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Abstract: This study aims to prefer the suitability of an
analytical approach developed for simultaneously deter-
mining ciprofloxacin hydrochloride (CIP) and hydrocorti-
sone (HYD) in their ear drop dosage form. The preference
between the three known instruments was utilized, namely
UV-spectrophotometry, reversed phase-high-performance
liquid chromatography (RP-HPLC)-UV, and thin-layer chro-
matography (TLC)-densitometry. The instrumentational stu-
dies determined that the mathematical UV methods (utilized
various manipulation designs such as the isoabsorptive
point, absorbance ratio, extended ratio subtraction, ratio
difference, and mean centering of ratio spectra) had linear-
ities in the range of 2.0-14.0 and 1.0-14.0 yg'mL™, the RP-
HPLC-UV method showed a linearity range of 1.0-8.0 yg'mL™,
and the TLC-spectrodensitometric method had linearity

* Corresponding author: Christine Nessim, Department of
Pharmaceutical Chemistry, Faculty of Pharmacy, Ahram Canadian
University, 12566, 6th October, Cairo, Egypt,

e-mail: Christinekamal29@yahoo.com

* Corresponding author: Mohamed El Hamd, Department of
Pharmaceutical Chemistry, College of Pharmacy, Shagra University,
Shagra 11961, Saudi Arabia; Department of Pharmaceutical Analytical
Chemistry, Faculty of Pharmacy, South Valley University, Qena 83523,
Egypt, e-mail: aboelhamdmohamed@su.edu.sa,
aboelhamdmohamed@svu.edu.eg

* Corresponding author: Reem Obaydo, Department of Analytical and
Food Chemistry, Faculty of Pharmacy, Ebla Private University, 22743,
Idlib, Syria, e-mail: obaydo.reem@ebla.edu.sy

* Corresponding author: Hayam Lotfy, Department of Pharmaceutical
Chemistry, Faculty of Pharmacy, Future University in Egypt, Cairo, 11835,
Egypt, e-mail: Hayam.Mahmoud@fue.edu.eg

Sarah Saleh: Department of Analytical Chemistry, Faculty of Pharmacy,
October University for Modern Sciences and Arts (MSA), 6th October,
11787, Egypt

ranges of 0.2-1.6 ug/band and 0.6-2.0 pg/band for both CIP
and HYD, respectively. The analytical performance, validity,
and greenness of the approaches were evaluated through
the benchmarking of key performance indicator (KPI)-based
standards and a SWOT (strengths, weaknesses, opportu-
nities, and threats) analysis. The KPIs and SWOT study
focused on several aspects, including (1) the selectivity and
robustness of the methods, (2) sensitivity, (3) accuracy and
precision, (4) applicability, (5) whiteness, (6) greenness,
and (7) blueness. However, the assessment of whiteness,
greenness, and blueness was conducted using well-known
ecological assessment tools such as the RGB12 Algorithm,
Analytical Eco-Scale, AGREE, GAPIL, and Blue Applicability
Grade Index. In conclusion, based on the findings, UV-spec-
trophotometry emerged as the most practically convenient
approach. It demonstrated advantages based on the prede-
termined KPI-based standards. Furthermore, UV-spectro-
photometry was deemed to be the most environmentally
friendly option.

Keywords: ciprofloxacin, hydrocortisone, UV-spectropho-
tometry, RP-HPLC-UV, TLC-densitometry, KPIs-based stan-
dards, SWOT analysis

1 Introduction

Ciprofloxacin hydrochloride (CIP; Figure 1(a) [1]) is a med-
icine commonly used to treat invasive salmonella infec-
tions. It is not recommended for individuals under the
age of 18, and the dosage should be adjusted for patients
with renal impairment [2]. Hydrocortisone (HYD; Figure 1(b)
[3]) is an artificial cortisol-like steroid hormone used in the
treatment of congenital adrenal hyperplasia as an alterna-
tive to cortisol [4]. When combined as ear drops, CIP and
HYD are used to treat otitis externa, which is a bacterial
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infection that affects the outer ear canal. Symptoms of otitis
externa include swelling, redness, and pain in the ear canal
and outer ear [5]. Several methods have been reported for
determining CIP, namely, direct UV-spectrophotometry
[6-8], UV-chemometric [9,10], reversed phase-high-perfor-
mance liquid chromatography (RP-HPLC) with different
spectroscopic detectors [11,12], thin-layer chromatography
(TLC) [13,14], and capillary electrophoresis [15,16]. Similarly,
for HYD, reports have been made using UV-spectrophoto-
metry [17], RP-HPLC-UV [18-20], capillary electrophoresis
[21], and micellar electrokinetic capillary chromatography
[22,23].

A group of authors recently conducted a scientific
exploration to improve the analysis of CIP and HYD. They
developed UV-spectrophotometric methods to estimate these
substances in their pure and pharmaceutical forms. They
introduced two new techniques called the extended ratio
subtraction and ratio difference techniques and compared
them to the established methods like mean centering of
ratio spectra, isoabsorptive point spectrophotometric, and
absorbance ratio methods [20]. They then expanded their
exploration into instrumentation, utilizing reversed-phase
high-performance liquid chromatography-UV detection (RP-
HPLC-UV) and TLC-spectrodensitometric detection (TLC-spec-
trodensitometric) methods to separate and quantify the same
binary mixture of CIP and HYD in their ear preparation.
Their work showcased innovation in pharmaceutical ana-
lysis and expanded analytical capabilities [24]. However,
the utilization of multiple instruments under different
conditions for the separation of the same mixture raises
a logical question regarding the comparison of their
operation and the determination of preferences.

TLC is affordable and user-friendly, allowing compre-
hensive detection of compounds using sequential steps and
appropriate separation techniques [25]. However, its sub-
jectivity makes it a semi-quantitative approach, requiring
careful validation [26-28]. RP-HPLC is essential for routine
separation of complex mixtures, but the choice of detector
system may limit the availability of structural data [29].
The chemical composition and physicochemical properties
of the sample influence the selection of RP-HPLC technique,
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Figure 1: Chemical structures of the cited drugs: (a) CIP and (b) HYD.

DE GRUYTER

stationary and mobile phases, and detector type [30]. How-
ever, the RP-HPLC process in multicomponent analysis is
influenced by sample characteristics, analytes, and matrix
composition, requiring choices in the sample preparation,
column selection, mobile phase, detection method, and
quantitation approach. UV-spectrophotometry has been
explored as an alternative technique for the analysis of
CIP and HYD by TLC and RP-HPLC, taking into account the
presence of co-formulated drugs, excipients, and degrada-
tion products. The application of the univariate resolution
technique in UV-spectrophotometry allows for selective ana-
lysis of multiple drugs simultaneously, eliminating the need
for prior chemicals [31-33].

