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Abstract: Breast cancer affects millions of women world-
wide. This study explores the potential of combining pen-
toxifylline (PTX) and simvastatin (SIM) as a treatment for
breast cancer. We aimed to develop six sustainability tools
using green and white metrics to evaluate the environ-
mental impact of reversed-phase high-performance liquid
chromatography (RP-HPLC) methods for analyzing and
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separating PTX and SIM in their pure forms. The tools
include analytical GREEnness, green analytical procedure
index, Complexgreen analytical procedure index, analytical
greenness metric for sample preparation, blue applicability
grade index, and the RGB 12 algorithm. For the separation,
we used a Novapack C8 column (15 x 0.46 cm, 5 um) at 25°C.
The injection volume was 5.0 uL, the wavelength was set to
210 nm, and the total runtime was 5min. We identified
optimal chromatographic conditions efficiently using the
Box-Behnken design with minimal trials. We investigated
the effects of three factors on retention time and resolution:
acetonitrile ratio, pH, and flow rate. We used overlay plots
with a 60:40 ratio (v/v) of acetonitrile and bi-distilled water
to forecast the most effective mobile phase. The calibration
curves for PTX and SIM showed a correlation value of over
0.999 within the range of 5-60 ugmL ™. The recovery rates
ranged from 99.9% to 100.2%, indicating high accuracy.
Our RP-HPLC technique proves to be reliable and efficient
for the simultaneous estimation of multiple anticancer drugs.
We evaluated the environmental sustainability of this approach
using green and white metrics, and the recommended method
has been thoroughly validated according to International
Council for Harmonisation guidelines, making it highly reli-
able for analyzing new formulations.

Keywords: pentoxifylline, simvastatin, Box-Behnken design,
green chemistry, white chemistry, breast cancer, RP-HPLC

1 Introduction

The vision of green and white chemistry represents an
innovative and practical approach to chemical research
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and engineering. This methodology prioritizes the protec-
tion of human health and the environment by reducing the
use of hazardous reagents in chemical products and pro-
cesses [1]. By applying the criteria of green and white
chemistry, scientists and engineers can develop products
and processes that are more durable, safer, and environ-
mentally friendly, effectively addressing the needs of society
[2]. Utilizing renewable resources in chemical reactions can
significantly reduce pollution and waste, enhancing safety.
Green and white chemistry are rapidly becoming crucial
drivers of the chemical industry’s future. They are pivotal
in developing sustainable practices and leading sustainable
chemistry programs. Over the past two decades, they have
emerged as key components in advancing sustainable chem-
istry [3,4]. Globally, both government and private sector
initiatives have increasingly promoted green chemistry,
with the potential to transform the chemical industry. This
shift toward sustainable design has been significantly driven
by green chemistry principles. To realize these advance-
ments, chemists must adhere to the twelve criteria of green
chemistry [5]. Since 1999, the Royal Society of Chemistry has
published the Green Chemistry journal, which has been
instrumental in advancing the field. In the coming decades,
green chemistry is anticipated to become even more vital,
playing a key role in waste prevention and sustainable
development. Incorporating parameters for method valida-
tion can help assess the “greenness” of analytical techniques
[6]. The acceptance of analytical chemistry within the com-
munity will increase if the sustainability of its methods is
verified. Achieving a sustainable future requires the integra-
tion of green chemistry initiatives [7]. There has been a
growing movement to find greener ways to conduct quanti-
tative analyses in the last few years. It is crucial to enhance
both the safety and health of analysts and the environ-
mental impact of analytical processes. Pharmaceutical com-
panies are adopting more eco-friendly analytical methods,
and the analytical community is increasingly focusing on
sustainability and environmental responsibility. When devel-
oping new methods, careful attention must be given to the
eco-friendliness of solvents and waste production. While sus-
tainability has made significant strides in analytical chem-
istry, further progress is still needed [8].

Using the Box-Behnken design (BBD) can greatly enhance
the precision of experimental results. By adjusting the chro-
matographic system with BBD and HPLC, analytical techni-
ques are developed and validated with improved accuracy.
This optimization leads to more efficient HPLC procedures.
Additionally, peak parameters are adjusted until they meet
the desired specifications. BBD is a practical and straightfor-
ward method that provides reliable results, even when mul-
tiple factors need to be assessed. The BBD is unquestionably
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one of the most often used response surface methodology
(RSM) in experimental design. BBD uses a three-level factorial
design that only makes use of the midpoints of the edge and
center points in order to avoid extreme combinations of com-
ponents. One of the main advantages of BBD over central
composite design (CCD) is that it requires fewer iterations
and has better consistency across the design domain. Being
able to construct the design matrix of BBD with fewer experi-
mental runs makes it a more practical and affordable option
than CCD. However, it is imperative to recognize that BBD is
not without limitations. For example, it can compute only a
portion of the quadratic model for components with four
factors or hard-to-modify factors. Despite these limitations,
BBD is still a good option for experimental design [9].

