmBH & Co., (Wasserburg, Germany), and sodium starch glycolate Explotab® from
JRS Pharma (Polanco, Spain). Cellulose microcristaline Avicel® PH102 was supplied by
Dupont—Pharma, (Wilmington, NC, USA) and magnesium stearate (Cometa System) from
Aptuit (Verona, Italy). The dosage form was prepared in capsules using HPMC VCaps®
capsules, size 00, from Lonza Group AG (Basel, Switzerland). The quantitative composition
is presented in Table 1.

Table 1. Quantitative composition of the studied dosage form.

Component mg %
Carvedilol 25 12.5
Felodipine 10 5

Tabletosse® 100 110 55
Avicel® PH102 45 22,5

Explotab® 8 4

Magnesium stearate 2 1
Dosage form 200 100

The studied formulations were prepared by layering blends, which were then mixed
using a Turbula T2F mixer from WAG Group, Germany, at 75 rpm for 20 min. Following
this, magnesium stearate was added, and the mixture was further blended for an additional
1.5 min. Subsequently, the capsules were manually filled.

2.3. Equipment

A reversed-phase ultra-performance liquid chromatograph (Acquity H-Class from
Waters Corp. (Milford, CT, USA)) was equipped with a photo-diode array detector (PDA)
and coupled to a mass single-quadrupole detector (QDa) with an electrospray ionization
interface. The configuration for the QDa analysis included an MS scan range of 100-900 Da
in positive mode, a probe temperature set at 400 °C, a cone voltage of 15 V, and capil-
lary voltages of 1.5 kV for positive and 0.8 kV for negative modes. The equipment was
commanded by the chromatographic software Empower 3 from Waters Corp. (Milford,
CT, USA) and used for the development, analysis, and validation of the method. The
chromatographic columns used were from Waters Corp. (Milford, CT, USA), including an
Acquity UPLC BEH C18 (2.1 x 100 mm; 1.7 um), Acquity UPLC HSS T3 (2.1 x 100 mm;
1.8 pm), and Xbridge BEH Phenyl (2.1 x 100 mm; 2.5 um). Additionally, a Poroshell120
EC-C8 (2.1 x 100 mm; 2.7 pm) from Agilent Technologies (Santa Clara, CA, USA) was
also utilized. The pH measurements were performed with a FiveEasy (FE20) pH meter
from Mettler Toledo (Columbus, OH, USA). The statistical analysis was performed using
Design-Expert® 14.2.0 software from Stat-Ease Inc. (Minneapolis, MN, USA).
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2.4. Method Validation
2.4.1. Specificity

The specificity of a method is its ability to unambiguously identify and separate the
analyte in the presence of other components, such as degradation products, impurities,
other active ingredients, excipients, and matrix components [7]. Specificity was tested on
the mobile phase, diluent, reference solution, matrix formulation components, and final
product. The chromatograms were recorded and evaluated to assess their purity plots.

2.4.2. Forced Degradation Studies

In order to demonstrate the stability-indicating characteristics, a forced degradation
study was performed. Specific quantities of each API, representing a 100% concentration,
were weighted and combined with placebo. Samples were dissolved in the diluent. All
solutions were prepared in 100 mL flasks and subjected to the following conditions:

1. Acid hydrolysis: exposure to 5.0 mL of hydrochloric acid (HCI) 1 N for 1 h;

2. Alkaline hydrolysis: exposure to 5.0 mL of sodium hydroxide (NaOH) 1 N for 1 h;
3.  Oxidation: exposure to 2.5 mL of hydrogen peroxide (H,O,) 30% for 30 min;

4. Thermolysis: exposure to heat (65 °C) in a steam bath for 1 h.

For the forced degradation studies, exposure times ranging from 30 min to 1 h were
selected based on initial experiments and established industry norms. This duration was
chosen to facilitate substantial, but not total, degradation of the API, enabling a detailed
examination of its degradation pathway. This approach aligns with the ICH Q1A(R2) [47]
guidelines, which, while advocating for stress testing to pinpoint degradation products,
do not mandate precise exposure durations. Instead, they grant researchers the latitude to
determine the optimal balance between observing meaningful degradation and preserving
the sample’s integrity.

In cases of acid and alkaline hydrolyses, once the exposure time was over, the samples
were neutralized with NaOH and HCI solutions, respectively, and filled with diluent solu-
tion. The possible degradation was screened by comparing the obtained chromatograms
with a control sample.