The background information given above emphasizes
that when researchers search for a method to assess a multi-
component dosage form, they encounter various options.
Evaluating the suitability of each method based on certain
standards attached to key performance indicators (KPIs) is
crucial. Moreover, adherence to global standards such as
ICH [34] and USP [35] is crucial in developing new analytical
methods. Sustainability is increasingly important, with the
RGB12 algorithm assessing “whiteness” based on white ana-
lytical principles (white analytical chemistry [WAC]) [36].
Green analytical chemistry (GAC) principles, including metrics
like Analytical Eco-Scale (AES), AGREE [37-40], and Green
Analytical Procedure Index (GAPI) [41-43], evaluate the
environmental impact of methods. These tools improve envir-
onmental assessments and prioritize practicality in routine
analytical laboratories. The Blue Applicability Grade Index
(BAGI) offers a straightforward assessment of the practical
application or “blueness” of analytical methods [44].

The novelty of this research work is that the researchers
implemented KPI-based benchmarking standards to assess
analytical methods’ efficiency. By tracking KPIs such as [1]
selectivity and robustness, [2] sensitivity, [3] accuracy and
precision, [4] applicability with its own statistics confirma-
tion (in the form of F-value and t-test), [5] sustainability, [6]
greenness, and [7] blueness (as demonstrated in Figure 2).
However, the researchers were able to identify inefficien-
cies in the developed methods and implement corrective
measures that could be used as a guideline in future
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Figure 2: Standards used and their KPIs for comparison.

research. As a result, the research in analytical methods saw a
significant increase in its output and reduced downtime,
leading to cost savings and improved efficiency. Overall,
this study demonstrates how the application of KPI-based
standards can lead to a comprehensive evaluation of the
environmental impact and practicality of the methods under
consideration. Thus, it highlights the analytical method of high
performance that could be used in quality control laboratories
to achieve effective sustainability objectives. Ear drops, a com-
bination of CIP and HYD, are widely used by healthcare pro-
fessionals for the management of ear infections; thus, it was
chosen in this study as an example of a simple binary mixture
determined by spectrophotometric and chromatographic tech-
niques so that researchers can analyze the effects of different
analytical techniques without the added complexity of a com-
plex mixture. This allows researchers to focus on the specific
attributes of each analytical technique and determine which
method is the most effective and sustainable for use in quality
control laboratories. Overall, studying the efficacy and sustain-
ability of different analytical techniques on a simple mixture
gives the opportunity for more accurate and reliable compar-
isons, helping to develop future research and advancements
in analytical chemistry.

Consequently, the objective of this study is to compare and
evaluate the efficacy, accuracy, and environmental sustainability
of the developed approaches for the routine analysis of CIP and
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HYD. Additionally, the study aims to provide recommendations
and insights for selecting the best tools and techniques com-
monly used for pharmaceutical analysis, either individually or
in combination. In a case study, the authors compared their
developed analytical tools with previously published methods
(UV-spectrophotometric, RP-HPLC-UV, and TLC-spectrodensito-
metric) for analyzing a binary mixture of drugs (CIP and
HYD). However, different standards (Figure 2) were adopted
based on KPIs such as (1) selectivity and robustness, (2) sensi-
tivity, (3) accuracy and precision, (4) applicability, (5) sustain-
ability, (6) greenness, and (7) blueness. Moreover, the study
extensively explores and compares the efficacy of analytical
methodologies, with a particular emphasis on conducting a
SWOT analysis to highlight the advantages of UV-spectrophoto-
metry over chromatographic separations in terms of efficiency
and environmental impact.

2 Materials and methods

2.1 Standards powder, chemical, and
solvents

CIP was supplied by Egyptian International Pharmaceutical
Industries Co. (Cairo, Egypt), and HYD was supplied by
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Sigma Pharmaceutical Industries Limited (Al-Monofeya,
Egypt). The purity of both drugs, as determined by the offi-
cial method outlined in the British Pharmacopoeia, ranged
from 99.9 to 100.5 [45]. Commercial ear drops containing
2.3 mg-mL™ CIP and 10 mg'mL™" HYD were used to test the
developed and compared methods. Analytical- and HPLC-
grade solvents were provided by S.D. Fine-Chem Limited
(Mumbai). HPLC-grade chemicals, such as sodium hydro-
xide, ethyl acetate, ammonia solution, and O-phosphoric
acid, were used. Triethylamine, chloroform, methanol, and
acetonitrile were obtained from Lobachemie and LabScan
Limited. System suitability parameters, including peak sym-
metry and resolution (Rs), were calculated following the USP
guidelines [35].

2.2 Standard stock and working solutions

CIP and HYD stock solutions were prepared in a solvent
mixture of methanol and water (80:20%, v/v) at concentra-
tions of 1.0 and 0.5 mg-mL™, respectively, for UV-spectro-
photometric techniques. Working solutions of both drugs
at a concentration of 20.0 uyg'mL™ were freshly prepared
by diluting the stock solutions with a solvent mixture. The
solvent mixture was used as a blank for measuring the
zero-order absorption spectra (D°) of the 5.0 uyg'mL ™" HYD
and CIP solutions. In the RP-HPLC-UV method, new working
solution t concentrations of 10.0 uygmL™ for CIP and HYD
were prepared by diluting the stock solutions with the
mobile phase. For TLC spectrodensitometric techniques,
new working solutions at concentrations of 200.0 pg-mL™"
for both drugs were prepared by diluting the stock solutions
with the same solvent. All solutions remained stable for 3
weeks when stored at 4°C in dark bottles, as confirmed by
stability testing using the reported methods [18,46].

2.3 Instrumentation

UV-spectrophotometric measurements were conducted using
a Shimadzu UV-1800 double-beam UV-visible spectrophot-
ometer equipped with 1cm quartz cells and a wavelength
range of 200-800 nm. The spectrophotometer adjustments
were facilitated using Shimadzu UV-Probe 2.32 software. For
mean centering of the ratio spectra, Matlab® Version 7.9 was
utilized.

HPLC analysis was performed using an Agilent 1200
series chromatographic system, which included a thermo-
static column compartment, variable wavelength UV-VIS

DE GRUYTER

detector, micro vacuum degasser, quaternary pump, and
autosampler. Data processing and collection were carried
out using Agilent ChemStation software, version A.10.01.
The column used was Agilent Zorbax SB-C18 (150 mm x
4.6 mm, 5 um particle size). The mobile phase consisted of
a mixture of acetonitrile, bidistilled water, and a pH-con-
trolled solution (pH 3) in a ratio of 55:40:5 (v/v/v). The pH-
controlled solution contained 1% triethylamine in bidistilled
water, adjusted to pH 3 with O-phosphoric acid. The mobile
phases were filtered through a 0.45 um Millipore membrane
filter and supplied at a flow rate of 0.6 mL-min ™. Injection
volumes of 20 uL. were used for both drugs, and the detec-
tion wavelength was set at 256 nm. System suitability para-
meters, including retention time, tailing factor, theoretical
plate count (&), height of theoretical plate, and resolution,
were calculated according to USP guidelines [35].

For TLC spectrodensitometry, a Camag TLC scanner 3
with winCATS software was used. The system included a
Linomat 5 autosampler, a Camag microsyringe (100 uL),
and a TLC aluminum sheet (20cm x 20cm) precoated
with silica gel 60 F254. The samples were applied as bands
with a bandwidth of 6 mm, located 1 cm from the bottom
edge of the TLC plate. Each band received 10 pL of sample
from a 100 pL syringe. The developing system consisted of
a mixture of ethyl acetate, hexane, and triethylamine in a
ratio of 50:25:25 (v/v/v). Linear ascending development was
performed for 1 h at room temperature in a chromato-
graphic tank previously saturated with the developing
system. After air drying, the developed plates were
scanned at 243 nm using the Camag TLC scanner 3 in
absorbance mode, with a 3mm x 0.45 mm slit size and
a scanning speed of 20 mm-s.