For female cancer patients, breast cancer accounts for
the vast majority of deaths, and it is anticipated that its
occurrence will increase in the coming decade. Despite
significant research and resources dedicated to finding a
cure, breast cancer remains challenging to treat due to
issues such as metastasis, recurrence, and drug resistance.
Therefore, there is a pressing need for new technologies
and drugs to reduce cancer-related mortality. Recent stu-
dies suggest that statins can inhibit cancer cell growth and
induce cell death. Specifically, simvastatin (SIM) (Figure
S1a) has shown promise in overcoming chemotherapeutic
resistance, especially in conjunction with doxorubicin [10].
Meanwhile, pentoxifylline (PTX) (Figure S1b) exhibits sev-
eral properties beneficial for cancer treatment. It has
demonstrated anticancer activity and can increase the sen-
sitivity of cancer cells to radiation therapy, potentially
reducing the long-term side effects associated with radia-
tion. Additionally, PTX may enhance the effectiveness of
commonly used drugs such as cisplatin and doxorubicin,
while also mitigating their side effects, as reported by sev-
eral research groups [11]. In 2018, Castellanos-Esparza et al.
reported a synergistic effect of both drugs in enhancing the
sensitivity of the triple-negative breast cancer cell line
MDA-MB-231 [12]. Several studies have investigated using
PTX and SIM individually in human plasma or in vitro.
However, there is currently no method for simultaneously
determining both drugs using HPLC. While numerous HPLC
methods have been developed for analyzing PTX in pharma-
ceutical dosage forms and human plasma [13-16], a combined
method for both drugs remains unavailable. Conversely, sev-
eral HPLC methods have been reported for determining and
quantifying SIM in pharmaceutical dosage forms [17-19]. The
significance of this study lies in its development of a novel,
green, and sustainable HPLC method for the simultaneous
analysis of PTX and SIM, two drugs with promising potential
for breast cancer treatment. Breast cancer remains a major
global health concern, and the search for effective and



DE GRUYTER

sustainable treatment options is ongoing. PTX and SIM have
shown individual promise in cancer therapy, with PTX exhi-
biting anticancer activity and enhancing the effectiveness of
other treatments, while SIM has demonstrated potential in
overcoming chemotherapeutic resistance. Previous studies
have suggested a synergistic effect between PTX and SIM in
treating triple-negative breast cancer. However, a lack of a
reliable and efficient method for simultaneously quantifying
both drugs in a single analysis has hindered further research
and clinical applications. Our study addresses this gap by
introducing a green and sustainable HPLC method that meets
the growing demand for environmentally friendly analytical
techniques in the pharmaceutical industry. By utilizing
green and white chemistry principles, our method mini-
mizes the use of hazardous chemicals and reduces waste,
contributing to a more sustainable and environmentally
responsible approach to drug analysis. The successful devel-
opment of this method paves the way for more efficient and
effective research into the potential of PTX and SIM as a
combination therapy for breast cancer.

Based on a thorough literature review, no HPLC method
has been found that can simultaneously quantify PTX and
SIM while ensuring analyst safety and adhering to environ-
mental preservation principles based on green and white
chemistry. To address this gap, we have developed a novel,
environmentally friendly HPLC method incorporating green
and white chemistry principles and BBD. This method aims
to quantify PTX and SIM accurately and efficiently in their
respective dosage forms.

We assessed the “greenness” and “whiteness” of our pro-
cedure using several tools, including analytical GREEnness
(AGREE), analytical greenness metric for sample preparation
(AGREEprep), green analytical procedure index (GAPI),
Complexgreen analytical procedure index (ComplexGAPI),
and blue applicability grade index. In addition to these widely
recognized green metrics, we also employed BAGI and RGB12.
Our results confirm that the method is environmentally
friendly. Furthermore, we have innovatively addressed the
issue of peak overlap in binary combinations using HPLC,
which may significantly enhance chromatographic analysis.

2 Materials and methods

2.1 Materials and reagents

Career Henan Chemical Co. (Henan, China) provided a PTX
standard, and Hangzhou Lane Technology Co., Ltd (Hangzhou,
China) provided a SIM standard. As commercial formulations
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were unavailable, we used a synthetic mixture instead of the
commercial formulations. Merck (Germany) provided bi-dis-
tilled water, HPLC-grade ethanol, and acetonitrile.

2.2 Apparatuses

This work employed an HPLC quaternary pump, an auto-
sampler, and a PDA detector (Agilent, USA, HPLC 1260
Infinity II). Data handling and collection were carried out
with open-source software, “chromatography data system.”

2.3 Chromatographic system

The optimal system was established using isocratic mode
in the reversed-phase high-performance liquid chromato-
graphy (RP-HPLC) methods. The analysis was conducted
with a Novapack C8 column (15 x 0.46 cm, 5 pm) at 25°C.
With a flow rate of 1.0 mL-min?, an injection volume of
5 uL, UV detection at 210 nm, and a runtime of 5 min, the
RP-HPLC method used acetonitrile and bi-distilled water as
the mobile phase. Samples were prepared at room tempera-
ture (25°C) within 24h of collection and stored in amber-
colored vials at 4°C to minimize light exposure until analysis.
The sample cooler was maintained at 4°C to ensure the
stability of the analytes during storage and transportation.
These measures were implemented to address potential
stability issues with PTX and SIM effectively.

2.4 Standard stock solutions

To prepare the stock standard, we weighed 5.0 mg of PTX
and SIM and added it to a 10-mL volumetric flask. We then
added 5 mL of ethanol and vigorously shook and sonicated
the flask for 5 min. As a final step, we added purified water
until the stock solution reached 500 ug-mL™.

2.5 Construction of calibration curves

A range of concentrations of PTX and SIM standard solu-
tions were studied from 5.0 to 60 pg'mL . For the standard
check, two points were calibrated, a test setup was per-
formed, a recovery injection was conducted, and a standard
check was conducted. Regression equations were used to
correlate integrated peak areas with concentrations.
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2.6 Tools for measuring greenness and
whiteness

2.6.1 AGREE tool

In addition to evaluating general sustainability, the AGREE
tool specifically assesses environmental sustainability. During
the evaluation process, the 12 criteria of the Green analytical
chemistry (GAC) are reviewed. Each variable or concept is
rated based on its ecological sustainability, with scores ran-
ging from 0 to 1. The results are displayed in graphs that use
red, yellow, and green to indicate the levels of achievement
for each standard. The size of each region on the chart corre-
sponds to the magnitude of the metric [20].