These analyses were completed with the purity study of the chromatographic peak
corresponding to each analyte.

2.4.3. Linearity

The linearity of an analytical procedure shows that the obtained results are directly
proportional to the relevant concentration range of the analyte [7]. Five groups of solutions,
in triplicate at concentrations between 70 and 130% of the declared content/labelled claim,
were prepared by dilution and dissolving in the diluent [48].

2.4.4. Accuracy

The accuracy of an analytical procedure gives an indication of systematic uncertainties
in the results. It is the degree of agreement between the expected value or the reference
value and the value obtained [7]. Solutions of both APIs at three concentrations levels of
70, 100, and 130% of the declared content/labeled claim were prepared by weighing (1 = 3)
(including excipient matrix) and dissolving in the diluent, then further analyzed.

2.4.5. Precision (Repeatability and Intermediate Precision)

The precision of an analytical procedure expresses the closeness of agreement (degree
of scatter) between a series of measurements obtained from multiple sampling of the
same homogeneous sample under the prescribed conditions. Repeatability expresses the
precision under the same operating conditions over a short interval of time. Repeatability
is also termed intra-assay precision [7]. The repeatability was investigated by analyzing six
independent determinations of the final dosage form (1 = 6). The intermediate precision
was determined using a second test series of identically prepared samples (1 = 6). The
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reagents and samples were freshly prepared and analyzed by a second analyst. The degree
of difference was assessed via the t-Student test.

2.4.6. Robustness

The robustness of an analytical process defines its resilience to small but intended
changes in the method parameters, and thus provides information on the reliability of
the method in routine operation [7,48]. The effects of the stability of solutions on the
obtained results were assessed for 72 h in refrigerated conditions (5 °C), with changes in the
chromatographic column temperature (+1 °C), flow rate (+0.01 mL/min), mobile phase
pH (£0.2), organic content in gradient (£2%), and a different chromatographic column
(ACQUITY UPLC HSS T3). The results were compared with those of the repeatability test.
Additionally, the chromatographic parameters from the system’s suitability were monitored.
In the development stage, part of the robustness area was evaluated by the design of the
experiments, and in the validation stage, an ANOVA evaluation was performed for the
sample concentration results.

3. Results and Discussion
3.1. Method Development Using AQbD Principles

The definition of the ATP comes at the first stage of the development and is justified ac-
cording to scientific or regulatory requirements. Some specific topics could vary depending
on the submitted market.

The ATP states the required quality of the reportable value produced by an analytical
procedure in terms of the target measurement uncertainty [42]. It creates a summary of the
requirements, if achieved, and will ensure an accurate assessment of a particular product
quality attribute over the life cycle of the product [27]. The ATP shown in Table 2 assembles
the internal and regulatory requirements for analytical methodologies [6,7,48,49]. The
analytical method must be able to accurately quantify in ranges from 30 to 650 and from
32 to 260 pug/mL for CAV and FLP, respectively, and must be MS-compatible.

Table 2. Analytical target profile for the quantification of CAV and FLP.

ATP Element Target Requirement Reference

Chromatographic features

Tailing factor <2 [5,49]
Resolution >2 [49]
Capacity factor (k') >2 [49]
Peak purity Acceptable [49,50]
Plate count >20,000 [49]
Validation parameters
o R? > 0.995
Linearity and range 70-130% of the test concentration [7,49]
Specificity Absence of interference [7,49]
97.0-103.0% recovery within the
Accuracy established range 7491
Repeatability RSD less than or equal to 2.0% [7,49]
. - Complies with repeatability and
Intermediate precision is not significantly different 7,491
Robustness Not statistically different [6,7]

The CAV and FLP are good candidates for elution via conventional reverse-phase
chromatography based on their logP values (Figure 2). This technique is present in the
vast majority of pharmaceutical quality control (QC) labs, so it makes the method easy to
transfer and apply for eventual product release. Furthermore, the MS compatibility feature
provides an interesting and helpful advantage to analytical investigations concerning
stability and impurity evaluations.
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For the identification of the critical method parameters (CMePs), an Ishikawa fishbone
diagram was utilized as a quality risk management (QRM) tool (Figure 3). With an effective
evaluation of CMePs, their impact on the critical method attributes (CMeAs) is assessed.