A “Jenway 3505” pH meter (Jenway, UK) with a com-
bined glass electrode was used to adjust the pH.

2.4 Building up the calibration curves

Aliquots were taken from the working solutions to prepare
solutions with concentrations ranging from 2.0 to 14.0 pg-mL™
of CIP and 1.0 to 14.0 ygmL™ of HYD. These solutions were
prepared in volumetric flasks filled with an 80:20 methanol/
water solvent mixture. The solvent mixture was used as a
blank to record the zero-order absorption spectra (D°) of the
CIP and HYD solutions, which were scanned between 200 and
400nm and stored using computer software (Figure 3(a)).
Regression equations were derived to separate CIP and HYD
in a mixture by manipulating the original spectrum. The
resulting spectra were then analyzed according to the proce-
dures outlined in Table S1. To modify the original UV-spectrum
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(D% of the combined drug mixture, the UV-Probe software’s
built-in iso-absorptive point was utilized. The detailed manip-
ulating theory for each spectrophotometric approach is dis-
cussed in Table S2.

Calibration curves were created for CIP and HYD by
plotting the relative peak area against the concentrations
(ug'mL™) in the case of RP-HPLC-UV separations, as shown
in Figure 3(b). Triple-fashioned calibration curves were con-
structed within the range of 1.0-8.0 ug-'mL ™" at 256 nm. In the
case of TLC-spectrodensitometry, the calibration curves were
generated by plotting the recorded peak area multiplied by
1073 against the concentrations, as depicted in Figure 3(c). The
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calibration curves for TLC-spectrodensitometry were estab-
lished in three different ranges: 0.2-1.6 ug-mL ™" for CIP and
0.6-2.0 pg/band for HYD. In TLC-spectrodensitometry, a linear
ascending development was carried out in a chromato-
graphic tank saturated with the developing system. The
development process occurred at room temperature for
over 1h, covering a distance of approximately 8 cm from
the lower edge. Subsequently, the plates were air-dried.
More information about the chromatographic conditions
and separation trials using RP-HPLC-UV and TLC-spectro-
densitometric methods can be found in Table S3 and the
study of Elgizawy et al. [24].
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Figure 3: (a)-(c): Analytical signals for CIP and HYD standards were measured using three different methods: (a) UV-spectrophotometry (DO,
5 ug'mL™" of both drugs). (b) PH-HPLC-UV (a) CIP, 2 ug'mL™" and (b) HYD 6 ug-mL™", using C18 column and mobile phase of acetonitrile/ distilled
water/ pH-controlled solution (pH 3.0) in a ratio 55:40:5 v/v/v) (flow rate of 0.6 mL-min™" at 256 nm). (c) TLC-densitometry, (a) 1.2 pg/band CIP and
(b) 0.6 pg/band HYD using ethyl acetate/hexane/triethylamine (50:25:25 v/v/v) as a developing system.
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2.5 Application to laboratory-prepared
mixtures

The working solutions of CIP and HYD were transferred
into a series of 10 mL measuring flasks. Aliquots consisting
of eight points, corresponding to 50.0, 20.0, 20.0, 80.0, 40.0,
90.0, 60.0, and 20 ug and 50.0, 40.0, 60.0, 40.0, 60.0, 30.0,
40.0, and 100 pug, were filled with a solvent mixture of
methanol/water (80:20 v/v). The mixture solutions were
then formed by thoroughly mixing the liquids in the
same order. The computer was utilized to store the spectra
of the prepared standard solutions, which were scanned
between 200 and 400 nm. For RP-HPLC-UV and TLC-spec-
trodesitometry, to create solutions with various ratios, dis-
tinct aliquots of the drugs were precisely transferred from
their working solutions and combined. For the mixture
prepared in the lab, the chromatographic conditions of
the method were used, and the corresponding regression
equation was used to determine the concentrations of each
drug. Every concentration was tested using the mean of
three different runs.

2.6 Assessment of pharmaceutical
dosage form

Precisely, 1 mL of the pharmaceutical dosage form solution
was transferred to a 100 mL volumetric flask and diluted
with a solvent mixture of methanol and water (80:20 v/v) to
obtain 0.230 mg'mL " CIP and 1.0 mg-mL ™" HYD. The resultant
solution was filtered through a 0.45 pm Millipore syringe
membrane filter. Next, using the same solvent, a suitable
dilution was created to create the working solution con-
taining 2.3 pg'mL™ CIP and 10 yg'mL™ HYD in the case of
spectrophotometric methods. In the case of RP-HPLC-UV
methods, the working solutions were 1.15ug-mL™ of CIP
and 5.0 pgmL™" of HYD. However, a suitable dilution was
made with methanol to prepare the working solution for
the TLC-spectrodensitometric method, yielding a solution
containing 100.0 pg'mL™ HYD and 23.0 pg'mL " CIP.

2.7 Method validation

For each of the developed methods, method validation was
carried out in accordance with ICH guidelines [47]. Next,
the KPI-based standards of the tested methods (which
account for four parameters) were compared and bench-
marked. The four validation KPI-based standards were in
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the form of (1) method selectivity and robustness, (2)
method sensitivity (range, linearity, limit of detection [LOD],
and limit of quantification [LOQ]), (3) method accuracy and
precision, and (4) method applicability regarding the dosage
forms without further pretreatment procedure(s) were gath-
ered and compared for their accomplishment.

2.7.1 Selectivity and robustness

The selectivity of the suggested method was determined by
analyzing various synthetic mixtures of CIP and HYD
within the linearity range. Additionally, the robustness of
the methods was assessed by examining different experi-
mental conditions.

Spectral measurements of three concentrations (2.0,
4.0, 6.0 ug'mL™) of CIP and HYD were taken using different
methanol ratios in the solvent (75, 70, and 65%) and ana-
lyzed three times with the proposed methods.

Chromatographic determinations were conducted with
slight deviations in pH (£0.5), and the mobile phase compo-
sition (acetonitrile proportion) was tested with variations of
+2% for RP-HPLC-UV. For TLC-spectrodensitometry, ethyl
acetate ratios were tested up to +2%.

2.7.2 Sensitivity

The linearity of the developed methods was assessed by

processing calibration curves on three separate days. The

concentration ranges for the calibration curves were selected

based on the anticipated drug’s concentration during the

assay of the commercial dosage form, ear drops. The ranges

were as follows:

+ UV-spectrophotometry: CIP: 2.0-14.0 ygmL™" and HYD:
1.0-14.0 uyg-mL ™%

+ RP-HPLC-UV method, for both drugs 1.0-8.0 pgmL™.

» TLC-spectrodensitometric method: CIP: 0.2-1.6 ug/band
and HYD: 0.6-2.0 ug/band

The LOD and LOQ for both drugs were calculated using
the proposed methods. The LOD was determined as 3.3
times the standard deviation (SD) of the blank, and the
LOQ was calculated as 10 times the SD of the blank divided
by the slope of the calibration line.