2.6.2 AGREEprep tool

Sample preparation is a crucial step in analytical processes
and should be conducted sustainably. AGREEprep ensures
that the environmental impact of sample preparation techni-
ques is minimized by adhering to eco-friendly principles. While
the 12 rules of GAC were previously followed, AGREEprep now
aligns with the ten green sample preparation (GSP) standards,
which are considered the industry’s leading benchmarks for
sustainable sample preparation [21].

2.6.3 GAPI tool

Proposing greener methods necessitates a thorough green-
ness assessment. It is crucial to evaluate how samples are
prepared, analyzed, and finalized before assessing a techni-
que’s overall “greenness.” The assessment design features
five pentagrams, each representing a stage of the process.
These stages are categorized as green, yellow, or red based
on their environmental impact, with levels classified as low,
medium, or high. This tool allows us to evaluate our analy-
tical methods and enhance their environmental impact,
moving toward more sustainable practices [22].

2.6.4 ComplexGAPI tool

ComplexGAPI extends GAPI by including additional steps
before sample preparation and analysis. It evaluates envir-
onmental sustainability, instrumentation, workflow, and
purification alongside yield, conditions, reagents, and sol-
vents. The sustainability implications are assessed using a
color-coded system similar to GAPI, with environmental
concerns represented as red, yellow, or green [23].
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2.6.5 BAGI tool

One of the key roles of BAGI is to assess analytical methods.
This tool enhances well-known green metrics by incorpor-
ating the criteria of white analytical chemistry (WAC).
BAGI evaluates an analytical technique based on ten essen-
tial characteristics: effectiveness, automation, sample pre-
paration, quantities, reagents, materials, sample analysis
capacity per hour, simultaneous analysis of analytes, instru-
mentation requirements, and concurrent sample treatment.
Using this information, BAGI generates pictograms and scores to
identify potential improvements. AGREE, ComplexGAPI, GAPI,
and AGREEprep are examples of existing green assessment tech-
nologies that BAGI enhances by offering a comprehensive meth-
odology for assessing analytical chemistry methods [24].

2.6.6 RGB12 algorithm tool

The use of green methods alone does not ensure sustain-
ability in analytical chemistry, as these methods primarily
focus on reducing environmental harm. Sustainability also
requires considering method efficacy, validity, and cost. To
evaluate and balance these factors, the RGB12 algorithm
tool is employed, which compares up to ten methods using
a free Excel spreadsheet. This tool uses a three-color table to
assess 12 key WAC assumptions: the red table evaluates the
scope of application, detection limits, quantitative limits, and
precision and accuracy; the green table considers reagent
toxicity, waste, and energy consumption; and the blue table
looks at cost, time, and ease of operation. The results are
summarized in a three-column table where scores out of
100 indicate compliance with WAC postulates. The most sus-
tainable method is identified by the highest whiteness score,
reflecting the optimal balance of performance, environ-
mental impact, and productivity [25].

2.7 Optimization of RP-HPLC method by
design of experiments (DOE)

Our preliminary screening study identified the key factors
influencing chromatographic separation. To optimize the
resolution and retention times of both drugs, we used BBD
with RSM, examining three variables at three levels. The
variables included in the mobile phase were acetonitrile
ratio, pH, and flow rate. We conducted 17 experiments to
analyze retention time and resolution. The results were
accurately represented by second-order polynomial equa-
tions, and a three-dimensional (3D) response surface was
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created to visualize the interactions between independent
variables. The optimal outcome was predicted using overlay
plots and the desirability function [26].

3 Results

The study uses HPLC methodology to determine PTX and
SIM simultaneously, assessing the method’s white and
green metrics and efficacy in the pure dosage form.

3.1 Utilizing an analytical quality by design
(AQbD) approach for method
development

3.1.1 Establishing precise analytical target profiles (ATP)
and identifying critical quality attributes (CQAs)

Before utilizing the AQbD process for the developed method,
it is essential to construct ATP bheforehand. This section
identified the fundamental attributes that serve as indica-
tors of technique performance. Reliable results were achieved
by identifying CQAs from the defined ATP. The CQAs play a
crucial role in assessing the satisfactory performance of the
developed procedure. Table S1 provides a comprehensive list
of the ATP components used in the current RP-HPLC tech-
nique for PTX and SIM. The CQAs associated with ATP were
resolution and retention time for PTX and SIM, respec-
tively [27].

3.1.2 Risk assessment study

Using risk assessment studies, the effects of numerous fac-
tors impacting the ATP were investigated. To conduct the
risk assessment, it is necessary to have an understanding
of the specified relationship(s) between the critical analy-
tical attributes (CAAs) of ATP and critical method para-
meters. Figure S2 is a cause-and-effect Ishikawa fishbone
diagram. It is a methodical approach to grouping the causes
of a problem to pinpoint the origins of errors, variances,
flaws, or malfunctions. Factors including stationary phase,
mobile phase, and other parameters affected the CAAs of
the RP-HPLC process, according to an failure mode and effects
analysis (FMEA) risk assessment research. The risk priority
number (RPN) was utilized in the computation of the FMEA
research results. To determine the RPN, the risk was rated
from 1 to 5 (1 low, 5 high). The final RPN was the product of
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severity (S), occurrence (0), and detectability (D). Eq. 1 pro-
vided a mathematical representation of the RPN computa-
tion [28]
RPN = Severity (S) x Occurrence (O)
x Detectability (D)

()

3.2 Methods development and optimization
3.2.1 Mobile phase composition

Methanol/water (50:50, v/v) and monobasic potassium dihy-
drogen phosphate buffer pH 3: ethanol (50:50, v/v) were used
as mobile phases, but no definite sharp peak was obtained
with the monobasic potassium dihydrogen phosphate buffer
pH 5.0: ethanol (50:50, v/v). The choice of water and acetoni-
trile as the mobile phase components is likely due to their
polarity and ability to solvate a wide range of analytes. The
40:60 ratio was likely optimized to achieve the best balance
between retention and peak shape for the specific analytes
being separated.

