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Abstract: This study’s goal is to use a Box–Behnken design [BBD] methodology to create a new
reverse-phase high-performance liquid chromatography diode-array detection [RP-HPLC-DAD]
method for the simultaneous quantification of Amitriptyline and Propranolol in tablet dosages.
The amitriptyline and propranolol standard drug peaks were obtained using a C-18 column with
a dimension of 4.6 × 100 mm and a particle size packing of 2.5 µm at the retention time of 5.328
and 7.48 min, respectively. The mobile phase composition was a 75:25 mixture of methanol and
0.1 percent orthophosphoric acid, flowing at 1.0 mL/min at 26 ◦C. The peaks were identified at
257 nm after injecting 20 µL of the sample. An assay of the marketed tablets was performed, and
the result was 101.33 and 99.4% for amitriptyline and propranolol, respectively, when compared to
the standard calibration curve. Forced degradation investigations, such as acid, base, H2O2, and
neutral condition, were performed. The results for both medications in term of % degradation were
as follows: amitriptyline (16.07, 91.92, 26.98, and 0.64) and propranolol (15.84, 11.52, 9.09, and 3.62).
According to the ICH criteria, the findings of the validation parameters were within an acceptable
range. The new RP-HPLC-DAD method with BBD application is easy, accurate, and time-saving.

Keywords: RP-HPLC–DAD; BBD; ICH guidelines; stability studies; and assay

1. Introduction

Amitriptyline’s IUPAC name is 3-(5, 6-dihydrodibenzo [2,1-b:2′,1′-f][7]annulen-11-
ylidene)-N,N dimethylpropan-1-amine (Figure 1). It is a dibenzocycloheptene-derivative
tricyclic antidepressant [TCA] and analgesic. It has a tricyclic ring structure with an alkyl
amine substitution on the central ring. Amitriptyline [AMPL] has been shown to improve
mood in patients who are depressed. TCAs have a strong inhibitory effect on serotonin
and norepinephrine reuptake [1].

Propanolol’s IUPAC name is 1-(isopropylamino)-3-(naphthalen-1-yloxy) propan-2-ol
in Figure 1, Propranolol [PROL]. It is a beta-adrenoceptor blocking medication (beta-
blocker) that is primarily used to treat angina and hypertension. It is the only medication
that has proven to be effective in the prevention of migraine headaches in kids. PROL
hydrochloride is a generic medication that is accessible in tablet, oral solution, and syrup
forms. PROL is also used to treat hypertension, irregular heartbeats, cardiovascular disease,
and even certain types of tremor [2].

Both drugs in single-dose form have pharmacological action. AMPL blocks the mem-
brane pump mechanism that is liable for serotonin uptake in serotonergic neurons. Sero-
tonin levels rise, which reduces the brain’s electrical activity. This is the pathway under-
stood to play a role in migraine prevention. PROL tries to compete with sympathomimetic
neurotransmitters, such as catecholamines, for binding at beta (1)-adrenergic receptors,
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resulting in decreased vasodilator responses to beta-adrenergic stimulation. Migraine treat-
ment is aided by membrane stabilising action on cranial blood vessels. Both mechanisms
work simultaneously, which are advantageous to the treatment of migraine [3].
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Figure 1. Chemical structure of Amitriptyline and Propranolol.