2.7.3 Accuracy and precision

The methods within the linearity range were repeated
three times to determine various blind concentrations of
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pure drug powder, aiming to assess the accuracy of the
suggested methods. The interference of excipients was
investigated by employing the standard addition method
on the pharmaceutical formulation. To determine the pre-
cision of the proposed methods, three distinct concen-
trations of pure drugs within the linearity range were
analyzed, and the precision was expressed as the relative
standard deviation (RSD). Intra-day precision was deter-
mined by conducting three replicate analyses of three
pure drug samples on the same day. Inter-day precision
was calculated by examining the samples over the course
of 3 days.

2.7.4 Applicability and statistical evaluation

The statistical comparison of the results obtained by the
proposed methods and official methods [45] has been
benchmarked. The calculated F- and t-values were tested
with planning for target values less than the theoretical
ones to indicate that there was no significant difference
between the proposed and the official methods with respect
to accuracy and precision. One-way ANOVA was applied to
compare developed methods. Moreover, a statistical com-
parison was conducted between the outcomes obtained
from the official methods and the proposed method for
identifying pure samples of CIP and HYD [45].

2.8 Sustainability profile study
2.8.1 RGB12 algorithm

The sustainability (whiteness) of the developed methods
was assessed using the RGB12 algorithm, which examines
the 12 principles of WAC. This algorithm correlates the
efficiency (red scale), environmental considerations (green
scale), and feasibility/economic aspects (blue scale) of the
methods. The RGB12 algorithm provides a comprehensive
framework for assessing whiteness. An Excel worksheet
with red, green, and blue columns was used to calculate
scores for each criterion, resulting in mean values for the
three primary colors and an overall average (Table S4).
These average values collectively demonstrate the white-
ness level of the methods. The accompanying chart illus-
trates the percentage distribution of each color and the
total white result, enabling a concise evaluation of white-
ness. The RGB12 algorithm serves as a pre-selection KPI-
based standard benchmarking evaluation tool for analyzers,
fulfilling the primary objective requirements of the analytical
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procedure. It allows for a comprehensive evaluation of the
method’s green attributes, practicality, and validity.

2.8.2 Greenness assessment

To assess the greenness of the developed methods, three
complementary tools were utilized: AES, AGREE, and GAPL
These tools served as KPI-based standard benchmarking
for GAC. Each tool had specific criteria and KPIs used for
benchmarking, which often resulted in penalty points (Pps).
Table S5 shows the utilized standards regarding each tool.
+ AES tool evaluated environmental sustainability using a
scale where scores above 75 indicated excellent perfor-
mance, scores above 50 indicated acceptable performance,
and scores below 50 suggested inadequate performance.
The scores were represented by colors, with red indicating
poor performance [48,49].
* AGREE program consisted of a circular pictogram repre-
senting 12 GAC principles. Each principle was ranked on
a scale of 0 (red, concept not met) to 1 (dark green, concept
met). The central numeral in the AGREE pictogram repre-
sented the average numerical value derived from the 12
data points, with the color indicating the result [50,51].
GAPI provided a semi-quantitative, graphical representa-
tion of the environmental impact associated with each
step of the analytical process. It used a unique symbol
composed of five pentagrams subdivided into 15 fields.
Red indicated a high environmental risk, while yellow
and green indicated lower risk and greater greenness,
respectively, based on GAPI's color codes [52,53]. GAPI
assessed various aspects of analytical procedures adhering
to the principles of GAC, including sampling, transporta-
tion, storage, sample preparation, reagents, solvents, and
resource use.

2.8.3 Blueness assessment

The BAGI metric tool evaluates the practicality (blueness)
of analytical methods, focusing on the standards of WAC. It
complements existing green metrics and provides KPIs for
blueness, as listed in Table S6. An open-source and user-
friendly application has been developed to facilitate the
use of the BAGI metric, which can be accessed at https:/
mostwiedzy.pl/en/justyna-plotka-wasylka,647762-1/BAGI. The
application maintains the principles of environmental sus-
tainability. The BAGI metric tool generates two result types:
an assigned score and a pictogram. The comprehensive eva-
luation result is represented by an asteroid-like pictogram
with a central number. The color spectrum of the pictogram
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indicates the alignment of the process with guidelines, ran-
ging from light blue (low alignment) to dark blue (high align-
ment), with blue indicating moderate alignment and white
indicating no alignment. The number in the center of the
BAGI pictogram represents the total score assigned to the
analytical method, ranging from 25 to 100. A score of 25
indicates poor applicability, while a score of 100 indicates
excellent method performance. A practical method should
achieve a score of at least 60, which is widely acknowledged
within this assessment tool (Table S6) [54,55].

3 Results and discussion

As mentioned in Section 1, the study herein was constructed
to determine which of the three analytical tools — UV-spectro-
photometric, RP-HPLC-UV, and TLC-spectrodensitometric —
would be most suitable for simultaneously measuring a com-
bination of CIP and HYD in their pure and ophthalmic
samples. These tools are simple and rely on seven KPI-based
standards benchmarking, which include (1) method selectivity
and robustness, (2) method sensitivity, (3) method accuracy
and precision, (4) method applicability, (5) method whiteness,
(6) method greenness, and (7) method blueness.

3.1 Exploring the power of applied methods

In the initiated UV-spectrophotometric method, the ori-
ginal zero-order absorption spectra (D° of CIP and HYD
showed overlap, as depicted in Figure 2(a). The overlap
was not resolved by employing first- or second-order deri-
vatives, as shown in Figure S1(a—c). To address this issue,
various computational spectrum manipulation techniques,
discussed in Table S7, were applied. However, regarding
the chromatographic methods, successful resolutions were
achieved using the specified chromatographic conditions,
as mentioned in Table S3. System suitability parameters for
the CIP and HYD mixtures were computed using both
approaches and are presented in detail in Table S8.

3.2 Validation regarding the KPI-based
standards

With the aid of the KPI-based standard benchmarks between
the developed methods, in accordance with ICH guidelines
[56], the performance of each method was compared and
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benchmarked for their achieved KPIs. Moreover, the assay
and validation parameters are listed in Table S9 for UV-spec-
trophotometric methods and Table S10 for other chromato-
graphic methods.

3.2.1 KPI (1): Method selectivity and robustness

The selectivity of the developed analytical methods allows
for accurate quantitation of a desired analyte even in the
presence of interfering substances. In this case, UV-spectro-
photometric and chromatographic methods (RP-HPLC-UV
and TLC-spectrodensitometry) were evaluated. Laboratory-
prepared mixtures were analyzed, and good mean recovery
percentages were obtained with low SDs, indicating
minimal spectral noise impact, as shown in Figure 4(a) in
the case of UV-spectrophotometry. However, the chromato-
graphic methods showed lower SDs compared to UV-spec-
trophotometric methods due to their separation step before
optical determinations. Among all methods, RP-HPLC-UV
had the lowest SDs due to its high automation level, redu-
cing errors. The net assay results are found in Table S11 for
UV-spectrophotometric methods and Table S12 for chroma-
tographic methods, which are extracted from the developed
methods [20,24].