3.2.2 pH

The pH of the mobile phase can influence the ionization
state of analytes, affecting their retention behavior. The
observed decrease in retention time at lower pH values
suggests that the analytes might be positively charged spe-
cies that interact more strongly with a negatively charged
stationary phase at higher pH. The finding that pH 3.0
provided the best peak shape and retention times indicates
that this pH was optimal for minimizing analyte ionization
and maximizing retention.

3.2.3 Flow rate

The flow rate affects peak broadening and retention time.
A higher flow rate can reduce analysis time but may also
lead to decreased peak resolution. Variations of the flow
rate from 0.5 to 2mL-min~" have been carried out. The
chosen flow rate of 1.0 mL-min* was likely determined to
balance peak resolution and analysis time.

3.2.4 Sstationary phase

We used various columns of various packing materials and
different lengths, including C8, C18, phenyl, and cyano
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columns, with different lengths, which varied from 100 to
250 mm. The choice of stationary phase (C8) (15 x 0.46 cm, 5
um) is likely based on the polarity and chemical properties
of the analytes. A C8 stationary phase is moderately hydro-
phobic and can provide good retention for a variety of ana-
lytes. Therefore, the estimated void volume for a Novapack
C8 column (15 x 0.46 cm, 5 um) having a porosity of 0.4 is
approximately 0.248 cm® calculated from the following
equation:

Void volume = (1 x (diameter/2)? x length) x porosity
Void volume = ( 7 x (0.46/2)> x 15) x 0.4
Void volume = 0.248 cm?®

3.2.5 Detection wavelength

Because of UV absorbance properties of the analytes, the
wavelengths within 200-400 nm were selected for scan-
ning, giving a clear chromatogram with sharp peaks with
a high resolution of 210 nm. This wavelength ensures that
the analytes can be detected with good sensitivity.

3.2.6 Column temperature

A constant temperature of 25°C was likely maintained to

ensure consistent retention times and peak shapes.
Overall, the chromatographic conditions were carefully opti-

mized to achieve the desired separation goals. The justifications
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provided above demonstrate a sound understanding of the
factors influencing chromatographic behavior and the sys-
tematic approach taken to optimize the method.

3.3 DoE

The development of HPLC methods has undergone a sig-
nificant transformation. Historically, analysts relied on
trial and error to achieve desired results, which was
time-consuming and inefficient. Conventional one-factor-
at-a-time approaches are now seen as less effective due
to their high costs, resource demands, and limited ability
to provide fully justified results. In contrast, BBD offers
a more precise method for assessing variable influence
and interactions with fewer experiments, as illustrated in
Table 1. BBD generates a second-order polynomial equation
using a chromatographic response classifier, optimizing
chromatographic parameters and highlighting critical
components. This approach reduces the number of trials
required and improves accuracy and reliability. Although
BBD may only effectively explore extreme values of factors,
it remains a leading method for refining chromatographic
procedures. After extensive testing, BBD has proven to sim-
plify processes effectively. To ensure precision, we con-
ducted three rounds of testing with varying pH, flow rates,
and acetonitrile ratios, using randomization for the final 17
runs. This approach helped identify faults and minimize the
impact of external factors [29].

Table 1: Variables and responses for the improved method's Box-Behnken experimental design

Factor 1 Factor 2 Factor 3 Response 1 Response 2 Response 3

Std Run A: Flow rate B: ACN C: pH Rs RT1 RT2
1 7 1 50 45 7.78 1.47 2.51
2 12 2 50 45 5.78 1.03 2.19
3 4 1 70 45 7.53 1.26 2.29
4 14 2 70 45 7.23 0.99 1.91
5 6 1 60 3 8.96 1.33 2.37
6 5 2 60 3 4.98 1.08 21

7 8 1 60 6 8.14 1.23 2.21
8 10 2 60 6 6.97 1.01 2.05
9 13 1.5 50 3 29 1.25 2.26
10 3 1.5 70 3 5.45 1.18 217
" 17 1.5 50 6 6.44 1.12 213
12 1 15 70 6 6.58 1.1 212
13 2 1.5 60 4.5 6.23 1.21 2.19
14 " 1.5 60 45 6.23 1.21 2.19
15 16 1.5 60 45 6.23 1.21 2.19
16 9 1.5 60 45 6.23 1.21 2.19
17 15 1.5 60 45 6.23 1.21 2.19
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3.4 An assessment of the suggested
approaches’ greenness and whiteness

3.4.1 AGREE tool

AGREE is the framework utilized to assess environmental
sustainability. It applies the GAC’s 12 fundamental princi-
ples to evaluate each code’s score. A color-coded graph
using red, yellow, and green illustrates the achievement
levels for each standard, with the size of each region on
the chart directly correlating to the metric being measured.
AGREE offers a comprehensive evaluation of an entity’s
environmental sustainability, as shown in Figure S3a. The
AGREE pictogram in Figure la, which features varying
shades of green and a central score of 0.66, visually repre-
sents this assessment.

3.4.2 AGREEprep tool

The AGREEprep methodology streamlines the evaluation
and sample preparation processes by incorporating the
ten fundamental principles of environmentally sustainable
sampling. A score of 1 indicates optimal performance,
while scores between 0 and 1 reflect varying levels of pro-
ficiency. Each of the ten sectors is depicted with a distinct
graphic symbol, as illustrated in Figure S3b. Figure 1b

Sample treatment
Sample amount
Device positioning
Sample prep. stages
Automation, miniaturization
. Derivatization
Waste

. Analysis throughput
. Energy consumption
10. Source of reagents
11. Toxicity

12. Operator's safety

CoNoUrWNE

()

Figure 1: Assessment of the developed HPLC technique utilizing (a)
AGREE and (b) AGREEprep.
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shows a score of 0.58, confirming the ecological effective-
ness of our methodology.

