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1. Introduction

Development and validation of an environmentally
friendly fluorescence quenching method for
linagliptin quantification using eosin Y:
optimization via design of experiment and
comparative greenness assessmentt

Saud Algahtani,® Ali Algahtani,® Taha Algahtani,? Adel Al Fatease®
and Ahmed A. Almrasy & *<

Diabetes management has increasingly relied on dipeptidyl peptidase-4 inhibitors like linagliptin, creating a need
for environmentally sustainable analytical methods to replace conventional chromatographic techniques that
often involve complex sample preparation, organic solvent usage, and expensive instrumentation. A sensitive
and selective "turn-off” fluorescence quenching method was developed and validated for the determination
of linagliptin using eosin Y as the fluorescent probe. The spectral characteristics and sensing mechanisms
were investigated using Stern—Volmer analysis, Job's method, and thermodynamic studies, revealing a static
quenching process driven by the formation of a non-fluorescent 1: 1 linagliptin—eosin Y complex with a high
Stern—Volmer constant (Ks, = 6.46 x 10° M™Y. The influencing factors, including pH, buffer volume, eosin Y
concentration, and incubation time, were optimized using a Box—Behnken experimental design. A significant
reduced quadratic regression model was established, and the optimal conditions were found to be pH 5.25,
buffer volume of 1 mL, eosin Y volume of 1.25 mL, and an incubation time of 5 min based on desirability
function analysis that maximizes the quenching efficiency. The developed method demonstrated linearity in
the range of 0.1-3.0 ng mL™* with a correlation coefficient of 0.9999, a limit of detection of 0.03 pg mL™,
and accuracy of 99.59 + 1.360%, in accordance with ICH guidelines. Selectivity was confirmed by the lack of
interference from common pharmaceutical excipients and endogenous plasma components. The eosin Y-
based fluorescence quenching method was successfully applied for the determination of linagliptin in
pharmaceutical dosage forms and spiked human plasma samples. Statistical comparison of the proposed
method with the reported HPLC-UV method revealed comparable analytical performance as evident by
non-significant differences in the accuracy and precision profiles as well as interval equivalence testing.
Furthermore, a comprehensive assessment of the environmental impact and analytical practicality of the
proposed method was conducted, confirming its “green” and “blue” analytical profile. These findings establish
the eosin Y-based fluorescence quenching method as a viable and environmentally friendly alternative for
the routine analysis of linagliptin in various pharmaceutical and bioanalytical applications shedding light on
the potential of spectrofluorometric techniques in green analytical chemistry and bioanalysis.

selectivity, and ease of use."®> Among the different fluorescent
probes available, eosin Y has gained significant attention for its
ability to act as an “on-off” sensitive probe, making it a versatile

Fluorescence spectroscopy has been widely recognized as
a powerful analytical technique due to its high sensitivity,
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tool for the detection and quantification of various analytes,
including pharmaceutical compounds.*® The probe is
a xanthine dye with four bromide atoms attached to the fluo-
rescein backbone, which gives it unique spectroscopic proper-
ties.” In certain pH ranges, eosin Y exists as dianion which can
interact with positively charged molecules through electrostatic
interactions, resulting in fluorescence quenching.®? Such
quenching phenomena can be exploited for the determination
of many drugs particularly those with basic moieties maxi-
mizing the analytical potential of the technique.” Another
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advantage of eosin Y is its high-water solubility, making it
suitable for aqueous-based analytical methods making
a significant contribution towards the development of green
analytical chemistry.' In fact, the greenness of this approach
not only rises from the aqueous nature of the probe but also
from the low energy requirements of the technique and the
minimal waste generated during analysis.™

Diabetes mellitus, a chronic metabolic disorder character-
ized by elevated blood glucose levels, can lead to serious
complications including cardiovascular disease, kidney failure,
and nerve damage.'* The International Diabetes Federation re-
ported in 2021 approximately 537 million adults aged 20-79
years were living with diabetes, which is about 1 in 10 individ-
uals.”® Linagliptin, a dipeptidyl peptidase-4 inhibitor, has
become an important therapeutic option for diabetes manage-
ment due to its ability to maintain normal blood glucose levels
by preventing incretin hormone breakdown.* With its favorable
pharmacokinetic profile and low hypoglycemia risk,*® lina-
gliptin's growing clinical use necessitates reliable analytical
methods for its quantification. Developing sensitive, selective,
and environmentally friendly techniques for linagliptin deter-
mination is therefore crucial for both pharmaceutical quality
control and clinical applications, including therapeutic drug
monitoring and pharmacokinetic studies.

A literature survey reveals that linagliptin determination
methods are predominantly chromatographic techniques such
as HPLC-UV'®" and LC-MS/MS.'®*?° These approaches, while
effective, present several practical limitations. HPLC-UV
methods typically require significant organic solvent
consumption (often 5-10 mL per sample), with typical methods
using acetonitrile-based mobile phases at flow rates of 1
mL min~" for run times of 8-12 min. In addition, LC-MS/MS
methods, while more sensitive, involve sophisticated instru-
mentation and substantial maintenance requirements, limiting
their accessibility in resource-constrained laboratories.
However, few fluorescent and spectrophotometric methods
have been reported for linagliptin determination, either indi-
vidually or in combination with other antidiabetic drugs. While
spectrophotometric methods offer simplicity and cost-
effectiveness, they frequently lack the sensitivity needed for
accurate determination of linagliptin at low concentrations.***
The reported fluorescence-based techniques, on the other hand,
primarily rely on derivatization step to produce fluorescent
species such as o-phthalaldehyde,** ninhydrin** and NBD-C1,>%*”
making the analysis complex and potentially less environmen-
tally friendly. For instance, Abu-hassan et al. developed a spec-
trofluorimetric =~ method  using  o-phthalaldehyde as
a derivatizing agent to form an isoindole fluorophore with
strong fluorescence.> Despite its sensitivity, this method
requires derivatization steps, increasing sample preparation
and analysis time. Additionally, the isoindole fluorophore emits
in the blue region (An.x = 443 nm), potentially facing interfer-
ence from endogenous components in biological samples. The
NBD-CI derivative developed by Elmasry et al. was reported to
have better sensitivity compared to the OPA derivative, but it
still involved a derivatization step and heating to 70 °C for
25 min further limiting the applicability and environmental
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friendliness of the procedure.”* These approaches present
several environmental concerns that warrant consideration.
First, derivatization procedures necessitate additional chemical
reagents, which are typically dissolved in organic solvents,
thereby increasing overall solvent consumption and waste
generation. Second, multi-step derivatization processes inher-
ently produce more chemical waste compared to direct detec-
tion methods. Besides, many derivatization reactions require
elevated temperatures to proceed efficiently; for instance, NBD-
Cl derivatization typically requires heating significantly
increasing energy consumption. Moreover, certain derivatizing
agents such as NBD-CI possess intrinsic toxicity profiles that
raise safety and environmental concerns. Finally, the extended
sample preparation times associated with derivatization
procedures increase the overall resource utilization per analysis.