To ensure the practicality of analytical methods, the
analytical conditions must not be overly sensitive. Minor
variations should not significantly affect the results when
the method is used in different laboratories. The robust-
ness of the proposed UV-spectrophotometric methods was
tested by varying the percentage of methanol in the sol-
vent, resulting in negligible changes to the assigned wave-
lengths. For the RP-HPLC-UV method, small deviations in
pH and acetonitrile proportion were tested in the mobile
phase. The TLC-spectrodensitometric methods had slight
adjustments in the ethyl acetate ratios in the developing
systems. Although there were small variations in retention
time and peak parameters, the peak areas remained con-
stant. Robustness was evaluated using RSD% values, with
all methods showing values lower than 2%. However, the
TLC-spectrodensitometric method exhibited higher RSD%
values, indicating a greater impact when experimental
conditions were changed, as indicated in Figure 4(b).

Regarding the KPI evaluation of this standard, the
developed methods demonstrated satisfactory levels of selec-
tivity and robustness depending on the obtained acceptable
results. Among the three methods, RP-HPLC-UV showed the
lowest values for SD and RSD in both selectivity and robust-
ness criteria. This can be attributed to the higher degree of
automation in the RP-HPLC-UV method, which reduced errors
compared to the other two methods.
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Figure 4: (a) and (b). Results of the KPI-1-based standard (a) and (b) for the developed methods for the determination of CIP and HYD: (1(a)) selectivity
expressed as mean recovery % * SD, (1(b)) robustness expressed as RSD%.

3.2.2 KPI (2): Method sensitivity

Maximizing sensitivity is crucial in analytical methods to
enable the quantitation of small analyte amounts and mini-
mize sample size. This is particularly important when
analyzing complex matrices such as biological fluids or
environmental samples, where analyte concentrations are
often very low. To evaluate sensitivity, the proposed
methods were compared in terms of their LOD and
LOQ, as shown in Figure 5. The TLC-spectrodensitometric
method exhibited the lowest LOD and LOQ values for both
drugs, followed by the RP-HPLC-UV method. This can be
attributed to the separation mechanism employed, along
with the smaller sample size, which enhanced the ability
to detect lower concentrations compared to UV-spectropho-
tometric measurements.

3.2.3 KPI (3): Accuracy and precision

The accuracy of an analytical method ensures that the
presence of excipients in pharmaceutical formulations
does not affect the analysis of the desired analyte (active
ingredient) in the formulation. The standard addition tech-
nique was applied to the pharmaceutical ear drops, and the
results are presented in Table S13 for UV-spectrophotometric
methods and Table S14 for chromatographic methods. All
three methods demonstrated similar recovery percentages
with acceptable SDs, as shown in Figure 6(a). This indicates
that all methods can accurately analyze the pharmaceutical
dosage form.

Precision, on the other hand, measures the consistency
and reliability of measurements. Precision is expressed as
the RSD%, as depicted in Figure 6(b). Variations in RSD%
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values were observed among the three methods, with the
TLC-spectrodensitometric method showing the highest values.
This could be attributed to factors such as packing of the
stationary phase, mobile phase ratios, and manual injection
of the analyte. In contrast, the RP-HPLC-UV method exhibited
the lowest RSD% values due to its high degree of automation,
which enhances the method’s reliability.

3.2.4 KPI (4): Method applicability and statistical
evaluation

Tables S15 and S16 present the statistical comparisons
between the developed spectrophotometric and chromato-
graphic methods and the official BP methods [45] for the
analysis of CIP and HYD. The student-t and F tests were
used to compare the analytical tools, with a significance
level of p < 0.05. The official method for CIP is an RP-HPLC
method, while for HYD, it is a direct UV-spectrophotometric
method. In terms of the student-t test, the RP-HPLC-UV methods
exhibited the highest differences between calculated and
tabulated values for both drugs. On the other hand, for
the F test, UV-spectrophotometric methods and TLC-spectro-
densitometric methods showed the highest differences
between calculated and tabulated values for HYD and
CIP, respectively, as shown in Figure 7. However, there
were no significant differences in precision and accuracy
between the official and proposed methods. The com-
puted t- and F-values were lower compared to the corre-
sponding tabulated values.
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3.3 Sustainability-based KPI standards
3.3.1 KPI (5): Whiteness standards study

3.3.1.1 RGB12 algorithm

The RGB12 algorithm, a KPI-based standard, was employed

in the study to assess three developed analytical approaches

for determining the concentration levels of a binary mix

(CIP and HYD) in dosage forms. The first approach utilized

UV-spectrophotometric methods with methanol and bidis-

tilled water as the sample preparation and analysis proce-

dure. The second approach involved RP-HPLC-UV, utilizing
acetonitrile, methanol, triethylamine, and O-phosphoric
acid. The third approach employed TLC-densitometry with
methanol and ethyl acetate-hexane-triethylamine. Each
approach had its own advantages and disadvantages in
terms of sustainability. The whiteness scores based on the

WAC principles are presented in supplementary excel data

file and Figure 8(a). The UV-spectrophotometric approach

obtained the highest whiteness score of 85.6, while the two
chromatographic approaches (RP-HPLC-UV and TLC) yielded
similar results, with scores of 83.5 and 82.1, respectively.

— In summary of this standard, both chromatographic
methods were more efficient than the UV-spectrophoto-
metric method (Figure 8(a)). The S2 provides additional
information about the RGB12 Algorithm score, obtained
using the 5 KPIs in line with WAC requirements for
analytical procedures. Chromatography is generally pre-
ferred for drug analysis due to its higher sensitivity and
validity. However, the UV-spectrophotometric method

(2) KPI_2 (Comparative Sensitivities)
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Figure 5: Results of the KPI-2-based standard for the developed methods for the determination of CIP and HYD: sensitivity is expressed as LOD and

LOQ values (ng'mL™").
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Figure 6: (a) and (b): Results of the KPI-3-based standards (a) and (b) for the developed methods for the determination of CIP and HYD: (3(a)) accuracy
expressed as mean recovery % *SD, (3(b)) interday and intra-day precision expressed as RSD%.

scored high in greenness (89.2%) as it used only one solvent,
methanol, while chromatographic methods used multiple
solvents. The UV-spectrophotometric method was the most
practical and cost-effective option, with ease of use, afford-
ability, and quick results. RP-HPLC-UV offered high selectivity
but required expensive equipment and skilled operators,
with a blueness score of 77.1%. TLC-densitometry was sim-
pler and reasonably priced, with the ability to handle larger
samples, scoring 78.8% in blueness. The UV-spectrophoto-
metric method was recommended for routine drug analysis.

3.3.2 KPI (6): Greenness standard study

3.3.2.1 AES metric

Pps are assigned to analytical method factors that contradict
green analysis. The AES (Eco-Scale) is calculated as AES = 100
- (Total Pps). A higher AES indicates a greener analysis. In
Table 1, the UV-spectrophotometric method scored 88, while
the RP-HPLC-UV method scored 76 and the TLC-densitometry
method scored 74 (Figure 8(b)). The UV-spectrophotometric
method had fewer Pps for reagents due to the minimal use of
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Figure 7: Results of the KPI-4-based standard for the developed methods for the determination of CIP and HYD: applicability and statistical evaluation
are expressed as the difference between calculated and tabulated F-values and t-tests.

organic solvents. It also had minimal energy consumption
(<0.1 kW h per sample).