A literature review of the analysis of AMPL and PROL has been conducted, single
and in combination with different analytical techniques. A quantitative HPLC analysis of
psychotherapeutic medications had been reported as the simultaneous determination of
AMPL hydrochloride and perphenazine [3], and the quantities of AMPL and its principal
metabolite, nortriptyline, in human plasma were determined using a HPLC in combination
with UV and particle beam mass spectrometry [4]. To evaluate AMPL and nortriptyline
in serum samples for clinical monitoring, a micellar liquid chromatographic technique
was devised [5]. AMPL residues in waste were determined using ionic liquid-based im-
mersed droplet micro-extraction and HPLC [6]. HPLC-DAD measurement of AMPL and
its principal metabolites in human plasma had also been conducted [7]. The simultane-
ous determination of AMPL hydrochloride and chlordiazepoxide had been performed
in tablet dose forms using spectrophotometry and chromatography [8]. Tricyclic antide-
pressant urine sample was analysed using a supported liquid membrane approach for
HPLC [9]. PROL determination in human plasma had been analysed using a HPLC with
UV detector [10]. A HPLC technique for the measurement of PROL and its primary metabo-
lite, 4-hydroxypropranolol, was devised, which was simple, sensitive, and selective [11].
PROL enantiomers were quantified in tiny blood samples from rats using a RP-HPLC after
chiral derivatization [12]. With the use of a HPLC-fluorescence analytical technique, an
immobilised polysaccharide-based chiral stationary phase was used to measure PROL
enantioselectively in rat serum [13]. In ex-vivo rat intestinal permeability studies, RP-HPLC
with UV detection was employed to simultaneously quantify indinavir and PROL [14].
Using RP-HPLC, the enantiomers PROL and 4-hydroxypropranolol were determined si-
multaneously [15]. Using HPTLC, the simultaneous estimation of AMPL, atenolol, and
PROL had been reported for almost 98% of organic mobile phases of different combinations
of benzene, methanol, and acetone [16].

LC analytical procedures have several drawbacks, such as being dull; being costly;
causing column blockage because of the high strength buffer; requiring an infrequent
solvent, such as tetra butyl; and providing less precise results due to the high flow rate [16].

The above weaknesses can be counterbalanced in analysis by employing QbD strat-
egy. Researchers have developed simple and reliable methods for estimating multiple
medications in a single-dose form. For qualitative and quantitative analyses, optimising
chromatographic conditions with the QbD technique can take less time, be more accurate,
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and be less expensive. Previously, QbD approaches to analysis were documented in API
and herbal formulations [17,18].

The multiple factorial analysis coupled in blocks was first proposed by Box and
Behnken in 1960. The reduction in the number of experiments is this method’s main benefit.
The configurations where all of the variables are either at their highest or lowest levels are
not included in the BBD, and it can be used to analyse chromatographic data and improve
chromatographic workflow. In a previous study, an ANOVA analysis identified many
interdependent relationships as well as the most important factors in the drug separation.
They were watched for the factors that did not matter when being analysed separately [19].

With the help of the available literature, the method for this study was designed.
The selection of factors which could influence the response, such as retention time and
column performance, took priority. In simultaneous estimation, peak resolution and
column performance are very important. The BBD applications for the optimisation of
chromatographic conditions were given a best result using the selected factors.

This study was conducted to estimate AMPL and PROL in their marketed formulations
using a BBD methodology for optimising chromatographic conditions in a RP-HPLC-DAD
analytical technique method development, and validation was performed in accordance
with the ICH recommendations. It is a novel, easy, accurate, and precise method. To the
best of our knowledge, no research has been published on the simultaneous estimation of
AMPL and PROL in tablet dosage form using a BBD approach. This method will be useful
for routine analysis in quality control. Because the analytical time is reduced, it is more
cost-effective.

2. Materials and Methods
2.1. Chemicals

From Sigma Aldrich, we purchased standard AMPL and PROL, and, from S.D., we
purchased fine chemical, Mumbai HPLC grade methanol. Other chemicals, such as KH2PO4
and ortho-phosphoric acid [OPA] (85–88% purity), were purchased from Loba Chemie Pvt.
Ltd. Mumbai, Maharashtra 400005, India.

2.2. Instrumentation

The details of the HPLC AGILENT (1100), gradient system, DAD detector, and soft-
ware (Chemstation 1290 infinity II) were provided. The C-18 column had a dimension of
4.6 × 100 mm × 2.5 µm.

2.3. QbD Concept Use to Optimize the Chromatographic Conditions

Analytical target profile [ATP]: The goal is to improve the peak precision in simul-
taneous estimation by optimising the separation settings. The peaks must have a low
tailing factor and be well-resolved. ATP should meet the quantitative method’s quality
standard [20].