Given these limitations, this study aims to develop a novel,
sensitive, and environmentally friendly fluorescence-based
analytical method for linagliptin determination using eosin Y
as a fluorescence probe. The fluorescence quenching mecha-
nism will be investigated using Stern-Volmer analysis, Job's
method, and thermodynamic studies. Critical factors affecting
the quenching process such as pH, buffer volume, eosin Y
volume, and incubation time will be optimized using Box-
Behnken experimental design to maximize analytical perfor-
mance. The developed method will undergo validation accord-
ing to International Council for Harmonization guidelines for
linearity, sensitivity, accuracy, precision, robustness, and
selectivity, ensuring reliability for practical applications. The
method's real-world applicability will be demonstrated by
analyzing linagliptin in pharmaceutical dosage forms and
spiked human plasma samples. Finally, the method's greenness
and blueness will be assessed compared to existing literature
using the analytical greenness (AGREE),*® modified green
analytical procedure index (MOGAPI),* and blue applicability
grade index (BAGI)* tools, highlighting its environmental and
analytical advantages.

2. Experimental

2.1. Materials and reagents

Linagliptin reference standard (98.75% purity) was procured
from the Egyptian Drug Authority (EDA), Cairo, Egypt. The
fluorescent probe eosin Y (2/,4',5,7'-tetrabromofluorescein
disodium salt, =99% purity) was acquired from Sigma-Aldrich
(St. Louis, MO, USA). To minimize potential fluorescent inter-
ference during analysis, HPLC-grade ethanol and acetonitrile
were sourced from Sigma-Aldrich. The commercial pharma-
ceutical formulation Trajenta® tablets (containing 5 mg lina-
gliptin per tablet) was purchased from a local pharmacy in
Cairo, Egypt. Analytical-grade distilled water was utilized
throughout all experimental procedures.

Britton-Robinson universal buffer solutions were prepared
fresh prior to each analytical session by combining precisely
measured equimolar (0.04 M) solutions of orthophosphoric
acid (H5POs3), boric acid (H3BO3), and glacial acetic acid (CH;-
COOH). The buffer pH was carefully adjusted to target values
(pH range 3.0-7.0) using standardized 0.2 M sodium hydroxide

© 2025 The Author(s). Published by the Royal Society of Chemistry
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solution, with pH confirmation performed before each analysis
series. A 0.01% eosin Y working solution was freshly prepared
daily in distilled water to maintain optimal fluorescent prop-
erties and solution stability.

Human blood samples were collected from healthy adult
volunteers (n = 6, age 25-40 years, non-diabetic) who had not
taken any medication for at least two weeks prior to collection.
The study protocol was approved by the Ethics Committee of the
Faculty of Medicine, Al-Azhar University, Damietta branch
(approval no.. DFM-IRB00012367-25-02-056), and written
informed consent was obtained from all donors. Blood samples
were collected in EDTA-containing tubes, centrifuged at 2054 x
g for 10 min at 4 °C to separate plasma, and stored at —20 °C
until analysis.

2.2. Instrumentation

All fluorescence measurements were performed using a Jasco
FP-6200 spectrofluorometer featuring a high-sensitivity 150 W
xenon lamp and temperature-controlled sample compartment.
Samples were analyzed in 1 cm path length quartz cells (four-
sided polished) to ensure maximum optical clarity. Instru-
ment parameters were optimized with excitation and emission
slit widths set at 10 nm, scan speed at 4000 nm min ", and
photomultiplier tube voltage at medium sensitivity. The exci-
tation wavelength was fixed at 305 nm (corresponding to eosin
Y's maximum excitation), and emission spectra were collected
from 475 to 650 nm to capture the complete fluorescence
profile. Data acquisition and spectral processing were managed
through Spectra Manager II software. Solution pH measure-
ments were conducted using a calibrated Jenway 3510 pH meter
equipped with a combination glass electrode (precision + 0.01
pH units).

2.3. Procedure

2.3.1. Optimization of fluorescence quenching conditions.
To systematically optimize the fluorescence quenching of eosin
Y by linagliptin, a Box-Behnken experimental design was
implemented. Four critical independent variables were inves-
tigated: pH (X1, 3-7), buffer volume (X2, 0.2-1.5 mL), eosin Y
volume (X3, 0.5-1.5 mL), and incubation time (X4, 5-20 min).
The quenching efficiency, calculated as the percent decrease in
eosin Y fluorescence intensity upon linagliptin addition, served
as the response function:

Quenching efficiency (%) = [(Fo — F)/Fy] x 100 (1)

where F, and F represent the fluorescence intensities of eosin Y
in the absence and presence of linagliptin, respectively.
Comprehensive ANOVA statistical analyses were performed to
evaluate the significance of individual factors and their inter-
active effects on quenching efficiency. The optimal experi-
mental conditions were determined using the desirability
function approach, which identifies parameter combinations
that maximize analytical performance. All statistical analyses
and experimental design calculations were executed using

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Design Expert software (version 11, Stat-Ease Inc., Minneapolis,
MN, USA).