3.4.3 GAPI tool

The GAPI approach enables a reliable assessment of an
analytical method’s environmental sustainability, encompassing
all stages from sample preparation to final determination. It
features 15 descriptive components that underscore 5 key char-
acteristics distinguishing its approach. GAPI effectively compares
different analytical methodologies by considering all relevant
factors throughout the process, as detailed in Figure S4a. Our
study’s results, illustrating the ecological impact of this method,
are shown in Figure 2a.

3.4.4 ComplexGAPI tool

ComplexGAPI extends the traditional GAPI metrics by
incorporating a hexagonal layer that includes pre-analysis

e g

(©)

Figure 2: Assessment of the developed HPLC technique utilizing (a) GAPI
and (b) ComplexGAPI.
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procedures. This layer evaluates various aspects such as
output, reaction conditions, reactants, solvents, instrumenta-
tion, and post-reaction processing. Like GAPI, ComplexGAPI
employs a color-coded system to assess the sustainability
implications of each element, with red, yellow, and green
representing significant, moderate, and minimal environ-
mental concerns, respectively (Figure S4b). Figure 2b visually
demonstrates how different strategies are employed within
this framework. ComplexGAPI is particularly useful for ana-
lyzing methodologies that integrate GAC characteristics.

3.4.5 BAGI tool

BAGI showecases the utility and effectiveness of its ten stan-
dards through pictograms and scores. The final HPLC score
combines dark blue, light blue, and dark blue shades to
represent the method’s performance. The color coding
reflects how well the approach meets the established
requirements. An analytical technique is deemed applic-
able if it scores 60 or higher, as illustrated in Figure S5.
Figure 3a presents the pictograms of the BAGI indexes,
highlighting the evaluation outcomes.

3.4.6 RGB12 algorithm tool

The RGB12 tool scores each of the three colors individually
and combines the results using an algorithm. A method is
considered “white” if it aligns well with WAC principles. The
newly developed HPLC analysis method effectively detected
impurities, achieving a perfect score of 100% in the red
category and 93.3% in the green category. Additionally, it
scored 80.8% in the blue category, reflecting its improved
efficiency and practicality. Overall, the method demon-
strated strong environmental friendliness and sustain-
ability, earning a 91.4% score in the whiteness evaluation,
as shown in Figure 3b.

3.5 Method validation

By validating the proposed procedures based on International
Council for Harmonisation (ICH) guidelines, analysts are assured
that the procedures will be productive and reliable [30].

3.5.1 Linearity and range

As drug concentrations in samples increase, HPLC techniques
exhibit linearity, producing results that are proportional to
the drug concentrations. Using a calibration curve that plots
drug peak areas against their respective concentrations
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Method: Proposed

G1: Toxicity
of reagents

B1: Cost-
efficiency

R1: Scope of 1000

application

90.0

G2: Amount

B2: Time-
of reagents

efficiency

R2:LOD and 100.0

- 100.0

and waste

G3: Energy

®*°100.0

Requirements

R3: Precision 1000

and other
media

B4

Operational 33.3

simplicity

80.8

G4: Direct
impacts

R4: Accuracy 100.0

100.0

91.4

(®)

Figure 3: Assessment of the developed HPLC technique utilizing (a) BAGI
and (b) RGB 12 algorithm.

within the designated ranges, calibration curves were devel-
oped. The correlation coefficients (r) obtained were greater
than 0.999, indicating a high degree of linearity. Data ana-
lysis and method fitting were performed using Open-lap
software. Table 2 provides a detailed characterization of
the calibration curves, demonstrating excellent reliability
and accuracy across all tested calibration points. The results
consistently showed high reliability.

3.5.2 Limit of detection (LOD) and limit of
quantification (LOQ)

Using the formulas from our validated Excel sheet, (3.3/S)
and (10/S), we calculated the LOD LOQ. In these formulas,
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Table 2: Regression and statistical parameters from the calibration
curves of PTX and SIM
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Table 4: Results of Intra-day and inter-day precision for PTX and SIM in
commercial tablets

Parameter Drugs

PTX SIM
Wavelength 210 nm 210 nm
Range (ug-mL™) 5-60 5-60
Coefficient of determination (R?) 0.9998 0.9999
Slope 23.86 4.00
Intercept 64.85 =217
LOD 118 pg:mL™" 1.03 pg'mL™"
LOQ 3.59 pgrmL 3.13 pgrmL

Note: LOD (3.3 x g/slope) and LOQ (10 x g/slope).

S represents the slope and standard deviation from the
calibration curves. According to Table 2, strategies with
the lowest LOD and LOQ values demonstrate the highest
sensitivity.

3.5.3 Accuracy and recovery

The samples were injected three times in duplicate into a
standard analyte concentration at 50%, 100%, and 150% con-
centrations. Table 3 contains experimental results, which
can be used to determine the degree of agreement between
actual and experimental values.

3.5.4 Precision
A rigorous intraday and interday precision assessment
was conducted over 1 and 2 days to evaluate the repeat-

ability and intermediate precision of the method. Divide
the standard deviation (SD) by 100 to calculate the relative

Table 3: Results of accuracy for PTX and SIM in commercial tablets

Test PTX SIM
First Second First Second
analyst analyst analyst analyst
(within (between (within (between
a day) days) a day) days)

Test 1 103.8 % 100.39% 100.05% 100.15%

Test 2 102.08% 102.08% 99.98% 100.21%

Test 3 101.5% 101.50% 100.12% 100.18%

Test 4 101.6% 101.6% 99.86% 100.04%

Test 5 103.33% 103.33% 99.92% 99.86%

Test 6 103.75% 103.75% 100.19% 100.11%

Average 102.57% 102.26% 100.02% 100.09%

SD 1.02 1.04 0.13 0.12

RSD 1.04 1.02 0.13 0.13

Pooled 1.03 0.12

RSD (12

samples)

standard deviation percentage. With a precision of less
than 2%, the developed method shows high precision.
Detailed results are provided in Table 4.