2.4. Risk Assessment Studies

The aim of risk assessment studies is to investigate the effects of numerous elements
that influence the target method’s quality profile [TMQP] [21]. Critical analytical attributes
[CAAs] enable researchers to appraise the ties between the critical method parameters of
the TMQP prior to risk assessment investigations. The data from risk assessment studies
aid in determining the root causes of the problems and the sources of faults, variances,
defects, or failures. Another function of risk assessment studies is to collect information on
an individual’s risk factors, which can then be classified into three levels and designated as
low, medium, and high risk. A total of seven factors were examined for screening in this
investigation. Three parameters were chosen for the systemic optimization based on their
high-, medium-, and low-risk scores [22].
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2.5. Optimization

The chromatographic conditions were optimised using BBD (Design Expert 13.0.3.0
software Stat-Ease Inc., Minneapolis, MN, USA). In the given sets of factors and responses,
seventeen trials were conducted, from which five trials were in optimised conditions. The
effects of the interactions between the factors were observed in the remaining twelve trials.
In the simultaneous estimation of AMPL and PROL, three factors were considered, which
affected the retention time and tailing factor responses in the chromatogram. The trials are
presented in Table 1 [23,24].

Table 1. Box-Behnken Design Summary.

S. No. Factor A Factor B Factor C Response 1 Response 2 Response 3 Response 4

1 73 0.8 257 5.204 9235 7.38 10,938

2 77 0.8 257 5.254 9739 7.28 10,938

3 73 1.2 257 5.304 9865 7.68 10,938

4 77 1.2 257 5.239 9435 7.56 10,938

5 73 1 254 5.342 9635 7.58 10,938

6 77 1 254 5.112 9615 7.69 10,938

7 73 1 260 5.106 9465 7.28 10,938

8 77 1 260 5.302 9635 7.48 10,938

9 75 0.8 254 5.271 9495 7.48 10,938

10 75 1.2 254 5.389 9735 7.48 10,938

11 75 0.8 260 5.305 9435 7.48 10,938

12 75 1.2 260 5.299 9605 7.58 10,938

13* 75 1 257 5.324 9535 7.48 10,938

14* 75 1 257 5.324 9535 7.48 10,938

15* 75 1 257 5.324 9535 7.48 10,938

16* 75 1 257 5.324 9535 7.48 10,938

17* 75 1 257 5.324 9535 7.48 10,938

Factor A: (% Methanol); Factor B: Flow rate mL/min; Factor C: Lmax nm; Response 1: Retention time of AMPL;
Response 2: Theoretical Plate of AMPL; Response 3: Retention time of PROL; Response 4: Theoretical Plate of
PROL. 13*–17* = Optimised.

2.6. RP-HPLC-DAD Method Development

The mobile phase composition and ratio were finalized as methanol (10 mM of KH2PO4
at pH 4.0) with OPA at a ratio of 75:25, respectively, using a flow rate of 1.0 mL/min at
26 ◦C. Absorbance was detected at 257 nm and the volume of the sample for the experiment
was used at 20 µL. The sample run time in the system was 10 min; the retention times of
AMPL and PROL were 5.324 and 7.480 min, respectively; and the theoretical plate values
were 9535 and 10,938. The height of the peak expressed in mAU in the chromatogram and
the peak value of AMPL and PROL were 5.07 and 18.84, respectively.

(a) Stock solutions: The standard solution was prepared in methanol, with accurately
weighted 50 mg of AMPL and 100 mg of PROL, and then dissolved in 100 mL of methanol
in a volumetric flask; this is the initial stock solution, with concentrations of 500 µg/mL
AMPL and 1000 µg/mL PROL.

(b) Determination of L max: The sample was scanned at 200–400 nm with a drug
concentration of 0.5 µg/mL AMPL and 1 µg/mL PROL, and the L max was set at 257 nm.

(c) Preparation of calibration curve: Five dilutions of each drug were prepared for
the calibration curve. The AMPL range was 5–25 µg/mL and the PROL range was
20–100 µg/mL. The dilutions were prepared from the respective stock solutions. The
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limit of detection (LOD) and the limit of quantification (LOQ) were determined. The
numerical value of each is presented in Table 2.

Table 2. Calibration curve details.

S. NO. Parameters AMPL PROL

1. Equation Y = 2.186x − 0.441 Y = 2.645x − 0.085

2. Regression 0.9997 0.9999

3. Range (µg/mL) 5–25 20–100

4. Avg.SD 0.34 0.97

5. Avg. % RSD 1.46 0.92

6. LOD 0.5132 2.2653

7. LOQ 1.5553 6.8648

8. RT (min) 5.324 7.48

2.7. RP-HPLC-DAD Method Validation

In accordance with the ICH recommendations, the RP-HPLC-DAD method was vali-
dated. Experiments covering various validation factors, such as system suitability, accuracy,
precision, linearity, LOD, LOQ, robustness, and solution stability, were performed [25–27].