2.3.2. General analytical procedure. Under optimized
conditions, the analytical procedure was performed as follows:
accurately measured aliquots of linagliptin standard solution
containing 1-30 pg were transferred to 10 mL volumetric flasks.
To each flask, 1 mL of Britton-Robinson buffer (pH 5.25 4 0.05)
was added, followed by 1.25 mL of freshly prepared 0.01% eosin
Y working solution. The solutions were gently mixed and
incubated for 5 min to ensure complete interaction between
linagliptin and eosin Y molecules. The volumes were then
completed to the mark with distilled water, and the flasks were
inverted several times to ensure homogeneity.

The fluorescence emission spectra were recorded from 475 to
650 nm using an excitation wavelength of 305 nm. The fluo-
rescence intensity at the emission maximum (544 nm) was
measured for quantitative analysis. A blank solution containing
all reagents except linagliptin was prepared simultaneously and
measured under identical conditions to obtain the reference
fluorescence intensity (F,) for quenching calculations.

2.3.3. Method validation. The developed fluorescence
quenching method was rigorously validated according to the
International Conference on Harmonization (ICH) guidelines
Q2(R1), addressing key analytical performance parameters.
Linearity was assessed by constructing a calibration curve over
the concentration range of 0.1-3.0 pg mL ™. A stock solution of
linagliptin (100 ug mL™"' in ethanol:water, 50:50 v/v) was
prepared and serially diluted to obtain working standards at
seven concentration levels. Each concentration was analyzed in
triplicate following the general procedure. The calibration curve
was constructed by plotting the fluorescence quenching ratio
(Fo/F) against linagliptin concentration. Linearity was evaluated
through calculation of the correlation coefficient (+*), y-inter-
cept and slope.

Accuracy was assessed through recovery studies at three
concentration levels (0.3, 1.5, and 2.5 pg mL '), analyzed in
triplicate. The percentage recovery was calculated using the
formula:

Recovery (%) = [amount found/amount added] x 100  (2)

with acceptance criteria of 98-102% recovery and RSD values
below 2%. The method precision was assessed in terms of
repeatability (intra-day) and intermediate precision (inter-day),
by performing the analysis of the same concentration samples
on the same day and on different days, respectively. Precision
was expressed as a percentage relative standard deviation (%
RSD), with acceptance criteria of RSD < 2%.

The robustness of the analytical method was investigated by
deliberately introducing small variations (+0.1 pH units,
+0.1 mL buffer volume, +£0.05 mL eosin Y volume) in the
optimized parameters. The effect of these variations on recovery
and % RSD was evaluated, with acceptance criteria of recovery
within 98-102% and RSD < 2%. The selectivity of the proposed
method was investigated by analyzing different pharmaceutical
excipients, and potential interfering species expected to be
present in the analyzed samples at 10-fold excess concentration
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compared to the analyte. In addition, pooled plasma samples
were analyzed to confirm the lack of interference from endog-
enous compounds.

2.4. Application to pharmaceutical dosage forms and spiked
plasma

Ten Trajenta® tablets (each containing 5 mg linagliptin) were
accurately weighed and finely powdered in a clean, dry mortar.
An amount of powder equivalent to 5 mg linagliptin was
precisely weighed, transferred to a 50 mL volumetric flask, and
dissolved in 20 mL ethanol:water (50:50 v/v) solution. The
mixture was sonicated for 15 min to ensure complete extraction
of the active ingredient, then diluted to volume with the same
solvent mixture. The resulting solution was filtered through
a 0.45 pm membrane filter. Appropriate aliquots of the filtrate
were further diluted to obtain final concentrations within the
validated linearity range (0.1-3.0 pg mL ') and analyzed
following the general analytical procedure. Statistical compar-
ison of the obtained results was performed against a reported
HPLC-UV method using Student's ¢-test, F-test and interval
hypothesis testing to assess for any significant differences in
accuracy, precision and equivalence between the two methods.

For the preparation of spiked plasma samples, different
aliquots of linagliptin standard solution were added to 2 mL
drug-free plasma to obtain final concentrations of 2, 5, 15 and
25 pg mL~ ", The spiked samples were vortexed for 30 s to ensure
homogeneity. Protein precipitation was performed by adding
2 mL of acetonitrile to each 1 mL of spiked plasma. The
mixtures were vortexed for 1 min and then centrifuged at 2827
x g for 15 min at 4 °C. The clear supernatants were carefully
transferred to clean test tubes and evaporated to dryness under
a gentle stream of nitrogen. The dried residues were recon-
stituted with 2 mL ethanol : water (50 : 50 v/v) solution, vortexed
for 30 s, and filtered through 0.22 um syringe filters. One mL of
each of the filtered solutions was transferred to 10 mL volu-
metric flasks and analyzed according to the general analytical
procedure. The plasma calibration curve was constructed by
spiking drug-free plasma with known concentrations of lina-
gliptin (0.1-3.0 ug mL "), followed by the extraction procedure
described above.
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3. Results and discussion

3.1. Spectral properties of the eosin Y-linagliptin complex

Eosin Y, a tetrabromofluorescein derivative, demonstrates
characteristic fluorescence properties influenced by solution
pH. This xanthene dye exhibits two distinct pK, values (2.0 and
3.8) that govern its ionization state. At pH values above 3.8,
eosin Y predominantly exists in its dianionic form, where the
extended conjugated w-system, enhanced by the electron-
withdrawing bromine substituents, creates a highly fluores-
cent molecular structure. Under the optimized conditions of
our study, eosin Y displayed strong fluorescence emission at
544 nm when excited at 305 nm (Fig. 1A). This pronounced
emission results from efficient radiative transitions facilitated
by the rigid xanthene scaffold and the electronic influence of
the bromine atoms, with additional contribution from the
resonance effects of the carboxylate group.