3.3.2.2 AGREE metric

In Figure 8(c), the chromatographic methods scored 0.64
(RP-HPLC-UV) and 0.62 (TLC-densitometry), while the UV-
spectrophotometric method scored 0.7 in terms of the tool’s
KPI. Here are the details for each GAC principle:

Principle 2: Chromatographic methods outperformed
the UV-spectrophotometric method.

Principle 3: All three methods received a score of zero
and were marked in red for the offline position of the
analytical device.

Principle 4: All three methods received a score of 1 and
were colored green for sample preparation.

Principle 5: The RP-HPLC-UV method scored higher in
automation.

Principle 6: All methods received a perfect score of 1
and a green color for derivatization.

Principle 7: The TLC-densitometry method generated
the most waste.

Principle 8: The TLC-spectrodensitometric and UV-spec-
trophotometric techniques demonstrated higher sample
throughput per hour.

Principle 9: The TLC-spectrodensitometric method had
sufficient sample throughput capacity, while the RP-
HPLC-UV method had higher energy consumption.
Principle 11: The use of different organic solvents resulted
in lower scores for all methods.

— Principle 12: The UV-spectrophotometric method received a
green score for its use of methanol, while the RP-HPLC-UV
method received a light green score, and the TLC-spectro-
densitometric method received a light orange score due to
the properties of the solvents used.

3.3.2.3 GAPI metric

In the study results depicted in Figure 8(d), the analytical
process was thoroughly assessed, comparing the UV-spec-
trophotometric and chromatographic methods. Here are
the key findings:

M

2

(€)

@

@)

Time collection for the sample (field 1) showed varia-
tions, with at-line analysis being time-efficient (yellow),
while the offline method involved manual steps and
consumed more time. The TLC-densitometry method
required approximately 1 h to saturate the chamber
before sample analysis (red).

Preservation (field 2) and storage (field 4) were critical
considerations. The UV-spectrophotometric method
required neither preservation nor storage (green),
while chromatographic methods needed both
(yellow/red).

Sample transportation (field 3) was essential for all
methods, impacting the results (yellow).

Simple preparation steps, including filtration (field 5),
were required for all methods, and microliter-scale
extraction (field 6) was a common characteristic.
The solvent used (field 7) differed, with the UV-spec-
trophotometric method using green methanol (green),
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Table 1: Summary Pps for the developed methods for the determination
of CIP and HYD using a KPI-6 of the AES tool

Studied factor  Description Sub- Total
total score
Pp
UV-spectrophotometric methods
Methanol Quantity (1) 6 r=12
Hazardous (3 pictograms) AES = 88
Consuming Less than 0.1 kW h per 0
energy sample
Waste Between 1 and 10 mL 3
Not dealt 3

Total score for the AES: 10012 = 88, so the method is considered
Excellent green
RP-HPLC-UV method

Acetonitrile Quantity (1) 4 Pps 2 =24
Hazardous (physical, AES =76
environmental, health) (2
pictograms) Danger (2)
O- Quantity (1) 1
Phosphoric acid  Hazardous (1 pictogram)
Danger
Triethylamine Danger 6
Water Safe 0
Methanol Quantity (1)
Hazardous (3 pictogram) 6
Danger (2)
Consuming Less than 1.5 kW h per 1
energy sample
Waste Between 1 and 10 mL 3
Not dealt 3

The total score for the AES is 100-24 = 76, so the method is considered
excellent green
TLC-spectrodensitometric method

Methanol Quantity (1) 6 =26
Hazardous (3 pictograms) AES =74
Danger (2)

Ethyl acetate Danger 2

Hexane 4

Triethylamine 6

Consuming Less than 0.1kW h per 0

energy sample

Waste Not dealt 3
More than 10 mL 5

Total score for the AES: 100-26 = 74, so the method is considered an
acceptable green method

while chromatographic methods employed hazardous
solvents.

(6) Additional treatment (field 8) was unnecessary for
any method (green).

(7) Solvent quantity (field 9) varied, with UV-spectrophoto-
metric and RP-HPLC-UV methods using less than 10 mL
(green) and the TLC-spectrodensitometric method using
more than 10 mL (red).

KPIs and SWOT in analytical methodology for ear drop analysis
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(8) Health hazards (field 10) favored the UV-spectropho-
tometric method (green), while both chromatographic
methods received a yellow rating.

(9) Flammability (field 11) was yellow for all methods.

Energy consumption (field 12) was lower for the UV-spec-

trophotometric and TLC-spectrodensitometric methods

(green) compared to the RP-HPLC-UV method (yellow).

Occupational hazards (field 13) were absent for all

established methods (green).

(12) Waste generation (field 14) varied, with UV-spectro-

photometric and RP-HPLC-UV methods generating

between 1 and 10 mL of waste (yellow) and the

TLC-spectrodensitometric method producing more

than 10 mL (red).

No waste treatment was required (field 15, red). All

established methods fulfilled qualitative and quanti-

tative criteria, as indicated by the central ring (green).

11

- In summary of this standard (a collective comparative

study between the utilized tools, AES, AGREE, and GAPI):

« Using the AES standards, both the UV-spectrophotometric
and RP-HPLC-UV methods are classified as “excellent”
in environmental aspects. In contrast, the TLC-densito-
metry method is “acceptable” due to its use of hazardous
solvents and waste production. However, the broadness
of this scale can lead to imprecise classification. For
instance, despite the RP-HPLC-UV method’s higher con-
sumption of hazardous solvents and greater energy
use compared to the UV-spectrophotometric method, it
receives an equivalent score. As mentioned in Section 1,
the research underscores the need for an alternative
green assessment tool capable of offering a more compre-
hensive evaluation of various aspects of GAC, as the next
tools emphasized.

Using the AGREE standards, this tool offers a variety of
data for every process. In comparison to chromatographic
methods, the UV-spectrophotometric method seems to be
more green. This is based on the results. Using the com-
prehensive scores for the various procedures, Figure 8(c)
illustrates whether each of the 12 GAC principles was met
and contributed to the greenness assessment as in S3, S4,
and S5.

Using the GAPI standards, there is a clear pattern in their
pictogram that shows the three analytical processes. The UV-
spectrophotometric method displays the greatest number
of green-colored fields (1 # 7) and the fewest red-colored
sections. The TLC-spectrodensitometric approach, on the
other hand, shows the greatest number of red-colored
sections and the fewest green-colored fields (5 # 3). In
contrast, an even distribution with three red and three
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Method type.

iii. AGREE criteria:

1. Sample treatment.

2. Sample amount.

3. Device positioning.

4. Sample prep.

5. Automated and miniaturized methods.
6. Derivatization.

7. Generation of a volume of waste.
8. Analysis throughput

9. Use of energy.

10. Renewable source of reagents.
11. Toxicity of reagents.

12. Safety of the Operator.

iv. SAMPLE PREPARATION & ANALY SIS

Sample preparation: Reagents and solvents:
1. Collection. 9. Amount.
2. Preservation. 10. Health hazard.
3. Transport. 11. Safety hazard.
4. Storage. Instrumentation:
5. Type of method. 12. Energy
6. Scale of extraction. 13. Occupauonal hazard.