Stationary
Phase

MS compatible
Buffers

Column Chemistry —»
Particle Technology —»
Column Temperature —»
Column Volume —»

Critical Method
Attributes

Cokumn Temperature Type of organic solvents

(CMeAs)

Mixture of Organic solvents

Gradient

Organic
Solvents

Elution
Sebup

Figure 3. Ishikawa fishbone diagram assessment of CMeAs and CMePs.

For the experimental planning of method development, API solutions were prepared
and injected based on pre-established DoE (Table 3). Variables such as column, mobile
phase, organic modifier (type and percentage in gradient), column temperature, and flow
rate were adjusted to provide the requirements established by the ATP in two main stages:
the screening phase and the optimization phase. Afterwards, the developed analytical
method was validated following the ICH Q2 (R2) guideline (Validation of Analytical
Procedures) [7].

Table 3. Factors and levels of the design of experiments for development of the analytical method.

Screening Phase Optimization Phase
Mobile Phase Buffer Analytical Organic Modifier Column o Flow (mL/min) OrgamcoModlﬁer
Column Temperature (°C) (%)

e 5mM Ammonium

formate pH 3.0
e 5mM Ammonium (A) 75

bicarbonate pH 9.0 (B) Acetonitrile 30 0.2 85
* 5mM Ammonium © Methanol 35 03 2

acetate pH 4.5 (D) 45 0.4 95
e  0.2% Formic Acid in

Water pH 2.7

Notes: Column letters corresponding to (A) are Acquity HSS T3 1.8 um 2.1 x 100 mm, (B) Acquity BEH C18 1.7 um
2.1 x 100 mm, (C) XBridge BEH Phenyl 2.5 um 2.1 x 100 mm, and (D) Poroshell120 EC-C8 2.7 um 2.1 x 100 mm.

During the screening phase, two columns with the same C18 chemistry were evaluated,
considering their carbon coverage and ligand density. The T3 column is less hydrophobic
than its traditional C18 counterpart, as it has lower carbon density [50]. The development
and validation experiments were defined using a 70:30 Acetonitrile: water mixture from
previous solubility evaluations as a diluent, with a concentration of 250 and 100 pg/mL
for CAV and FLP, respectively. A fixed injection volume (1 pL) flow and gradients of
0.3 mL/min t = 0 min, 10% B; t = 3 min, 10% B; t = 13.5 min, 90% B; t = 14.5 min, 10% B;
and t = 16.5 min, 10% B were used, where B corresponds to the organic modifier.
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The mobile phase buffers, as well as their pH values, were selected as MS compat-
ible, and the chromatographic behavior was verified at a wide range, with and without
dissociation of the APIs.

The initial experimental design was a D-optimal factorial split-plot to identify up
to two-factor interactions between the studied parameters and the CMeAs. The hard-to-
change factor was the mobile phase pH, which is why it was divided into six whole plots
while the other factors (column and organic modifier) were randomly distributed.

The consecutive analysis suggested proceeding at an acidic pH and using methanol as
organic modifier, as well as the Acquity HSS T3 as the column of choice. Final confirmatory
runs at the given setting demonstrated that the predicted values were within the 95%
prediction interval and that the method could be operated well within the analytical target
profiles of both APIs.

Some responses had to be transformed to meet the model’s diagnostic criteria. The
coefficient table can be found in Supplementary Materials Section (Table S1), including the
transformation type as well as the p-value.

To further investigate the critical factors and to optimize the method, a second DoE
followed an I-optimal response surface design for quadratic interactions between the factors
of methanol percentage, column temperature, and flow. The design was augmented later
in a second block of runs in order to extend its space and cover the optimum setting.

The coefficient table for all the metrics is given in Table S2 (see Supplementary Materi-
als Section), including the transformation type and the p-values.

The optimal setting is a suggested solution where the defined parameters have the
best response for both APIs simultaneously, and it depends on the constraints that are
defined for the given responses, such as the lower and upper limits and importance of the
response. Table 4 gives an overview of these constraints.

Table 4. Factor lower and upper limits for DoE optimization and constrains.