When linagliptin is introduced to the eosin Y solution,
a concentration-dependent fluorescence quenching is observed
(Fig. 1B). The fluorescence intensity decreases progressively
with increasing linagliptin concentration (from 0 to 3 pg mL ™),
while the emission maximum remains unchanged at 544 nm.
This quenching phenomenon can be explained by examining
the molecular structures involved in the interaction (Fig. 2). At
the optimized pH of 5.25, the protonated piperidine amino
group of linagliptin interacts electrostatically with the nega-
tively charged carboxylate group of eosin Y, forming an ion-pair
complex. This interaction disrupts the electronic distribution
within the xanthene chromophore of eosin Y, resulting in the
deactivation of radiative transitions and consequent suppres-
sion of the fluorescence emission. The consistent relation
between the degree of fluorescence quenching and linagliptin
concentration provides the fundamental basis for developing
a sensitive and selective spectrofluorimetric analytical method
for linagliptin determination.

3.2. Fluorescence quenching mechanism studies

To comprehensively elucidate the interaction between eosin Y
and linagliptin, multiple complementary analytical approaches
have been employed including Stern-Volmer analysis, thermo-
dynamic studies, and Job's method of continuous variation.

Fluorescence Intensity [

475 500 525 550 575 600 625 650
Wavelength (nm)

Fig.1 Spectrofluorimetric characteristics of the eosin Y-linagliptin system. (A) Emission spectrum of eosin Y (final concentration 0.00125% w/v,
Aex = 305 nm, Aem = 544 nm) under optimized conditions (pH 5.25). (B) Concentration-dependent fluorescence quenching of eosin Y (final
concentration 0.00125% w/v) upon addition of increasing concentrations of linagliptin (0-3 ug mL™), demonstrating the “turn-off’ sensing

mechanism.
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Fig. 2 Proposed mechanism of fluorescence quenching interaction between linagliptin and eosin Y. Based on Stern—Volmer analysis, Job's
method, and thermodynamic studies, a hypothetical binding model is presented showing the formation of a 1: 1 ion-pair complex at pH 5.25,
where the protonated piperidine amino group of linagliptin potentially interacts electrostatically with the negatively charged carboxylate group of
eosin Y, possibly disrupting the fluorophore's electronic distribution and causing fluorescence suppression.

Stern-Volmer analysis demonstrated a strong linear rela-
tionship between relative fluorescence intensity (Fy/F) and
linagliptin concentration, yielding a Stern-Volmer quenching
constant (K,) of 6.46 x 10> M. This remarkably high constant
suggested a static quenching mechanism involving ground-
state complex formation rather than dynamic collisional
processes. To confirm this hypothesis, the bimolecular
quenching rate constant (k) was calculated using the equation
kq = Ky /to, where 1, represents the intrinsic fluorescence life-
time of eosin Y (1.43 ns).* The calculated &, value of 4.52 x 10™*
M ! 57! exceeds the diffusion-controlled limit (2 x 10 M™*
s~ ') by four orders of magnitude, definitively establishing static
quenching as the predominant mechanism.

The strength of molecular interaction between eosin Y and
linagliptin was quantified through the association constant
(Ka), determined using the modified Stern-Volmer equation:

Fol(Fo — F) = 1 + U(K,[Q]) ®3)

Linear regression analysis of Fy/F versus 1/[Q] yielded an
association constant of 6.34 x 10> M™', indicating robust
complex formation. This value aligned closely with our previ-
ously determined Stern-Volmer constant, providing internal
consistency to our findings. The thermodynamic favorability of

© 2025 The Author(s). Published by the Royal Society of Chemistry

the interaction was assessed by calculating the Gibbs free
energy change (AG°) using the relationship:

AG" = —RTInK, (4)

The calculated AG° value of —33.15 k] mol™* confirmed that
complex formation occurs spontaneously under our experi-
mental conditions.

To determine the binding stoichiometry, Job's method of
continuous variation was employed where equal molar
concentrations (6 x 107> M) of eosin Y and linagliptin were
mixed in varying proportions while maintaining constant total
volume. The difference in fluorescence intensity between the
sample and the blank was plotted versus mole fraction of lina-
gliptin, revealing a maximum at 0.5 mole fraction (Fig. 3). This
observation indicates a 1:1 binding stoichiometry between
eosin Y and linagliptin, consistent with the proposed ion-pair
complex formation. This finding was independently verified
using the double logarithmic modified Stern-Volmer equation:

log(Fy — F)/F] = log K, + nlog[Q] (5)

The slope of the linear plot (1.01) conclusively confirmed the
1:1 binding stoichiometry between eosin Y and linagliptin

RSC Adv, 2025, 15, 16323-16336 | 16327
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Fig. 3 Job's plot for the interaction between eosin Y and linagliptin
showing the change in fluorescence intensity (AF) versus mole fraction
of linagliptin. Equal molar concentrations (6 x 10~> M) of eosin Y and
linagliptin stock solutions were mixed in varying proportions while
maintaining a constant total volume. Error bars represent standard
deviations from triplicate independent determinations. The maximum
at 0.5 mole fraction (indicated by green dashed line) confirms 1:1
binding stoichiometry between eosin Y and linagliptin.

molecules. Collectively, these mechanistic investigations
provide compelling evidence for the formation of a thermody-
namically stable 1 : 1 ground-state complex between eosin Y and
linagliptin, driven primarily by electrostatic interactions
between the protonated amino group of linagliptin and the
anionic carboxylate moiety of eosin Y, as illustrated in Fig. 2.
However, the specific binding sites and exact nature of the
molecular interactions illustrated represent the best hypothesis
based on the molecular structures involved and the pH-
dependence of the quenching effect. Further structural
studies, such as NMR or computational modeling, would be
required to definitively confirm these specific binding
interactions.

3.3. Optimization of the sensing system

The sensing performance of the eosin Y-linagliptin system was
systematically optimized using a Box-Behnken experimental
design to evaluate the influence of four critical parameters: pH,
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buffer volume, eosin Y volume, and incubation time. A total of
27 experimental runs were performed (Table S11), and the QE%
(percent quenching efficiency) was chosen as the response
variable to be maximized. The data was fitted to a second-order
polynomial regression model, followed by backward elimina-
tion to identify the significant factors. The reduced quadratic
equation was:

QE% = 63.344 + 3.44414 + 4.1158B + 9.65196C
+ 7.84096A4C — 28.42054° — 6.68051B8% — 11.7978C* (6)

where A, B, and C represent pH, buffer volume, and eosin Y
volume, respectively.