7. Solvents / reagents used. 14.Waste.
8. Additional treatment. 15. Waste treatment.

v. BAGI criteria:

1. Type of analysis.

2. Multi- or single-clement analysis.
3. Analytical technique.

4. Simultaneous sample preparation.
S. Sample preparation.

6. Samples per hour.

7. Reagents and materials.

8. Preconcentration.

9. Automation degree.

10. Amount of sample.

Figure 8: (a)-(e). Assessment of the KPI-based standards 5, 6, and 7 for the developed methods for the determination of CIP and HYD: (a) RGB12
Algorithm, (b) AES, (c) AGREE, (d) GAPI, and (e) BAGI assessment tools.

green sections is shown by the RP-HPLC-UV method. 3.3.3 KPI (7): Blueness standard study

When compared to chromatographic methods, this pat-

tern highlights the UV-spectrophotometric method’s envir- In the UV-spectrophotometric approach, the method quan-
onmentally friendly sampling strategy. It is crucial to tified analytes using simple and easily accessible reagents.
remember that these findings are particular to the applied It achieved high sample throughput, producing almost 40
conditions and may or may not hold generally. samples at once and over 13 samples per hour. The sample
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Table 2: UV-Spectrophotometry SWOT analysis results
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Strengths Weaknesses

Opportunities Threats

(1) Wide applicability: Used in 1
diverse scientific fields
(2) High sensitivity: Detects low (2)
concentrations for precise
analysis 3)
(3) Rapid analysis: Provides fast
results for high-throughput
applications (4)
(4) Quantitative capability:
Accurately quantifies
samples
(5) Environmental friendliness: (5)
Utilizes green solvents,
reducing environmental
impact [57] (6)
(6) Non-destructive procedure:
Allows sample reuse or
further analysis 7)
(7) Software integration:
Compatible with software
like MATLAB for improved (8)
data management,
interpretation, and noise
reduction [58] 9)

Limited structural
information
Interference susceptibility
from impurities
Limited to liquid samples
or those soluble
incompatible solvents
The analytical range is
limited to compounds
absorbing UV or visible
light
Ineffective for compounds
lacking light-absorbing
groups
Requires larger sample
volumes for high-volume
needs
Sensitivity to noise
interference, particularly
in derivative analysis
Sample homogeneity
affects absorbance
readings
Lower resolution
compared to HPLC for
separation of closely
related compounds
(10) Regulatory preference for
HPLC in some industries
(11)  Lower scalability and
throughput compared to
fully automated HPLC
systems
(12) Size and portability
limitations: Older
benchtop versions may
lack the flexibility of
portable equipment for
field work

(1) Mobile technology convergence:
Integration with mobile camera
technology enables compact and
efficient devices for online
analytical applications [59]

(2) Portable device development:
Increasing focus on portable and
handheld models for on-site
analysis

(3) Advancements in miniaturization
technology: Ongoing
technological progress allows for
further miniaturization of UV-
spectrophotometry, facilitating
micro-scale analysis and portable
applications

(1) Competition from
advanced techniques,
such as newer, more
efficient analysis
methods

volume was minimal at 1 mL, requiring only basic prepara-
tion steps. The process was carried out manually, resulting
in a positive BAGI score of 80, indicating strong applicability.

The RP-HPLC-UV detection method utilized readily
available reagents and standard laboratory apparatus. It
had a total analysis time of 7 min and allowed for the simul-
taneous preparation of approximately six samples, with an
hourly throughput of 8.5 samples. However, the TLC-spectro-
densitometric method, although semi-automated, required
some manual steps. However, it had a low sample volume
and did not necessitate pre-concentration, resulting in an
overall BAGI score of 80, indicating favorable applicability.

— In summary of this standard: Notably, all three methods
had similar scores, highlighting their comparable useful-
ness. However, the pictogram generated by the BAGI metric
tool revealed variations. The RP-HPLC-UV method displayed
a light blue color in nine sections, representing its semi-
automated characteristics. In contrast, the UV-spectropho-
tometric and TLC-spectrodensitometric methods showed
white sections for manual sampling. Moreover, the UV-
spectrophotometric and TLC-spectrodensitometric methods
exhibited significantly higher sample throughput compared
to the RP-HPLC-UV method. In terms of cost-effectiveness,
the UV-spectrophotometric method was the most favorable,



16 =—— Christine Nessim et al.

Table 3: TLC-densitometry SWOT analysis results
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Strengths Weaknesses

Opportunities Threats

(1) Broad application:
Widely used in various
scientific fields,
providing fast results

(2) Lower operational and
maintenance costs: TLC
has lower operational
and maintenance costs 2)
compared to HPLC,
making it cost-effective
for laboratories with (3)
limited budgets

(3) Preliminary screening
tool: TLC can be used as
a preliminary screening (4)
tool before employing
more expensive
techniques like HPLC,
owing to its simplified (5)
sample preparation and
lower costs

(4) Reduced sample
cleanup: Densitometric
TLC requires less sample
cleanup than HPLC,
simplifying and speeding
up the analytical process

(5) High sample throughput:
Enables faster and more
efficient analysis

(6) TLC sample recovery:

Samples analyzed via TLC
densitometry can often
be recovered post-
analysis, as the process is
generally non-
destructive

(1) The nonlinearity of
spectrodensitometric response:
this can impact the accuracy
and reliability of analyses,
posing challenges in
quantification and comparison
of results

Noise in Signals: Densitometric
peaks in TLC tend to be noisier
than HPLC data

Chemical use: this technique
relies on significant volumes of
organic solvents, contributing
to environmental harm
Needed for chromophores for
detection: TLC densitometry is
limited for compounds lacking
these light-absorbing groups
Needed volatile solvent: not
considered good for the green
aspect

(1) Enhanced Precision: tackling the [0}
nonlinearity of
spectrodensitometric response
in TLC creates a pathway for
substantial enhancements in
measurement precision and
reliability

(2) Sustainable solvent transition:
tending to use natural deep
eutectic solvents and green
solvents opens the door to
transforming this technique
from a non-green to a green
one, aligning with sustainable
practices in analytical
chemistry [63]

(3) Key to sustainability: the
biodegradability of paper in
spectrodensitometric methods
offers a chance to enhance
sustainability in analytical
processes, aligning with green
chemistry trends

Growing demand for
high-precision
analysis: As the
scientific and
industrial sectors
increasingly demand
high-precision and
accurate analytical
methods, the
limitations of TLC in
terms of nonlinearity
and signal noise might
reduce its applicability
in advanced research
and quality control

followed by the TLC-spectrodensitometric method. The RP-
HPLC-UV method ranked last in cost-effectiveness when
considering practicality and economic considerations, as
indicated by the blue color in the RGB12 tool (Figure 8(e)).