(a) System suitability test: The performance of the HPLC equipment was tested by
executing a system suitability test in which the experiment results had to be reproducible,
and it was performed in accordance with USP 24/NF 19. Six batches of the sample were
examined before the analysis to ensure the repeatability of the chromatographic apparatus.
Two factors were considered, the retention time and the tailing factor, and were calculated
to obtain the percentage relative standard deviation (% RSD) values [28].

(b) Linearity: This test was performed by injecting standard solutions of each medica-
tion across the range (n = 3). A calibration curve was drawn, with the Y-axis representing
average peak areas and the X-axis representing concentrations. The calibration curve
was used to calculate the coefficient of correlation, slope, and intercept to determine
linearity [29].

(c) Precision and accuracy: In terms of inter-day and intra-day precision, the experi-
ments were performed by taking into account three quality control samples LQC, MQC,
and HQC with the concentrations of AMPL at 05 µg/mL, 15 µg/mL, and 25 µg/mL, re-
spectively, whereas the PROL concentrations were 20 µg/mL, 60 µg/mL, and 100 µg/mL.
In each experiment, the % RSD of each concentration level was measured. To determine
accuracy, the traditional approach of percentage recovery was used; a pre-measured con-
centration of 05 µg/mL of the AMPL sample and 20 µg/mL of PROL were obtained, and,
thereafter, 0, 50, 100, and 150% drug content solution were introduced [30].

(d) Solution stability: The quality control samples were used for the stability studies.
Both drug samples (15 µg/mL AMPL) and (60 µg/mL PROL) were kept for fourteen days
at 25 ◦C and for thirty days at 2–8 ◦C. After performing the analysis, the results were
reported in terms of % recovery and % RSD [31].

(e) Robustness study: The robustness of the newly developed RP-HPLC-DAD method
was tested. Practicality was performed with intentional changes in the chromatographic
conditions, and the results were examined. The established method was deemed robust
if the variability in the results stayed within the allowable threshold specified in the
guidelines. Flow rate, mobile phase composition, and wavelength all could have an effect
on the symmetry of the peak and the retention time [32].
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2.8. Quantitative Analysis of Tablets

Twenty tablets were weighed and crushed (each containing both AMPL and PROL);
the overall weight of the powder was 1.6 gm, and the mean weight of the tablet was 0.08 gm
(80 mg). The concentration of this stock solution was 100 µg/mL of AMPL and 400 µg/mL
of PROL after transferring 80 mg into a volumetric flask and adding 100 mL of methanol.
The solution was sonicated for a duration of 30 min, and, after that, it was filtered to
0.45 µm. Across the calibration range, a series of dilutions were prepared. The sample was
injected six times at 15 µg/mL and 60 µg/mL concentrations, and its percentage assay was
determined from the calibration curve.

2.9. Forced Degradation Study

The standard mixes of both medications were subjected to various circumstances, and
the degraded products were analysed under specific chromatographic conditions [33,34].

(a) Acid hydrolysis: The stock solutions of AMPL (500 µg/mL) and PROL
(1000 µg/mL) were made into a solution with the concentrations of AMPL at 25 µg/mL
and PROL at 100 µg/mL and 5 mL of 0.1 N HCl to make a total volume of 20 mL; three
sets were prepared in round bottom flasks. The solution was refluxed for 45 min at 80 ◦C
on a heated mantle. For the test, 20 µL of the sample was injected three times.

(b) Alkali hydrolysis: AMPL (500 µg/mL) and PROL (1000 µg/mL) stock solutions
were prepared into a solution with the concentrations of AMPL at 25µg/mL and PROL
at 100 µg/mL and 5 mL of 0.1 N NaOH to make a total volume of 20 mL; three sets were
prepared in round bottom flasks. The solution was refluxed for 60 min on a heated mantle
at 80 ◦C. For the test, 20 µL of the sample was injected three times.

(c) Oxidative degradation: A solution with AMPL (500 µg/mL) and PROL
(1000 µg/mL) was transferred into three 250 flasks. In each flask, 20 mL of 3 percent
H2O2 was added and then refluxed on a heated mantle at 80 ◦C for two hours. For the test,
20 µL of the sample was injected three times.