ANOVA analysis confirmed the adequacy and statistical
significance of the model, with an F value of 75.90 and a p-value
less than 0.0001 (Table 1). Three main effects (pH, buffer
volume, and eosin Y volume) as well as one interaction effect
(pH x eosin Y volume) were found to be significant (Table 1).
The positive coefficients for pH, buffer volume, and eosin Y
volume and the interaction effect between pH and eosin Y
volume indicate that increasing their levels favors higher QE%
values. On the other hand, the negative quadratic coefficients
suggest the existence of an optimum level for each parameter
beyond which the response diminishes. These results comes in
line with main effect plots which showed that the QE% reaches
a maximal response at certain optimum values of each signifi-
cant factor followed by a decline upon further increase or
decrease of the parameter levels (Fig. 4). The quadratic effect of
pH could be attributed to the pH dependence of the ionization
state of eosin Y, which significantly impacts its fluorescence
properties and interaction with linagliptin (Fig. 4A). The buffer
volume also shows quadratic effect as the QE% decreased at low
buffer volumes, likely due to insufficient buffering capacity
where at high buffer volumes, increasing the ionic strength may
interfere with the ion-pair formation via competitive effects
(Fig. 4B). Eosin Y volume was the most significant factor
affecting the QE%, illustrating the critical role of the probe
concentration in determining the sensing efficiency. At lower
eosin Y volumes, the available probe molecules may be insuf-
ficient to effectively interact with linagliptin, while at higher
volumes, self-quenching and interference from the excess probe

Table1l Analysis of variance (ANOVA) results for the reduced quadratic model evaluating the effects of linear, interaction, and quadratic terms on

the quenching efficiency of the eosin Y—linagliptin system

Source Sum of squares df Mean square F-value p-Value

Model 6709.15 7 958.45 75.90 <0.0001 Significant
A-pH 142.34 1 142.34 11.27 0.0033

B-buffer volume 203.28 1 203.28 16.10 0.0007

C-eosin Y volume 1117.92 1 1117.92 88.53 <0.0001

AC 245.92 1 245.92 19.47 0.0003

A? 4846.37 1 4846.37 383.77 <0.0001

B> 267.78 1 267.78 21.20 0.0002

c? 835.12 1 835.12 66.13 <0.0001

Residual 239.94 19 12.63

Lack of fit 228.29 17 13.43 2.31 0.3448 Not significant
Pure error 11.65 2 5.82

Cor total 6949.09 26
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can lead to lower fluorescence emission (Fig. 4C). The incuba-
tion shows no significant effect suggesting that the complexa-
tion between eosin Y and linagliptin reaches equilibrium
rapidly (Fig. 4D).

The validity of the model was confirmed by inspecting
different statistical parameters (Table S2}) such as the coeffi-
cient of determination (R> = 0.9655) and the adjusted R’
(0.9528), both indicating a high goodness-of-fit. The predicted
R* value of 0.9105 was in reasonable agreement with the
adjusted R” of 0.9528, supporting the model's predictive ability.
The adequate precision ratio of 28.05 exceeded the minimum
threshold of 4, further verifying the model's suitability for
navigating the design space. Several diagnostic plots were
generated to ensure the model assumptions were met,
including normal probability plot, actual versus predicted plot,
and residuals versus predicted plot, all of which confirmed the
satisfactory fit of the model (Fig. S1-S3}). Inspecting the
residual vs. run plot showed a random scattering of the points,
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QE%
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0
T T T T T
3 4 5 6 7
A: pH
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T T T T T T
0.5 0.7 0.9 1.1 13 15

C: Eosin Y volume (mL)
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indicating the absence of any systematic error or unusual
observations (Fig. S471). Also, the leverage vs. run plot showed all
the data points within the acceptable range, ruling out any
influential or outlier observations (Fig. S51).

A major advantage of the Box-Behnken design is its ability to
study the interaction effects between the factors using the 2D
interaction (Fig. 5A) and the 3D response surface plots (Fig. 5B).
The 3D response surface plot shows the combined effect of pH
and eosin Y volume on the QE%, revealing a pronounced syner-
gistic interaction. At low pH and low eosin Y volume, the QE% is
suboptimal, but as both factors increase, the response shows
a sharp escalation, reaching a maximum at around pH 5.25 and
1.25 of eosin Y. The curvature of the surface clearly indicates the
quadratic nature of the individual effects. Desirability function
optimization was employed to maximize the QE% by simulta-
neously optimizing the three significant factors and keeping the
incubation time minimized to allow for rapid and cost-effective
analysis (Fig. 5C). The optimal conditions were determined to
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=

B
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Fig. 4 Main effect plots showing the influence of individual parameters on quenching efficiency (QE%). (A) Effect of pH showing optimal
response at approximately pH 5.25 with significant quadratic effect. (B) Effect of buffer volume with moderate quadratic relationship and optimal
response around 1.0 mL. (C) Effect of eosin Y volume on quenching efficiency (QE%). Different volumes (0.5-1.5 mL) of 0.01% eosin Y solution
were added to a final volume of 10 mL, showing optimal response at approximately 1.25 mL. (D) Effect of incubation time showing non-
significant influence across the studied range (5-20 min). A fixed linagliptin concentration of 1.5 ug mL™* was used for all optimization

experiments.
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(A) 2D interaction plot demonstrating the synergistic effect between pH and eosin Y volume on quenching efficiency. (B) 3D response

surface plot visualizing the combined quadratic effects of pH and eosin Y volume on QE%. (C) Desirability function analysis showing the optimal
experimental conditions, yielding a predicted maximum QE% of 66.36%.

be: pH 5.25, buffer volume 1 mL, and eosin Y volume 1.25 mL,
with a predicted maximum QE% of 66.35% using 1.5 pg per mL
linagliptin. These optimal conditions were subsequently employed
for all further analytical validation and application studies.