Name Goal Lower Limit  Upper Limit Importance
A: Methanol is in range 85 95 3
B: Column temp is in range 35 45 3
C: Flow is in range 0.2 0.4 3
Tailing minimize 1.2 2 4
Resolution minimize 2 25 2
CAV Capacity F. maximize 2 14 3
USP Plates maximize 2000 129,347 1
Prob (purity flag = 1) minimize 0.001 0.5 5
Prob (purity flag S
(degradation) = 1) minimize 0.001 0.5 3
Tailing maximize 1.2 2 4
Resolution maximize 2.1 25 3
FLP Capacity E. minimize 2 14 3
USP Plates maximize 2000 106,248 x 10° 1
Prob (purity flag = 1) minimize 0.001 0.5 5
Prob (purity flag minimize 0.001 05 3

(degradation) = 1)

Since the response “purity flag” is a dichotomous parameter where “0” represents a
good outcome vs. “1”, which is flagged for issues in terms of peak purity, the outcome is
the probability of “1” to occur, and is set to be minimized.

With the best solution given, each response was predicted and a so-called desirability
value was assigned, where “1” means that the constraints were fully met. Those desirability
values were used to compare the outcomes relative to each other.

Figures 4 and 5 illustrate the predicted results, with the overall desirability of the
suggested solution as well as the individual desirability values.



Sci. Pharm. 2024, 92, 22 9 of 22

1.2
M
85 95 35 45 02 04 13 27
A:Methanol = 89.8296 B:Column temp. = 38.1031 C:Flow = 0.211066 CAV Tailing = 1.88875
14
M Mﬂ_ B ~°
0.9 25 10.2 137 34106.3 129347 0.001 0.999
CAV Resolution = 4.12732 CAV k" = 12.9169 CAV USP Plates Count = 78092.7 Prob(CAV purity flag=1) = 8.01456E-31
05 2 M
|
0.001 0.999 0.9 32 21 25 122 15.6
Hrob(CAV purity flag 1) = 8.29346E-3: FLP Tailing = 1.12492 FLP Resolution = 25.0453 FLP k" = 14.5865
2000 05 05 _
_‘/./’_ M M Desirability = 0.320
8197.7 1.06248E+06 0.001 0.999 0.001 0.999 Solution 1 out of 13
FLP USP Plates Count = 445517 Prob(FLP purity flag=1) = 7.03312E-07 Prob(FLP purity flag 1) = 0.0716565

Figure 4. Graph of predicted overall desirability results based on selected solution. The red points
are for the factors and the blue the responses.

Desirability

A:Methanol

B:Column temp

C.Flow

CAV Tailing 0.0914727

CAV Resolution | 0.00689709

CAV k 0.878119

CAV USP Plates Count 0.490819

Prob(CAV purity flag=1)
Prob(CAV purity flag degradation=1)
0.999999

FLP Tailing

FLP Resolution 0.510314

FLP K’ 0.0214806

FLP USP Plates Count | 0.00652035

Prob(FLP purity flag=1)
Prob(FLP purity flag degradation=1) 0.370871

Combined 0.319903

0.000 0.250 0.500 0.750 1.000

Figure 5. Predicted individual desirability results based on selected solution.

The reason for the relatively low desirability value of the resolution for CAV is that the
maximum constraint was set based on the maximum real value from the trials, which was
25. However, a predicted resolution of >2 is more than sufficient for a good separation. It is
appreciated that even variables at the lower end desirability values had good predicted
results, and no issues were found with respect to the defined constraints.
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As it turned out, the margin of safety in which the parameters could be varied was
broad, as illustrated in Figure 5. Hence, the final setting, using the one-sided confidence
interval for the purity flag responses and prediction interval for all the other responses
(e = 0.05), was rounded to 90% methanol concentration, 38 °C column temperature, and
0.2 mL/min flow. The rounded values were still well within the intervals (within the
border lines), and as depicted in Figure 6 below, the respective intervals for each variable
are shown in the flag description.

Overlay Plot
45

Carve Tailing: 1.88875
PlLow: 147255
Pl High: 230495
Carve Resolution: 4.12246
PlLow: 1.17893
Pl High: 19.3176
Carve Capacity F.: 12.914
[ Carve Tailing: 2 | PlLow: 124819
43 — Pl High: 13.3461
Carve USP PC:  78087.1
Pl Low: 504021
Pl High: 105772
Prob(Carve purity f 8.3126E-31
Cllow: 0
Prob(Carve purity f 8.59891E-31
Cl Low: 8.59891E-31
Cl High: 8.59891E-31
Felo Tailing: 1.12491
PlLow: 0.938373
Pl High: 1.46527
Felo Resolution: 25.0455
Pllow: 187148
Pl High: 29.8018
Felo Capacity F.: 14.585
PlLow: 13,9221
Pl High: 15,3043