3.5.5 Robustness

The robustness of a methodology refers to its ability to
remain unchanged even when its parameters undergo
minor but intentional fluctuations. After modifying each
drug parameter, standards were prepared and injected.
Table 5 shows several variations, including wavelength
adjustment (210 nm + 2 nm), flow rate adjustment (1.0 mLmin?
+ 01 mL-amin%), and mobile phase modification (60% acetonitrile
+ 1.0%).

Test % Stadd.n(mL)to Calculated amount Amount found Recovery (%) Calculated amount Amount found  Recovery (%)

50 mL flask (pg-mL™") (ug-mL™") (pg-mL™") (ug-mL™")

PTX SIM

Tablets Tablets Tablets Tablets Tablets Tablets Tablets
50% 5 10.68 10.680 100.000 18.50 18.490 99.946
100% 10 20.68 20.470 98.985 38.50 38.560 100.156
150% 15 30.85 30.770 99.741 57.75 57.860 100.190
Minimum 98.98 99.95
Maximum 100.00 100.16
Average 99.58 100.19
SD 0.53 0.13
RSD% 0.52986 0.13219
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Table 5: Method robustness for the developed HPLC method for PTX and SIM

Analyte Chromatographic Wavelength (hnm)  Acetonitrile ratio (%) Flow rate Column temperature
parameters

PTX 208 212 59.00% 61.00% 0.9 min-mL™" 1.1 min-mL™" 20°C 30°C
Assay % 101.61%  102.01%  101.33% 101.87% 100.90% 101.21% 100.88%  101.02%
Retention time (Rt) 1.32 1.34 1.34 1.32 1.35 1.32 1.37 1.30
Tailing factor 0.80 0.82 0.80 0.81 0.82 0.83 0.98 0.78
Resolution N/A N/A N/A N/A N/A N/A N/A N/A

SIM Assay % 106.85%  107.34%  108.74% 107.03% 106.11% 107.40% 106.53%  105.44%
Retention time (Rt) 237 238 237 233 234 2.36 242 229
Tailing factor 0.89 0.9 0.88 0.89 0.88 0.89 0.84 0.77
Resolution 8.90 8.94 8.96 8.94 8.95 8.93 9.45 8.84

3.5.6 Selectivity

Various unknown substances, matrices, degradation agents,
impurities, or blanks were assessed to determine whether
HPLC methods could accurately and reliably detect analytes.
In the developed methods, peaks of active ingredients were
unaffected by diluents, excipients, placebos, degradants,
impurities, and chemical coatings.

3.5.7 System suitability

An operation must meet specific requirements before its
results can be accepted. This is called system suitability. At
least five final standard solutions were repeatedly injected
to evaluate the suitability of the developed processes.
Statistical analysis in Table 6 revealed acceptable plate
counts, resolutions, peak tailing, peak shapes, and peak %
relative standard deviation. As a result of developing the
analytical methods, we observed that the results were accu-
rate and complied with United States pharmacopeia require-
ments and FDA guidelines.

3.5.8 Forced degradation

To assess how the active pharmaceutical ingredients (APIs)
PTX and SIM degrade under various conditions, we conducted

Table 6: System suitability criteria for the suggested HPLC method for
PTX and SIM

Suitability parameter PTX SIM
Retention time (min) 1.33 2.37
Resolution (NLT 2.0) N/A 8.96
Theoretical plates (NLT 2000) 4,740 4,022
Tailing factor (NMT 2.0) 0.80 0.86

forced degradation studies. These studies simulate the stress
conditions that might occur during storage or after adminis-
tration. Forced degradation is a type of accelerated stability
study that predicts how a drug behaves over time more quickly
than traditional long-term stability tests. The methods used for
forced degradation include exposure to acidic and basic condi-
tions, oxidation, light, and heat. Typically, the acceptable degra-
dation range for HPLC analysis is between 5% and 20%, though
some researchers suggest that a 10% degradation is ideal for
validating HPLC methods for small molecules.

3.5.8.1 Acid hydrolysis

PTX and SIM were subjected to acid hydrolysis testing indi-
vidually in round-bottom flasks, each containing 10 mg of
the respective compound. The flasks were subjected to
heating in a water bath at a temperature of 70°C for a dura-
tion of 3h, using 30 mL of a solution containing 0.1N HCL.
Following the process of heating, the samples were counter-
acted using a diluted solution of 0.1N NaOH to achieve a
final concentration of 20 pg'mL ™" using distilled water. The
solutions were subsequently examined using HPLC, and the
findings are presented in Figure 4a.

3.5.8.2 Basic hydrolysis

In the basic hydrolysis test, we followed a similar proce-
dure but used 30 mL of 0.1 N NaOH instead of 0.1N HCL
After the reaction, the samples were neutralized with 0.1 N
HC], and the final concentration was adjusted to 20 ug-mL™"
with distilled water. The degradation profiles in 0.1N
NaOH are illustrated in Figure 4b.

3.5.8.3 Oxidative degradation
For oxidative degradation, 10 mg of each drug was placed
in 100 mL volumetric flasks, with 30 mL of 30% hydrogen
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Table 7: Results of forced degradation studies of PTX and SIM in API form

990)

Peak purity (purity threshold

Assay of SIM (%)

990)

Peak purity (purity threshold

Assay of PTX (%)

Forced degradation tests

999.88

98.24

999.44

97.04
98.01

Acid hydrolysis using 30 mL 0.1 N HCl for 1 h.

999.53

97.12
96.14

999.27

Basic hydrolysis using 30 mL 0.1 N NaOH for 1 h.

Oxidation using 30% H,0, for 1 h.