3.4. Analytical method validation

Following optimization and mechanistic investigation, the
developed fluorescence quenching method underwent
comprehensive validation according to ICH Q2(R1) guidelines.
The method demonstrated acceptable analytical performance
across all evaluated parameters (Table 2).

3.4.1. Linearity and sensitivity. The method exhibited
excellent linearity across the concentration range of 0.1-3.0 pg
per mL linagliptin with a correlation coefficient (*) of 0.9999,
indicating nearly perfect linear relation between fluorescence
quenching ratio (Fy/F) and linagliptin concentration (Table 2).
The calibration curve yielded a slope of 1.3803 and an intercept
of 0.9575, reflecting high sensitivity and minimal systematic
error. The limits of detection (LOD) and quantification (LOQ)
were calculated to be 0.0315 and 0.0946 ug mL ™", respectively,
demonstrating remarkable sensitivity that exceeds the require-
ments for pharmaceutical analysis of linagliptin in both dosage
forms and biological samples (Table 2).

16330 | RSC Adv, 2025, 15, 16323-16336

3.4.2. Accuracy and precision. Accuracy studies performed
at three concentration levels (0.3, 1.5, and 2.5 pg mL™ ") revealed
a mean recovery of 99.59 + 1.360%, well within the acceptance
criteria of 98-102%, confirming the method's ability to provide
results that closely reflect the true value (Table 2). The method
exhibited excellent precision characteristics, with repeatability
(intra-day) precision displaying a relative standard deviation
(RSD) of 1.365% and intermediate (inter-day) precision showing
an RSD of 1.765% (Table 2). Both values fall below the 2%
threshold, indicating high reproducibility under normal oper-
ating conditions.

3.4.3. Robustness and selectivity. The method demon-
strated high robustness when key parameters were deliberately
varied (Table 2). Minor adjustments in buffer pH resulted in
recoveries of 98.41 + 1.076%, while modifications in buffer
volume and eosin Y reagent volume yielded recoveries of 100.52
+ 1.242% and 99.56 + 1.022%, respectively. These results
confirm the method's reliability under slightly varied condi-
tions that might occur during routine analysis. Additionally,
temporal stability of eosin Y fluorescence was evaluated at pH
5.25 (Britton-Robinson buffer). Fluorescence measurements
conducted over 90 minutes showed fluorescence intensity
remained stable with only 1.15% decrease and RSD values

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Analytical method validation parameters for the fluorescence
quenching method of linagliptin determination using eosin Y as fluo-
rescent probe

Parameters Linagliptin

Excitation wavelength (nm) 305

Emission wavelength (nm) 544

Linearity range (ug mL™") 0.1-3.0

Slope 1.3803

Intercept 0.9575

Correlation coefficient (%) 0.9999

LOD (ug mL™%) 0.0315

LOQ (ug mL™) 0.0946

Accuracy (% R)* 99.59 + 1.360

Repeatability precision (% RSD)? 1.365

Intermediate precision (% RSD)" 1.765

Robustness (% R) Buffer (pH) 98.41 + 1.076
Buffer volume (mL) 100.52 + 1.242
Reagent volume (mL) 99.56 + 1.022

“ Average of 9 determinations (3 concentrations repeated 3 times). > %
RSD of 9 determinations (3 concentrations repeated 3 times) measured
on the same day. % RSD of 9 determinations (3 concentrations
repeated 3 times) measured in the three consecutive days.

below 1.10% (Fig. S6t). This confirms the stability of the fluo-
rophore under the selected experimental conditions and
supports the reliability of the analytical method.

Selectivity assessments were carried out by analyzing the fluo-
rescence signal of common pharmaceutical excipients and
potential interferents typically encountered in linagliptin formu-
lations and biological matrices. As shown in (Fig. 6), potential
interferents, including common tablet excipients, (starch, lactose,
magnesium stearate, cellulose, sodium lauryl sulfate) and biolog-
ical matrix components (Na*, K*, Ca®>", Mg>", Ni**, S0,>7, PO,*")
produced negligible fluorescence quenching (<2%) compared to
linagliptin (67%). Selectivity investigations were extended to clin-
ically relevant interferents. Primary amines (glycine, alanine)
showed minimal interference (<3%), while ethanolamine
produced slightly higher quenching (<5%). Co-administered
antidiabetics demonstrated moderate interference (empagli-
flozin: <9%, metformin: <8%), while structurally similar DPP-4
inhibitors exhibited the highest interference (sitagliptin: <13%,
saxagliptin: <14%) as expected due to their similar molecular
structures. This level of interference remains acceptable for accu-
rate analysis. Antibiotics (ciprofloxacin: <8%, amoxicillin: <6%)
and pooled plasma (<3%) showed sufficiently low interference to
permit reliable determination in biological matrices. These results
validate the method's selectivity in pharmaceutical formulations
and biological samples containing multiple medications.

The validation results collectively demonstrate that the
developed fluorescence quenching method using eosin Y
provides a reliable, sensitive, and selective analytical tool for
linagliptin determination, fulfilling all requirements for phar-
maceutical quality control and bioanalytical applications.

3.5. Application to pharmaceutical formulations and spiked
plasma samples

The optimized and validated fluorescence quenching method
was successfully applied for the determination of linagliptin in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Selectivity of the eosin Y-based fluorescence quenching
method. Bar chart demonstrating the significant quenching efficiency
of linagliptin (1.5 pg mL™, 67%) compared to minimal interference
from pharmaceutical excipients and ions (<2%), primary amines (<5%),
antibiotics (<8%), co-administered antidiabetics (<9%), and other DPP-
4 inhibitors (<14%), confirming the method's selectivity for pharma-
ceutical and biological analysis. All potential interferents were tested at
10-fold excess concentration (15 pug mL™Y) relative to linagliptin.

commercial pharmaceutical preparations (Trajenta® tablets)
and in spiked human plasma samples, demonstrating its
practical utility for both quality control and bioanalytical
applications.