3.4 SWOT analysis tools regarding the
developed analytical approaches

Another tool to evaluate the environmental friendliness and
sustainability of the developed methods in the context of
green and white chemistry is implementing a SWOT analysis
[60,61]. This analysis aims to provide a comprehensive assess-
ment of the methods’ strengths, weaknesses, opportunities for

improvement, and potential threats, considering eco-con-
scious practices. The goal of this analysis is to offer valuable
insights into the methods’ ecological impact and their contri-
butions to green and white chemistry [36,62]. The CIP and
HYD strengths, weaknesses, opportunities, and threats deter-
mined by the developed methods are outlined in Tables 2-4.

4 Recommendations

(1) The utilization of reported standards with KPIs highlights
the importance of evidence-based decision-making when
choosing between analytical methods like UV-spectropho-
tometric and chromatographic techniques. Each method
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Table 4: RP-HPLC-UV SWOT analysis results

KPIs and SWOT in analytical methodology for ear drop analysis
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Strengths Weaknesses Opportunities Threats
(1) Versatile application: They can (1) High cost: Establishing and (1) Technological enhancements: (1) Economical
be adapted for use in various maintaining chromatographic opportunities for improved alternatives: risk of
fields, including systems can be expensive, efficiency and automation replacement by more
pharmaceuticals, food quality making it challenging for (2) Increased relevance: growing cost-effective
assurance, and environmental some laboratories importance in drug methods
analysis (2) Maintenance and expertise development and biomedical (2) More green
(2) High resolution and precision: requirements: Regular research analytical methods
Chromatographic methods maintenance and specialized (3) Clinical research and could supplant the
excel in analyzing complex knowledge are needed for diagnostics: application in emergence of new
mixtures with high precision, proper operation, adding clinical laboratories for drug technologies
making them ideal for complexity to the process monitoring, toxicology
identifying and quantifying (3) Expensive consumables: studies, and biomarker
components Chromatographic analysis discovery. Advances in
(3) Precise control and flexibility: uses costly solvents and enhancing the sensitivity and
These methods provide columns, contributing to the specificity of clinical tests
consistent results through overall high cost (4) Expansion in analyte range:
controlled flow and pressure, (4) Complex data analysis: adaptable to a broader range
diverse column types, Interpreting chromatographic of sample types
stationary phases, and a data requires advanced (5) Green solvent development:
variety of detectors such as software and expertise, the development of "green"
mass spectrometry (MS) and increasing the complexity chromatographic solvents,
diode-array detectors (DAD) (5) Limited detection of such as Propylene carbonate,
(4) Efficient sampling: compounds without ethanol, and subcritical water
Chromatographic methods chromophores: Some chromatography solvents, is
require minimal sample methods are restricted in lowering the demand for
volumes, enhancing efficiency analyzing compounds lacking harmful [38,64] solvents and
and cost-effectiveness light-absorbing groups improving environmental
(5) Qualitative and confirmatory (6) Environmental concerns: The sustainability
analysis: When coupled with use of hazardous chemicals (6) Environmentally friendly

(6)

MS and DAD detectors,
chromatographic methods
serve as powerful tools for
both qualitative analysis and
confirmatory identification of
chemical compounds
Improvement potential: The
integration of sophisticated
chemometric software and
solid-phase extraction
techniques can enhance
efficiency and accuracy,
representing significant
advancements in analytical
methodologies

and waste generation in

chromatography raises

environmental issues
(7) Time-consuming condition
often required to optimize
conditions for specific
samples
(8) Sample disposal: Samples
and are typically discarded,
making recovery and reuse
difficult

optimization: Extensive time is

undergo irreversible changes

extraction methods: Research
on hydrophobic eutectic
solvent-based
microextraction
demonstrates the trend
toward more efficient and
environmentally friendly
extraction techniques in
chromatography

@

has its strengths and weaknesses, and researchers
should consider their specific needs and priorities
before selecting a method.

RP-HPLC-UV, although more expensive, stands out for
its superior performance in terms of selectivity, robust-
ness, accuracy, and precision according to KPI stan-
dards 1 and 3. This method is recommended for routine
analysis in quality control labs and for analyzing complex

3

@

sample matrices due to its precision, accuracy, and selec-
tivity advantages.

While TLC-spectrodensitometric methods excel in sensi-
tivity (KPI-2), they may fall short in other KPIs. Therefore,
they are best suited for screening trials due to their cost-
effectiveness and simplicity.

UV-spectrophotometric methods, despite their lower
sensitivity, often prove to be more cost-effective and
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environmentally friendly than TLC-spectrodensito-
metric and RP-HPLC-UV methods. Ultimately, the choice
of method should align with the specific requirements
and constraints of the study.

5 Conclusions

Here, we utilized the parameters that had already been
achieved, which were conducted during the development
of three different instrumentation methods [20,24]. How-
ever, some of these parameters were on the side of any
method validation, and others were on the side of the study
of method sustainability (which was actually re-evaluated
here and expanded for more comparative data) around
three centers (namely whiteness, greenness, and blueness).
The selected standards in the study related to method
validation were selectivity and robustness, sensitivity, accu-
racy and precision, and statistical comparison after applic-
ability (with the aid of F- and t parameters). Concerning
method sustainability, different recent tools related to
whiteness, greenness, and blueness, as clarified in the
main text, were utilized. However, these standards all
have certain values, so our suggestion is the appearance
of the KPI-based. The benchmarking is recalled based on
these methods being published, and they must considered
as an internal benchmark in itself; however, an external
benchmark for the other is eligible. Fortunately, the
objectives of the study were achieved, which inversely
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translates to a new trend in the analytical work for the
readers and specialists.

The study revealed that there is no inherently superior
approach among the various instruments evaluated. Each
method has its own set of advantages and disadvantages,
particularly in terms of sustainability. Researchers must
consider specific needs and priorities when choosing one
method over another. For instance, while RP-HPLC-UV
offers higher sensitivity at a higher cost, the UV-spectro-
photometric method proves to be more cost-effective
despite some loss in sensitivity compared to RP-HPLC-
UV. Additionally, the automation benefits of HPLC with
a UV detector must be weighed against the need for
human intervention in the UV-spectrophotometric and
TLC-spectrodensitometric methods. By prioritizing green
chemistry principles and striving for enhanced efficiency
and reduced environmental footprint in pharmaceutical
analysis, researchers can contribute to the future advance-
ment of analytical techniques. This emphasis on sustain-
ability fosters innovation and environmental steward-
ship, paving the way for more sustainable and effective
pharmaceutical analyses. In summary, this study high-
lights the significance of considering specific require-
ments and limitations of the research while aligning
with green chemistry principles. Such an approach will
drive the field of pharmaceutical analysis toward a more
sustainable and environmentally friendly future.

In the end, the decision should be in line with the
specific requirements and limitations of the study, as
illustrated:

No. of Standard name UV-spectrophotometric RP-HPLC TLC-spectrodensitometric
standard method method method
Validation-bases KPI standards
KPI 1 Selectivity and X X O
robustness

KPI 2 Sensitivity O O X

KPI 3 Accuracy and precision O X O

KPI 4 Applicability X b X

Total score for the validation study 1 3 2

Sustainability-based KPI standards

KPI 5 RGB12 Algorithm O O O

KPI 6 Greenness X O O

KPI 7 Blunesses b O O
Total score for sustainability study 3 0 0

Final score 4 3 2
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