(d) Neutral hydrolysis: AMPL (500 µg/mL) and PROL (1000 µg/mL) stock solutions
were prepared into a solution with the concentrations of AMPL at 25µg/mL and PROL at
100 µg/mL. A volume of 20 µL was injected three times into the HPLC.

3. Results and Discussion
3.1. Optimization

Following the risk assessment, the [BBD] application selected the following factors:
mobile phase composition (% methanol) in the mobile phase, flow rate of the mobile phase,
and detecting wavelength. The medication AMPL’s response was recorded as retention
time and theoretical plate, as well as for PROL.

(a) The retention time of AMPL: Table 1 depicts AMPL in its optimal state. Five of the
seventeen experiments had been optimised (13–17). The quadratic model’s inbuilt ANOVA
is noteworthy. The model’s F-value is 491.54, as implied. The majority of the model’s term
values are less than 0.0500, indicating that the model as a whole is significant. The model
summary statistics are shown in Table 3. The signal-to-noise ratio was measured based on
the acceptable precision value. The value in this case is 79.762, suggesting a sufficient signal.
The signal-to-noise ratio was also measured using adequate precision. A ratio greater than
4 is preferred. A ratio of 79.762 suggests that the signal is satisfactory. The inbuilt model
graphs are shown in Figures 2 and 3. The final equation is presented in terms of coded
factors A (−0.0061), B (+0.0246), C (−0.0128), AB (−0.0288), AC (+0.1065), BC (−0.0310),
A2 (−0.0871), B2 (+0.0134) and C2 (−0.0214).
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Table 3. Model Summary Statistics.

AMPL PROL

Retention Time Theoretical
Plate Value Retention Time Theoretical

Plate Value

Source Quadratic Quadratic Quadratic Quadratic

Std.dev. 0.0046 16.05 0.0144 42.27

R2 0.9984 0.9945 0.9947 0.9955

Adjusted R2 0.9964 0.9873 0.9880 0.9896

Predicted R2 0.9747 0.9112 0.9157 0.9273

Sequential
p-value <0.0001 0.0100 0.0137 0.0240
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(b) Theoretical plate value of AMPL: The column efficiency was proven by the the-
oretical plate value, which was concluded by the BBD application with inbuilt AVOVA
for the quadratic model. The optimised trial is shown in Table 2, and the model summary
statistics are shown in Table 3. An F-value of 139.39 indicates that it is important, and the
p-values are less than 0.0500. The model graphs of this response in terms of contour plots
(AB, AC, and BC) are shown in Figure 4 and the 3D responses (AB, AC, and BC) in Figure 5.
The inbuilt model graphs are presented in Figures 4 and 5. The coded factors A (+28.00), B
(+92.00), C (−42.50), AB (−233.50), AC (+47.50), BC (−17.50), A2 (+26.75), B2 (+6.75) and
C2 (+25.75) are presented in the final equation.



Separations 2022, 9, 421 8 of 15
Separations 2022, 9, x FOR PEER REVIEW  8  of  16 
 

 

 

Figure 4. Contour plots AMPL theoretical plate value in terms of AB, AC and BC. 

 

Figure 5. 3D responses AMPL theoretical plate number in terms of AB, AC and BC. 

(c) The retention time of PROL: Table 1 shows PROL in the optimal condition. The 

ANOVA included into the quadratic model is significant. The model’s f‐value is 146.92. 

The model term’s value is less than 0.0500, indicating that the model is significant across 

the  board.  Table  3  displays  the model  summary  statistics.  The  appropriate  precision 

number evaluates the signal‐to‐noise ratio; in this case, the value is 33.745, indicating an 

adequate signal. A ratio greater  than 4  is preferred. The  inbuilt model graphs are pre‐

sented  in Figures 6 and 7. The  coded  factors A  (+0.0300), B  (+0.1450), C  (−0.0075), AB 

(+0.0150), AC (+0.1500), BC (−0.0250), A2 (−0.0025), B2 (−0.0325) and C2 (+0.0075) values are 

presented in the final equation. 

 

Figure 6. Contour plots PROL retention time in terms of AB, AC and BC. 