Felo Capacity F.. 14 Felo USP PC: 445556

[ Felo Resolution: 25 | [ Felo Resolution: 25 | Felo Tailing: 1.2 Pl Low: 908584

41—

Felo USP PC PI: 1.06248E+06 ] P! High: 954747
[ Prob(Felo purity flag (degradation)=1) CI: 0.5 | Prob(Felo purity fl 7.02741E-07

Cllow: 0

Prob(Felo purity fl 0.0716803
Cl Low: 0.012446
Cl High: 032115

B: column temp. (°C)

37 —

35

85 87 89 91 93 95

A: methanol (%)

Figure 6. Overlay plot for the prediction-interval-based optimal setting for methanol concentration,
column temperature, and flow rate. The flag is set at 89.83% methanol, 38.10 °C column temperature,
and 0.21 mL/min flow rate.

The point prediction for the rounded values is shown in Table 5 for each response in
the original scale.
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Table 5. Point prediction of rounded values for CAV and FLP.
Predicted 95% CILow  95% CI High
API Factor Mean Std Dev for Mean for Mean
Tailing 1.89 0.24 1.77 2.01
Resolution 4.63 3.04 2.83 8.96
Capacity E. 13.19 0.24 12.98 13.39
CAV
USP Plates 78,471 16,123 72,062 84,880
Prob(purity flag = 1) 0.00 0.00 0.00 n.a.
Prob(purity flag
(degradation) = 1) 0.00 0.00 0.00 0.00
Tailing 1.12 0.11 1.05 1.22
Resolution 25.03 3.00 23.12 26.69
Capacity F. 14.72 0.02 14.44 15.01
FLP USP Plates 441,865 249,963 303,993 608,324
Prob(purity flag = 1) 0.00 0.00 0.00 n.a.
Prob(purity flag 0.07 0.26 0.01 0.42

(degradation) = 1)

Furthermore, with eight runs at the given setting, it could be confirmed that the response
surface model predicted the outcome skillfully and that the result met all requirements.

3.2. Validation of Analytical Method

According to the obtained results, the following conditions (Table 6) were addressed
as the final analytical method conditions for validation.

Table 6. Final analytical method conditions used for validation.

Flow 0.2 mL/min
Injection volume 1uL
Organic modifier (B) Methanol
Column Acquity HSS T3 1.8 um 2.1 x 100 mm
Column temperature 38 °C
Gradient t =0 min, 10% B; t = 3 min, 10% B; t = 13.5 min,

90% B; t = 14.5 min, 10% B; t = 16.5 min, 10% B
Wavelength 240 nm CAYV and 362 nm FLP

The developed analytical method was validated according to the ICH (R2) Q2 guide-
lines [7] and following the proposed acceptance criterion from the FDA laboratory manual

for method validation and verification [48]. An example chromatogram is presented in
Figure 7.

3.2.1. Specificity and Forced Degradation Studies

Specificity was tested on a mobile phase, diluent (blank), reference solution, matrix
formulation component, and the final product. The analytical method proved to be selective
for the quantification of the active substances in the presence of the matrix. Also, sufficient
resolution between the CAV and FLP (more than 2.0) was obtained. The chromatograms
are presented in Figures 8 and 9.
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Figure 7. Example chromatogram at (A) 240 nm and (B) 362 nm for carvedilol and felodipine
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Figure 9. Chromatogram at (A) 240 nm and (B) 362 nm of placebo matrix.
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The forced degradation study was conducted in triplicate, and all the peaks were
eluted appropriately (Figure 10), with satisfactory peak purity (see Figures 51-510 in
Supplementary Materials). The degradation results are presented in Table 7.

0.40 A
0.36 ‘

AU

0.06+ (4)
0.02
(5)

600 | 700 | 8bo | 900 1000 1100 1200 1300 1400
Minutes

AU

T T T T T T T T T T T T T T T T T
12.00 13.00 14.00 15.00 16.00

Minutes

Figure 10. Chromatogram at (A) 240 nm and (B) 362 nm of forced degradation studies in acidic
(1, red), basic (2, grey), oxidative (3, blue), thermal (4, green), and control (5, pink) conditions.
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Table 7. Results of forced degradation studies on CAV and FLP.