999.35

999.20

94.06

999.48

97.24
97.44

999.30

96.68
96.24

Stress testing by heat at 70°C for 2 h

999.46

999.70

Stress testing using sunlight (photo degradation) for 1 h.
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peroxide added to each. The flasks were kept in the dark
for 24h and then filled to the mark with the diluent to
achieve a concentration of 20 pg'mL™. The solutions were
analyzed by HPLC, with the results depicted in Figure 4c.

3.5.8.4 Photolytic and thermal degradation

To test photolytic degradation, PTX and SIM at a concen-
tration of 20 pg'mL ™ were exposed to direct sunlight for
1h. The results of this exposure are shown in Figure 4d. For
thermal degradation, the drugs were refluxed in a water
bath at 70°C for 2h, and the final concentration was
adjusted to 20 pg'mL~". These samples were then analyzed
by HPLC, with the results shown in Figure 4e.

Table 7 summarizes the findings from these stress
tests, demonstrating that the method developed is specific
to the APIs even in the presence of degradation products,
with no interference detected.

4 Discussion

4.1 Methods of statistical analysis

This study determines statistical significance if the P-value
is less than 0.05. There was a good fit with a polynomial
equation (R > 0.8) and a reasonable estimate of the model’s
predictive capacity based on the regression models’
R-squared and modified R-squared values. The data matches
are correct, which indicates that the data are accurate. The
model’s forecasting accuracy is crucial for subsequent estima-
tions, as the high predicted R-squared values show.

4.2 Impacts of different factors on
resolution

The model’s unquestionable usefulness is revealed by sta-
tistical analysis, as evidenced by the impressive model
F-value of 7.33. For example, the P-values for the flow
rate (A), acetonitrile ratio (B), and pH (C) are all less than
0.0500, indicating that these factors are essential and
appropriate. The statistical data in Table S2 demonstrate
that a probability of only 0.78% cannot account for the
observed F-value. The model’s validity and the insight it pro-
vides into data are evident in these convincing results. As
illustrated in our research, resolution response is strongly
influenced by multiple parameters. Negative quadratic effect
and positive linear impact were discernible. As you can see,
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Figure 5: Plots of contours and 3D-response surfaces showing flow rate and acetonitrile ratio (a) and (b), flow rate and pH (c) and (d), and acetonitrile
ratio and pH (e) and (f) effects on resolution.
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Figure 6: Plots of contours and 3D-response surfaces showing flow rate and acetonitrile ratio (a) and (b), flow rate and pH (c) and (d), and acetonitrile
ratio and pH (e) and (f) effects on PTX retention time.
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ratio and pH (e) and (f) effects on SIM retention time.
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Figure 8: HPLC chromatograms for (a) blank and (b) standard solutions
of PTX and SIM.

adding more variables can result in a reduction in resolution.
A variable’s optimal value is so crucial for enhancing reten-
tion time. The positive sign appearing before interaction
phrases indicates that two variables behave similarly when
they interact. Obtaining the best possible results requires
careful analysis of the effects of variables on resolution
response. Resolution is significantly affected by flow rate
(A), acetonitrile ratio (B), and pH (C), as shown in Figure
5a—f. The relationships between these variables were studied
using polynomial equations, contour plots, and 3D graphs.
In addition, the acetonitrile ratio plays a vital role in
resolution. Positive coefficients in regression equations
indicate a positive relationship between the independent
variable and the resolution response. It has been found
that the resolution response is inversely correlated with
the flow rate and favorably correlated with the acetoni-
trile-to-buffer pH ratio.

Alternatively, resolution decreases as acetonitrile ratios
and column temperatures increase. The development of
analytical techniques can be done more cleverly than simply
increasing resolution, according to chemists with experi-
ence. The advantage of this method is that it requires
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shorter run times for the chromatograms, which indicates
a low waste of time and mobile phase. The analytical tech-
nique is designed with an intermediate acetonitrile ratio
and low flow rate and provides maximum efficiency, little
mobile phase waste, and short-term column maintenance.
This method also shortens retention time [31]. After an
investigation, it was shown that the flow rate (4) is the
main factor affecting resolution. As the flow rate increases,
the resolution decreases; however, the resolution increases
as the flow rate decreases. Moreover, the acetonitrile ratio
and pH are negatively related. Keeping acetonitrile ratios
low and raising pH resulted in a decreased resolution
response. A flow rate vs acetonitrile ratio interaction signif-
icantly modifies the resolution response. Our linear regres-
sion analysis found that the resolution is directly related to
the acetonitrile ratio (B) and pH (C). We may now optimize
our processes and attain superior outcomes by creating a
second-order polynomial Eq. 2 to highlight this relationship
between predictor factors and responses [32]

R, = +6.23 - 0.93134 + 0.4862B + 0.7300C + 0.0035AB
+ 0.7025AC - 0.6025BC + 1.394% - 0.5350B2
- 0.3525C?

@)

where the quadratic term is A® (flow rate?), B* (acetonitrile
ratio”), and C* (pH?), and the variables’ interactions are
represented by the following: R (resolution response for
drugs), A (flow rate), B (acetonitrile ratio), C (pH), AB (flow
rate x acetonitrile ratio), AC (flow rate x pH), and BC (acet-
onitrile ratio x pH).

4.3 Impacts of different factors on PTX
retention time

Statistical analysis reveals the model’s undeniable effec-
tiveness, as demonstrated by the outstanding Model
F-value of 16.27. The acetonitrile ratio (B), pH (0), and
flow rate (4) P-values, for instance, are all less than
0.0500, suggesting that these parameters are relevant and
necessary. The statistical data of Table S3 show that a prob-
ability of just 0.07% cannot explain the observed F-value.
These compelling results demonstrate the validity of the
model and the insight it offers into the data. Our research
shows that PTX retention time response highly depends on
several aspects. There was a noticeable negative linear
impact and quadratic effect. We observe that PTX retention
time may decrease as more variables are added. The ideal
value of a variable is significant for increasing retention
time. When two variables interact, they behave similarly,
as indicated by the positive sign before the interaction
phrases. Careful examination of the effects of variables on
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resolution response is necessary to achieve the best possible
results. Figure 6 illustrates how flow rate (A4), acetonitrile
ratio (B), and pH (C) all have a significant impact on reten-
tion time.