Figure 4. Contour plots AMPL theoretical plate value in terms of AB, AC and BC.

Separations 2022, 9, x FOR PEER REVIEW  8  of  16 
 

 

 

Figure 4. Contour plots AMPL theoretical plate value in terms of AB, AC and BC. 

 

Figure 5. 3D responses AMPL theoretical plate number in terms of AB, AC and BC. 

(c) The retention time of PROL: Table 1 shows PROL in the optimal condition. The 

ANOVA included into the quadratic model is significant. The model’s f‐value is 146.92. 

The model term’s value is less than 0.0500, indicating that the model is significant across 

the  board.  Table  3  displays  the model  summary  statistics.  The  appropriate  precision 

number evaluates the signal‐to‐noise ratio; in this case, the value is 33.745, indicating an 

adequate signal. A ratio greater  than 4  is preferred. The  inbuilt model graphs are pre‐

sented  in Figures 6 and 7. The  coded  factors A  (+0.0300), B  (+0.1450), C  (−0.0075), AB 

(+0.0150), AC (+0.1500), BC (−0.0250), A2 (−0.0025), B2 (−0.0325) and C2 (+0.0075) values are 

presented in the final equation. 

 

Figure 6. Contour plots PROL retention time in terms of AB, AC and BC. 

Figure 5. 3D responses AMPL theoretical plate number in terms of AB, AC and BC.

(c) The retention time of PROL: Table 1 shows PROL in the optimal condition. The
ANOVA included into the quadratic model is significant. The model’s f-value is 146.92. The
model term’s value is less than 0.0500, indicating that the model is significant across the
board. Table 3 displays the model summary statistics. The appropriate precision number
evaluates the signal-to-noise ratio; in this case, the value is 33.745, indicating an adequate
signal. A ratio greater than 4 is preferred. The inbuilt model graphs are presented in
Figures 6 and 7. The coded factors A (+0.0300), B (+0.1450), C (−0.0075), AB (+0.0150), AC
(+0.1500), BC (−0.0250), A2 (−0.0025), B2 (−0.0325) and C2 (+0.0075) values are presented
in the final equation.

Separations 2022, 9, x FOR PEER REVIEW  8  of  16 
 

 

 

Figure 4. Contour plots AMPL theoretical plate value in terms of AB, AC and BC. 

 

Figure 5. 3D responses AMPL theoretical plate number in terms of AB, AC and BC. 

(c) The retention time of PROL: Table 1 shows PROL in the optimal condition. The 

ANOVA included into the quadratic model is significant. The model’s f‐value is 146.92. 

The model term’s value is less than 0.0500, indicating that the model is significant across 

the  board.  Table  3  displays  the model  summary  statistics.  The  appropriate  precision 

number evaluates the signal‐to‐noise ratio; in this case, the value is 33.745, indicating an 

adequate signal. A ratio greater  than 4  is preferred. The  inbuilt model graphs are pre‐

sented  in Figures 6 and 7. The  coded  factors A  (+0.0300), B  (+0.1450), C  (−0.0075), AB 

(+0.0150), AC (+0.1500), BC (−0.0250), A2 (−0.0025), B2 (−0.0325) and C2 (+0.0075) values are 

presented in the final equation. 

 

Figure 6. Contour plots PROL retention time in terms of AB, AC and BC. Figure 6. Contour plots PROL retention time in terms of AB, AC and BC.



Separations 2022, 9, 421 9 of 15Separations 2022, 9, x FOR PEER REVIEW  9  of  16 
 

 

 

Figure 7. 3D responses PROL retention time in terms of AB, AC and BC. 

(d) Theoretical plate value of PROL: The  column efficiency, as  confirmed by  the 

value of the theoretical plate, in the inbuilt ANOVA for the quadratic model was deter‐

mined with the application of BBD. The optimal trials are presented in Table 2, and Table 

3 presents the model summary statistics. The F‐value is 170.47, which indicates that it is 

significant with a p‐value less than 0.0500. 

Figures 8 and 9 are the model graphs. The coded factors A (+13.63), B (+439.50), C 

(+33.13), AB  (+1.50), AC  (+522.25), BC  (−125.00), A2  (+21.37), B2  (−8.38)  and C2  (+83.38) 

values are presented in the final equation. 