CAV FLP
Conditions
% of Degradation % of Degradation

Control 0.6 +0.2 03+0.1
Acid hydrolysis 1.1+0.6 1.2+03
Basic hydrolysis 71+£3.0 81+£52
Oxidation 91.8+9.7 15.6 +2.0
Thermolysis 152 +£32 104 £ 6.2

CAV demonstrated resilience against strong acids, with no detectable degradation
products. During analysis, a PDA spectrum was acquired. The examination of CAV and
its impurities was conducted at a wavelength of 240 nm, aligning with the substance’s
absorption spectrum, to distinguish it from the FLP peak and associated substances. The
relative molecular mass of CAV was 406.474, with the primary molecular ion observed at
m/z 407.17 ((M+H+]) through MS spectrometry of the control, which was pure APL

Upon investigating the impact of alkalide, three degradation products emerged. No-
tably, a peak representing the molecular ion of the protonated product was identified in
the MS chromatogram at Cy;H3N,Oy m/z 449 ([M+H+]), corresponding to n-isopropyl
carvedilol. Additionally, another peak observed in the MS chromatogram at m/z 487.08
(IM+H+]) suggested the presence of N-isopropyl carvedilol with a chlorine adduct.

Thermal stress conditions resulted in the formation of two degradation products.
The peak with RT 12.84 min corresponded to the MS chromatogram where the protonated
compound 646.17 ((M+H+]) matched with 3,3’-(2-(2-Methoxyphenoxy)ethylazanediyl)bis(1-
(9Hcarbazol-4-yloxy)propan-2-ol) (Mw 645.76) [51].

Oxidation led to the most active degradation of CAV. The chromatograms showed
many different peaks; however, the peak purity was still satisfactory, indicating an absence
of coelutions (see Figure S6 in Supplementary Materials). Following the comprehensive
analysis, a variety of products was unveiled. Firstly, (E)-2-(9H-carbazol-4-yloxy)ethanol
was characterized by a retention time (RT) of 11.716 and molecular formula of C14H;,NO;
with m/z226.05 ([M+H+]) +]) [52]. Subsequently, 4-Hydroxycarbazole (C1,H9gNO) emerged,
with an RT of 10.263 min and m/z 182.03 (Mw 183) [53]. Another identified product was
4-(2-Oxiranylmethoxy)-9H-carbazole (C15H13NO,), with an RT of 12.127 min and m/z
238.04 (Mw 239.27) [54]. The analysis also revealed N-[(2RS)-3-(9H-carbazol-4-yloxy)-2-
hydroxypropyl]-N-[2-(2-methoxyphenoxy) ethyl]hydroxylamine, characterized by an RT
of 12.384 and m/z 421.15 [51]. Finally, an unknown impurity (C14H;90NO) manifested itself
with an RT of 12.910 and m/z 208.01 [52].

The relative molecular mass of FLP was 384.254. In the MS spectrometry of the control,
pure API, the main molecular ion obtained was m/z 337.96 ([M+H+]), which corresponds
to known and previously existing spectra of this substance. FLP was shown to be quite
stable under the conditions of accelerated degradation, such as oxidation, thermal stress,
and the influence of alkalis and acids, as demonstrated in Table 7. None of the presented
chromatograms contain degradation products of FLP (Figure 10). The peak shown around
RT 11.8 min, corresponding to stress conditions associated with the oxidation, was not a
degradation product of FLP, since its UV spectrum corresponded to carvedilol.

In summary, it is important to emphasize the significance of the forced degradation ex-
periments conducted as part of the validation of the analytical method. These experiments
were designed to assess the specificity of the method under various stability scenarios, a
critical requirement, as outlined in the ICH Q2 (R2) guideline [7]. The data obtained from
these trials demonstrate that the analytical method can distinctly identify and quantify
the active pharmaceutical ingredient (API) in the presence of its degradation products,
irrespective of the stress conditions applied. The analytical method’s capacity to consis-
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tently quantify and distinguish the API, even in the presence of degradation products,
underscores its specificity and suitability for stability studies.

3.2.2. Linearity, Accuracy, Precision Including Repeatability, and Intermediate Precision

Five solutions were prepared in a concentration range including 70 and 130% of the
declared content/label claim of each API [7] by weighing and dissolving in the mixture of
70:30% v /v of acetonitrile:water as diluent in triplicates. The linearity is shown in Figure 11,
and was proven from 30-650 pg/mL (R? = 0.9984) for CAV and 32-260 ng/mL (R% = 0.9996)
for FLP.