3.5.1. Analysis of pharmaceutical formulation. The devel-
oped method was able to determine linagliptin content in
Trajenta® tablets with excellent accuracy, yielding a mean
recovery of 100.30 + 1.344% (n = 5), which falls well within
pharmaceutical acceptance criteria. To evaluate the reliability of
our method, statistical comparison with a previously reported
HPLC method* was performed using multiple statistical tests
(Table 3). The calculated Student's ¢-value (0.311) was lower
than the tabulated value (2.306) at the 95% confidence level,
indicating no significant difference in accuracy between the
methods. Similarly, the calculated F-value (1.775) was below the
critical value (6.338), confirming comparable precision between
the two analytical approaches.

Further validation of method equivalence was conducted
through interval hypothesis testing as shown in (Table 3). The
calculated lower (f;, = —1.499) and upper (fy = 1.967) confi-
dence limits fell within the predetermined acceptance range of
+2%, demonstrating that any differences between the methods
were analytically insignificant. These comprehensive statistical
analyses confirm the reliability of the proposed fluorescence
quenching method for the routine quality control analysis of
linagliptin in pharmaceutical dosage forms.

3.5.2. Analysis of spiked plasma samples. The method's
applicability to biological samples was demonstrated through
analysis of linagliptin in spiked human plasma. A plasma

RSC Adv, 2025, 15, 16323-16336 | 16331
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calibration curve was constructed by spiking drug-free plasma
with known concentrations of linagliptin (0.1-3.0 pg mL™") and
processing through the extraction procedure. As shown in
Fig. 7A, the fluorescence emission spectra of eosin Y alone and
eosin Y with blank plasma extract were nearly identical, con-
firming minimal interference from endogenous plasma
components. Upon addition of increasing concentrations of
linagliptin, a progressive decrease in fluorescence intensity was
observed, providing visual confirmation of the concentration-
dependent “turn-off” sensing mechanism in biological
matrices. The plasma calibration curve (Fig. 7B) demonstrated
excellent linearity across the concentration range of 0.1-3.0 pg
mL ™" with a regression equation of Fy/F = 1.3427[C] + 0.9393 (r*
= 0.9998), where [C] is the concentration of linagliptin in pg
mL ", The small error bars, representing standard deviations
from three independent determinations, highlight the
method's precision and reproducibility even in complex bio-
logical matrices.

The method achieved satisfactory recoveries across the
concentration range of 0.20-2.00 pg mL ™" in spiked plasma
samples. The mean recoveries ranged from 95.51% to 104.75%,
with RSD values between 0.661% and 2.340%, indicating
excellent reproducibility and accuracy in complex biological
matrices (Table 4). All recovery values were within the accept-
able range for bioanalytical methods (85-115%), confirming the
method's reliability for potential clinical and pharmacokinetic
studies.

While the method demonstrated satisfactory recovery from
pooled plasma samples, it is important to acknowledge that
biological matrices exhibit considerable inter-individual

View Article Online
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Table 4 Recovery studies of linagliptin from spiked human plasma
samples using the developed fluorescence quenching method

Spiked (ug mL~") Found (ug mL~') Recovery (%) RSD (n = 3, %)

0.10 0.096 95.51 2.136
0.20 0.193 96.55 1.856
0.30 0.312 104.05 1.862
0.50 0.481 96.25 0.661
1.00 1.048 104.75 2.340
2.00 1.987 99.36 1.083

variability. Endogenous reductants (ascorbic acid, uric acid),
amino acids (particularly cysteine, tryptophan, and tyrosine),
and other plasma constituents have been reported to interact
with eosin Y through various quenching mechanisms.** The
concentrations of these potential interferents fluctuate signifi-
cantly between patients and can be influenced by factors such
as diet, medication use, and pathophysiological conditions.
This biological variability represents a limitation that should be
considered when extending the method to clinical applications.
For therapeutic drug monitoring or pharmacokinetic studies in
diverse patient populations, matrix-matched calibration
approaches or standard addition techniques may be necessary
to mitigate these matrix-specific effects.

3.6. Environmental impact and analytical practicality
assessment

The environmental sustainability of the developed eosin Y-
based fluorescence quenching method for linagliptin

Table 3 Statistical comparison between the developed fluorescence quenching method and reported HPLC method for linagliptin determi-

nation in pharmaceutical formulation using different statistical tests

Method Mean” SD t-Test (2.306) © P value Fvalue (6.338) © P value 6.4 6y?
Developed method 100.30 1.344 0.311 0.764 1.775 0.592 —1.499 1.967
Reported method ¢ 100.07 1.009

“ The HPLC method was reproduced according to the procedure reported in ref. 16. ® Average of five determinations. ¢ The values in parenthesis are

tabulated values of “¢“and “F” at (P = 0.05).
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(A) Representative fluorescence emission spectra (ex = 305 nm) showing: (a) eosin Y alone, (b) eosin Y with blank plasma extract, and (c—f)

eosin Y with plasma samples spiked with linagliptin at final concentrations of 0.25, 0.5, 1.0, and 2.0 pg mL™?, respectively. (B) Calibration curve
showing the linear relationship between Fo/F and linagliptin concentration (0.1-3.0 ug mL™). Each point represents the mean of three inde-

pendent determinations (error bars represent +SD).
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determination was comprehensively evaluated using three
complementary assessment tools: AGREE, MOGAPI, and BAGI
(Table 5). An AGREE greenness score of 0.73 was achieved by the
proposed method, which was found to be substantially higher
than those obtained for conventional HPLC-UV (0.61),'° LC-MS/
MS (0.60)*® and NBD-CI derivatization fluorescence method>®
(0.5) techniques (Table 5). This superior environmental perfor-
mance can be attributed to several key factors: the predominant
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utilization of water as the primary solvent system, limited
organic solvent consumption (acetonitrile being used solely for
plasma protein precipitation), decreased energy requirements
due to room temperature operation (versus heating at 70 °C for
25 min in the NBD-Cl method), and the inherently low power
consumption of spectrofluorometers. When specific AGREE
criteria were examined, particular strengths were demonstrated

Table5 Greenness and blueness assessment scores of the proposed fluorescent method compared to conventional chromatographic methods

for linagliptin determination using AGREE, MOGAPI, and BAGI tools

Method AGREE MOGAPI BAGI Ref.
Developed method

[Mourad
HPLC-UV et al., 2016]'

[Moussa et al.,
UPLC-MS/MS 2019]18
Spectrofluorimetric [Elmasry
(NBD-CI) et al., 2021

© 2025 The Author(s). Published by the Royal Society of Chemistry
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by the proposed method in the categories of reagent toxicity,
energy consumption, and waste generation.