 

Figure 8. Contour plots PROL theoretical plate value in terms of AB, AC and BC. 

 

Figure 9. 3D responses PROL theoretical plate number in terms of AB, AC and BC. 

3.2. Calibration Curve 

Figure 7. 3D responses PROL retention time in terms of AB, AC and BC.

(d) Theoretical plate value of PROL: The column efficiency, as confirmed by the value
of the theoretical plate, in the inbuilt ANOVA for the quadratic model was determined with
the application of BBD. The optimal trials are presented in Table 2, and Table 3 presents the
model summary statistics. The F-value is 170.47, which indicates that it is significant with a
p-value less than 0.0500.

Figures 8 and 9 are the model graphs. The coded factors A (+13.63), B (+439.50), C
(+33.13), AB (+1.50), AC (+522.25), BC (−125.00), A2 (+21.37), B2 (−8.38) and C2 (+83.38)
values are presented in the final equation.
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3.2. Calibration Curve

The concentration and area of AMPL (Y = 2.1861x− 0.4417 and R2 = 0.9997) and PROL
(Y = 2.6451x − 0.0854 and R2 = 0.9999) were found to have linear relationship (Figure 10).
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The mean standard deviation and percent RSD for AMPL are 0.34 and 1.46, respectively,
and 0.97 and 0.93 for PROL. Figure 11 shows a chromatogram of the standard drug at a
given retention time.
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3.3. Method Validation

(a) System suitability test: An experiment was performed to conduct the system
suitability test (n = 6). The retention time and tailing factor were considered for the
calculation. The results of the experiment were founded as follows: for AMPL, the retention
time was calculated for all six samples and the numerical values of average retention time,
SD, and % RSD were 5.31 min, 0.05 and 1.04, respectively. The values of the tailing factor of
the drug were as follows: the average tailing factor, SD, and % RSD values were 0.83, 0.07,
and 9.58, respectively. The results of PROL retention time were calculated in the same way:
average retention time (7.46 min), SD (0.11), and % RSD (1.40). The values of the tailing
factor were as follows: average tailing factor (0.78), SD (0.06), and % RSD (7.93). The results
of the experiment indicate that the device has performed admirably.

(b) Linearity: The experiments were conducted in triplicate manner (n = 3). The results
were analysed based on the peak area and concentration. AMPL in the concentration range
(5–25 µg/mL) had an average SD peak area of 0.34 and an average % RSD of 1.46. PROL
in the concentration range (20–100 µg/mL) had an average SD peak area of 0.97 and an
average % RSD of 0.92.

(c) Precision and accuracy: Table 4 shows the precision experiment results in terms
of intra-day and inter-day of AMPL and PROL. The accuracy was determined in terms of
percentage recovery. For this, a predetermined concentration of 10 µg/mL was considered
and an amount of 80 %, 100 %, and 120 % of the drug was added. The results are presented
in Table 4.

Table 4. Precision and Accuracy.

Precision

AMPL PROL

QC Sample
Intraday Interday Intraday Interday

SD %RSD SD %RSD SD %RSD SD %RSD

LQC
(05 µg/mL) 0.96 0.23 5.65 0.64 LQC

(20 µg/mL) 0.96 0.23 5.65 0.64

MQC (15 µg/mL) 0.11 0.34 0.28 0.02 MQC
(50 µg/mL) 0.81 0.49 2.73 0.02

HQC
(25 µg/mL) 0.15 0.37 0.14 0.16 HQC

(80 µg/mL) 0.17 0.08 0.17 0.16

Accuracy

% Excess Drug Added
AMPL PROL

Avg.% Recovered SD %RSD Avg.% Recovered SD %RSD

80% 100.33 0.27 0.26 100.66 1.15 1.14

100% 99.80 0.07 0.07 100.52 0.32 0.32

120% 99.67 0.18 0.18 99.36 0.66 0.66

(d) Solution stability: The outcome of the experiment in terms of % recovery and %
RSD of AMPL (15 µg/mL) and PROL (60 µg/mL) were 98.15% and 0.88 and 99.05% and
0.98, respectively, at a temperature of 25 ◦C after 14 days. It was conducted in a triplicate
manner. After 30 days at 2–8 ◦C, the experiments were conducted with same concentration.
The results in terms of % recovery and % RSD were determined for AMPL (99.15% and
1.23) and PROL (101.45% and 0.98).