A

y=6,73E5+3,11E4"x

100,00

200,00 30000 400.00 500,00 600,00 700.00

50,00

100,00 150,00 200,00 250,00 300,00

Concentration (ug/ml)

Figure 11. Linearity plots of CAV (30-650 ng/mL) (A) and FLP (32-260 pg/mL) (B).

Furthermore, in Figure 12, the standardized residual plot is presented, with no ap-
parent outliers or points of influence throughout the whole concentration range. The
normal distribution of the standardized residuals of both substances was verified using the
Shapiro-Wilk test (CAV p = 0.717/FLP p = 0.164).

The accuracy was established based on the calculated recoveries at three concentration
levels in triplicate. All the recoveries were in the range of 100 & 3% (Table 8).



Sci. Pharm. 2024, 92, 22 16 of 22

A
g 2
3
& o
T b
E
i - s
s ° °
o
&
2 1 0 1 2
3
B
3" )
% o
4
B
E °
°
8 ° S
g 1 °
[ °
-1 0 1
Regression Standardized Predicted Value
Figure 12. Standardized residual plot of linearities from CAV (A) and FLP (B).
Table 8. Accuracy results from validation of the method.
Percent of CAV FLP
Target (%) Average (%) RSD (%) Average (%) RSD (%)
70% 98.9 0.3 100.2 0.2
100% 98.9 1.3 100.7 0.9
130% 97.8 0.7 100.2 0.4

The procedure was precise and reproducible for the analytes, since the RSDs for
repeatability and intermediate precision were below 2.0%. Both results were statistically
proven to be the same at a 95% confidence interval, with a p > 0.05 (Table 9).

Table 9. Precision and T-Student test results for carvedilol and felodipine.

CAV FLP
Parameter
Analyst I Analyst II Analyst I Analyst II
Mean 100.35 100.81 100.45 99.17
SD 0.91 0.59 1.35 1.25
RSD 0.91 0.59 1.35 1.26
SEM 0.37 0.24 0.55 0.51
n 6 6 6 6

p value 0.325 0.121
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3.2.3. Robustness

The robustness of an analytical procedure delineates its capacity to withstand minor,
yet deliberate, alterations in methodological parameters, thereby elucidating the method’s
reliability in regular operation [7].

The evaluation of robustness primarily focused on the assay concentration as the sole
dependent variable, examining the stability of solutions over a span of 72 h (n = 6) and at
baseline (n = 54) under refrigerated conditions. The following factors were included:

Stability under refrigerated conditions (O hn =54, 72 h n = 6);

Column temperature (39 °Cn =6,38 °Cn =48,37 °Cn =6);

Flow rate (0.21 mL/min n = 6, 0.20 mL/min n = 48, 0.19 mL/min n = 6);
pH of the mobile phase buffer (4.7 n =6,4.5n =48,4.3 n =6);

Organic modifier concentration (92% n = 6, 90% n = 48, 88% n = 6).

Adhering to all specified criteria, a univariate analysis of variance (ANOVA), Type 1III,
exclusively considering the main effects, was executed for each API. Detailed outcomes are
delineated in Table 10.

Table 10. Univariate ANOVA results for the robustness assessment conducted during analytical
method validation using the assay concentration as the dependent variable. MS = mean square,
df = degree of freedom.

API Source df Sig.
Stability 1 0.462
Column Temperature 2 0.753
Flow rate 2 0.538
CAV pH 2 0.620
Gradient composition 2 0.724
Error 50
Total 60
Stability 1 0.983
Column Temperature 2 0.998
Flow rate 2 0.996
FLP pH 2 0.988
Gradient composition 2 0.985
Error 50
Total 60

The procedure was robust for both analytes for all the tested variations, including
stability, as there was no sufficient evidence to reject the null hypothesis at a significance
level of 95% (Table 10). In addition, there were no important changes in the chromatographic
features that were addressed in the development section according to ICH Q14 [6]. The
results can be found in the Supplementary Materials.