A regression equation and quadratic effect indicate
that the retention time response of PTX is inversely related
to the variables of flow rate (A4), acetonitrile ratio (B), and
PH (O). The PTX retention time response decreases when
the variables of flow rate (4), acetonitrile ratio (B), and pH
(O) increase. As a result of Eq. 3, an independent variable
with a negative sign significantly impacts the resolution.
The contour and 3D-response surface plots (Figure 6a—f)
show that the two variables interact favorably with favor-
able interaction terms.

Rtypry) = +1.21 - 0.1475A - 0.0425B - 0.0475C

+ 0.0425AB + 0.0075AC + 0.0125B¢
— 0.011342 - 0.0113B2 - 0.0362C2

4.4 Impacts of different factors on SIM
retention time

Based on the statistical study, the model’s indisputable
efficacy is demonstrated by its remarkable model F-value
of 6.28. For instance, the P-values for the acetonitrile ratio
(B), pH (0), and flow rate (4) are all less than 0.0500, sug-
gesting that these variables are significant and pertinent.
Based on the statistical data presented in Table S4, it is
evident that a probability of even 0.02% cannot account
for the observed F-value. These remarkable results demon-
strate the usefulness of the model and the insightful under-
standing it offers of the data, as displayed in Eq. 4. The flow
rate’s negative linear influence and positive quadratic effect
on the SIM retention time response indicate that the SIM
retention time response decreases when pH increases from
a low to a high level. The positive sign before the interacting
terms denotes that both components behave favorably in
the same manner, i.e., by lowering the buffer’s pH while
maintaining a low percentage of acetonitrile to increase
response. This term interaction also suggests another note-
worthy effect. Furthermore, the negative result demonstrates
the antagonistic behavior of the two predictor variables, i.e.,
lowering the flow rate while increasing the pH of the buffer
decreases the response, as shown in Figure 7a—f

Rtysmy = +2.19 — 0.1412A - 0.0750B - 0.0488C

- 0.01504B + 0.0275AC + 0.0200BC @
+ 0.023742 + 0.0112B% - 0.0312C2
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4.5 The integrated characteristics of
desirability

Supplementary Figure S6a—f shows overlay plots that accu-
rately predict the ideal separation criterion. After opti-
mizing the system’s appeal, the tailing factor was low,
the theoretical plate was significant, and the retention
times were less than 3 min. Once the critical factors were
identified, we tested a variety of parameter variations in
the lab. A 60/40 mixture of acetonitrile and water is used
with a 1.0mLmin™ flow rate in the optimal chromato-
graphic method illustrated in Figure 8b. This results from
this method’s asymmetric peak, short retention time, and
high resolution.

4.6 Appraisal of GAC and WAC

GAC consists of 12 principles that have been converted into
scores that assess how eco-friendly analytical techniques
are. This section explains how GAC principles can be con-
verted to scores. The BAGI procedure improves established
environmental measurements by integrating concepts of
analytical chemistry. BAGI assesses an analytical method
using ten pivotal criteria: efficacy, automation, sample pre-
paration, numbers, reagents, materials, hourly sample ana-
lysis capacity, concurrent analysis of analytes, apparatus
requirements, and concurrent sample treatment. Based on
this data, BAGI utilizes pictograms and scores to highlight
possible enhancements. As shown in Supplementary File 2,
each principle is restored graphically.

5 Conclusion

This study used four greenness appraisal tools and two whiteness
appraisal tools to assess the sustainability of newly validated
chromatographic techniques, including AGREE, AGREEprep,
GAPL ComplexGAPI, BAGL and RGB12 algorithms. The developed
RP-HPLC method offers a sustainable and efficient solution for
the simultaneous analysis of PTX and SIM, two anticancer drugs.
By minimizing environmental impact and reducing costs, this
technique is well-suited for the pharmaceutical industry. The
method’s validation according to ICH guidelines ensures its relia-
bility, while its optimized chromatographic conditions and single-
sample preparation enhance efficiency. Overall, this RP-HPLC
approach provides a valuable tool for drug development and
quality control.
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6 Future research directions

6.1 Exploration of other drug combinations

The developed method can be extended to analyze other
drug combinations, particularly those with similar physico-
chemical properties to PTX and SIM. This would broaden the
applicability of the method in the pharmaceutical industry.

6.2 Optimization for different analytical
scenarios

The method could be further optimized for various analy-
tical scenarios, such as high-throughput analysis or low-
sample volume analysis. This would enhance its versatility
and accommodate diverse analytical needs.

6.3 Investigation of alternative greenness
and whiteness appraisal tools

The performance of the method could be evaluated using
additional greenness and whiteness appraisal tools to pro-
vide a more comprehensive assessment of its sustain-
ability. This would contribute to a deeper understanding
of the method’s environmental impact and potential for
improvement.

6.4 Development of GSP techniques

Exploring GSP techniques, such as solid-phase microex-
traction or liquid-liquid microextraction, could further
reduce the environmental footprint of the method. This
would align with the growing emphasis on sustainable
analytical chemistry.

6.5 Application in real-world samples

The method could be applied to real-world samples, such
as pharmaceutical formulations or biological fluids, to
evaluate its performance in practical settings. This would
provide valuable insights into its robustness and reliability
under real-world conditions.

By pursuing these future research directions, the poten-
tial of the developed RP-HPLC method can be fully realized,
contributing to more sustainable and efficient drug analysis
practices in the pharmaceutical industry.
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