(e) Robustness study: The experiments were conducted in a triplicate manner. Both
drugs at a concentration 15 µg/mL (AMPL) and a concentration of 60 µg/mL (PROL) were
used. The results of the intended changes in parameter flow rate, mobile phase composition,
and detection wavelength are presented in Table 5 in terms of the mean area, SD, and %
RSD. A RSD value of less than 2 % suggests that the developed approach is resilient.
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Table 5. Robustness Study.

AMPL PROL

Mean Area SD %RSD Mean Area SD %RSD

Flow rate at 0.9 mL min−1 84.55 0.45 0.54 425.97 0.36 0.08

Flow rate at 1.1 mL min−1 86.91 0.30 0.35 450.79 1.13 0.25

MEOH (74%) + OPA (26%) 83.5 0.58 0.69 447.4 1.28 0.29

MEOH (76%) + OPA (24%) 84.50 0.49 0.59 453.13 0.64 0.14

Wavelength 256 nm 87.3 0.08 0.09 393.9 5.15 1.31

Wavelength 258 nm 87.44 0.81 0.92 391.96 0.39 0.10

3.4. Quantitative Analysis of Tablet

With reference to the benchmark of both drugs, the assay results of the tablet (Brand
name: TRIPTOLOL) were determined in terms of % of drug content, SD, and % RSD for
AMPL (101.33, 0.04, and 0.16) and PROL (99.4%, 0.94, and 0.94).

3.5. Forced Degradation Study

The results of the forced degradation studies are presented in the Table 6 in different
conditions, including (a) acidic degradation, (b) basic degradation, (c) H2O2 degradation,
and (d) neutral condition, and its chromatogram is presented in Figure 12. The observation
of the stability studies indicate that the medications should be protected from stressed
conditions. The results in the different conditions show that AMPL in a neutral condition
degrades very little compared to other conditions. The presence of tertiary amine in the
side chain may cause the most degradation in the basic condition. AMPL has greater
degradation compared to PROL in the acidic, basic, and H2O2 conditions. In this study,
there is no interference on the degradation chromatogram.

Table 6. Forced degradation studies.

AMPL PROL

Degradation Area of
Standard

Area of
Degraded

Sample
Degraded

up to %
Actual %

Degradation
Area of

Standard
Area of

Degraded
Sample

Degraded
up to %

Actual %
Degradation

Acid
degradation 54.02 45.34 83.93 16.07 264.43 222.53 84.16 15.84

Basic
degradation 54.02 20.57 38.08 61.92 264.43 233.95 88.48 11.52

H2O2
degradation 54.02 39.44 73.02 26.98 264.43 240.38 90.91 9.09

Neutral
degradation 54.02 53.67 99.36 0.64 264.43 254.86 96.38 3.62

Studies of forced degradation are conducted to learn a variety of facts, including the
pathways by which drug substances and drug products degrade, the distinction between
the degradation products of drugs and non-drugs in a formulation, and the inherent
stability of drugs in formulation. In addition to these forced degradation studies, they
support formulation development, clarify the chemical characteristics of drug molecules,
and address stability-related issues.
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4. Conclusions

The purpose of this work was to develop a simple, accurate, and precise RP-HPLC-
DAD method for estimating both AMPL and PROL in their marketed formulations. The
use of BBD in chromatographic optimization for drug estimation is a novel strategy with
the benefits of reducing time and money, while improving analytical quality by focusing on
quality in the process steps. The QbD inbuilt ANOVA result indicates that it is significant.
The chromatogram clearly shows both peaks and the theoretical plate value indicates that
the column is efficient. The validation parameter results are within an acceptable range.
The experiment’s results are within 90–110 percent of the designated formulation’s assay.

The results of the degradation studies indicate that the tablet dosage form is stable
under various stressed conditions. AMPL degradation is greater in basic conditions than
in other stressed conditions. Previously, several stability studies in single and combined
AMPL were reported [35–38]. To the best of our knowledge, no RP-HPLC-DAD method
for simultaneous estimation of AMPL and PROL has been reported. This report’s novel
method is the first of its kind. The developed method had a short analytical time and, thus,
can be easily performed.
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