3.3. Analytical Method Life Cycle

Variability in routine analytical methods is inevitable, leading to differences in their
performance [55]. To ensure consistent compliance with the Acceptance Test Procedure
(ATP), the following control strategies were implemented:

e  Consistency in reagents: Manufacturers of key reagents, especially ammonium acetate
buffer salt and chromatographic columns, remain the same throughout the analysis.
This ensures that the quality and composition of these critical components remain
constant, minimizing variability in the method response.
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e  Control ranges for analytical parameters: Control ranges for essential analytical pa-
rameters such as flow rate, pH, column temperature, and organic modifier percentage
are established [55,56]. These ranges serve as bounds within which the method is
expected to perform optimally. Any deviations from these control ranges can serve as
indication points for potential issues or necessary adjustments.

e  Control charts for chromatographic features: Chromatographic features, such as peak
shape, retention time, and signal intensity, are recorded and monitored using control
charts during day-to-day operations [56]. These charts provide a visual representation
of the method’s performance over time, allowing for the timely detection of any
unexpected variations or anomalies in the methodology. By promptly identifying such
deviations, appropriate corrective actions can be taken to maintain the integrity and
reliability of the analytical method.

The chromatographic features were monitored and captured over a year and illustrated
as control charts (Supplementary Materials Figures S11-518).

The monitored parameters included the USP plate number, tailing factor, capacity
factor, and purity flag, which represents the sole attribute parameter. By charting these
parameters over time, our goal was to evaluate the analytical method’s stability and
capability for analyzing the APIs.

The dataset encompassed 25 data points for each API. Although this number of data
points might appear small, it offers valuable insights into the method’s performance over
a prolonged duration. During the analysis, there were instances where some control
chart rules were breached. It is crucial to highlight that these breaches occurred within
the established control limits, maintaining the process performance within acceptable
parameters. This emphasizes the necessity of defining suitable control limits that align with
the analytical method’s specific needs.

Despite the noted breaches, the process performance indicators, such as the process
capability indices, predominantly surpassed the threshold of 2, signifying substantial
process capability and stability. The only exception was the USP plate number for FLP,
which fell below 1.5 for CpK and PpK, yet this exception still reinforces the HPLC method’s
reliability and consistency for CAV and FLP analysis.

Implementing these control strategies helps to ensure the consistent and reliable
performance of the analytical method, and facilitates the early detection and mitigation of
any unforeseen issues. Through the application and monitoring of the analytical parameters
and employing control charts [56], the method’s overall performance and adherence to
established criteria can be continuously assessed and improved.

4. Conclusions

In this study, we developed a single reversed-phase UPLC stability-indicating method
for the simultaneous analysis of two APIs (CAV and FLP) in their fixed-dose combination
as an oral dosage form. This method, grounded in AQbD principles and incorporating a
statistical evaluation model, was validated in accordance with ICH Q2 and Q14 guidelines,
demonstrating linearity, accuracy, precision, specificity, and robustness.

Our findings offer a systematic approach to analytical method development using
QbD principles, which not only enhances the understanding of the procedure, but also
contributes to reduced labor and regulatory costs while ensuring superior data quality [45].

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/scipharm92020022/s1, Figures S1-S5: Purity plot of carvedilol on
forced degradations; Figures 56-510: Purity plot of felodipine on forced degradations; Figures S11-514:
CAV Control charts for USP plates, tailing, capacity factor, and purity flag; Figures S15-518: FLP Con-
trol charts for USP plates, tailing, capacity factor, and purity flag; Tables S1 and S2: Chromatographic
feature results from robustness test from method validation for CAV and FLP; Table S3: The coefficient
table for the final reduced model for each substance and response, A being the mobile pH and the
hard-to-change-factor, B the column type, and C the organic modifier. The 2-factor interactions A
(11B[1], A [2]B [1], A [3]B [1], A [1]B [2], A [2]B [2], A [3]B [2], A [1]B [3], A [2]B [3], and A [3]B [3]
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API Active Pharmaceutical Ingredient

AQbD  Analytical Quality by Design

ATP Analytical Target Profile

CAV Carvedilol

CMeAs Critical Method Attributes

CMePs  Critical Method Parameters

FDA United States Food and Drug Administration

FDC Fixed-Dose Combination

FLP Felodipine

HPLC  High-Performance Liquid Chromatography
ICH International Council of Harmonization

MS Mass Spectrometry

00s Out of Specification

O0T Out of Trend

PDA Photo Diode Array

QbD Quality by Design

QC Quality Control

QDa Single Quadrupole Mass Detector from Waters Corp.
QRM Quality Risk Management

QTPP Quality Target Product Profile

RT Retention Time

UPLC Ultra-Performance Liquid Chromatography
UsP United States Pharmacopoeia

uv Ultraviolet
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