The MOGAPI assessment further confirmed these environ-
mental benefits with a score of 83 compared to 68 for HPLC-UV,
66 for LC-MS/MS, and 68 for the NBD-CI derivatization method
(Table 5). In the pentagram analysis, predominantly green and
yellow sections were revealed for the proposed approach,
especially regarding reagent consumption, energy usage, and
waste generation. The NBD-Cl derivatization method showed
particular limitations in energy efficiency due to its heating
requirements and higher reagent consumption associated with
the derivatization step.

The practical applicability was assessed using BAGI, wherein
a score of 77.5 was obtained for the proposed method, which
was positioned between HPLC-UV (80), LC-MS/MS (75.0), and
NBD-Cl fluorescence method (67.5) (Table 5). Although slightly
lower than HPLC-UV, both the more sophisticated UPLC-MS/MS
approach and the derivatization-based fluorescence method
were outperformed by the developed direct quenching method
in terms of overall practical utility. The NBD-CI method offered
better sensitivity but required longer analysis time (25 min
versus 5 min) and additional derivatization steps.

Several practical advantages were demonstrated by the
proposed method, including significantly reduced instrumen-
tation costs compared to chromatographic systems, minimal
maintenance requirements, rapid analysis time (approximately
5 min per sample versus 25 min for NBD-Cl method), and low
reagent consumption. These practical benefits can be particu-
larly valuable for laboratories with limited resources where
sophisticated chromatographic instrumentation may not be
accessible. Certain limitations were reflected in the comparative
BAGI scores, primarily related to single-analyte determination
capability (compared to Elmasry's method that allows simulta-
neous determination of linagliptin and empagliflozin) and
manual sample preparation requirements. However, these
limitations were counterbalanced by high analytical perfor-
mance characteristics and simpler methodology.

3.7. Comparison with reported literature

The developed fluorescence-based method for linagliptin
determination using eosin Y quenching offers specific advan-
tages compared to previously reported methods. As shown in
Table 6, the method provides sensitivity with LOD and LOQ
values of 0.0315 and 0.0946 ug mL ™, respectively, which meets
the requirements for pharmaceutical quality control and most
clinical applications.

The sensitivity of the proposed method is lower than the
work reported by Elmasry et al. using the NBD-Cl derivatization
approach (LOD = 0.884 ng mL ™", linear range 3-700 ng mL ™"
for linagliptin) and other derivatization-based methods, as
presented in Table 6. This difference in sensitivity is attributed
to the inherent amplification effect achieved through derivati-
zation, where each linagliptin molecule is converted to a highly
fluorescent derivative. In contrast, the proposed method relies
on a direct quenching approach that depends on the intrinsic
interaction between linagliptin and eosin Y without signal

© 2025 The Author(s). Published by the Royal Society of Chemistry
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amplification. Despite the lower sensitivity, the proposed
method offers advantages in terms of simplicity (derivatization
steps are avoided), speed (5 minutes versus 25-45 minutes
including derivatization), and environmental impact (room
temperature operation versus heating at 70 °C) as highlighted in
Table 6. For pharmaceutical quality control and most clinical
applications, the sensitivity of the method is sufficient.
However, for specialized applications requiring ultrahigh
sensitivity, such as pharmacokinetic studies examining
terminal elimination phases, derivatization approaches might
be preferred despite their procedural complexities.

The spectrophotometric method using p-dimethylamino-
benzaldehyde (PDAB) demonstrates acceptable precision and
accuracy, but its sensitivity (LOD: 1.58 pg mL™ ") is 50 times
lower compared to the spectrofluorimetric methods. Complex
mobile phase compositions and specialized instrumentation
are required by chromatographic methods like HPLC-UV and
LC-MS/MS, making them less accessible for routine analysis in
some laboratories.

The optimization of reaction conditions using Box-Behnken
experimental design in the proposed method represents
a systematic approach to method development, ensuring
optimal sensitivity and robustness within the limitations of
anon-derivatized approach. In conclusion, when comparing the
analytical performance parameters, the proposed fluorescence-
based method using eosin Y quenching offers a rapid (5 min
analysis time), room-temperature, and environmentally friendly
alternative to existing methods for linagliptin determination in
pharmaceutical and biological samples.

4. Conclusion

In this study, a highly sensitive and selective “turn-off” fluo-
rescence quenching method was developed and validated for
the determination of the antidiabetic drug linagliptin using
eosin Y as the fluorescent probe. The sensing mechanism was
elucidated through Stern-Volmer analysis, Job's method, and
thermodynamic studies, revealing a static quenching process
driven by the formation of a 1:1 non-fluorescent linagliptin—
eosin Y complex. The influencing factors, including pH, buffer
volume, eosin Y concentration, and incubation time, were
optimized using a Box-Behnken experimental design, leading
to enhanced analytical performance. The method demonstrated
excellent linearity in the range of 0.1-3.0 pg mL ™", with a low
limit of detection of 0.03 pg mL ™", and satisfactory accuracy and
precision, in accordance with ICH guidelines. The developed
fluorescence quenching method was successfully applied for
the determination of linagliptin in pharmaceutical dosage
forms and spiked human plasma samples, with reliable
recovery and reproducibility. Furthermore, a comprehensive
evaluation of the environmental impact and analytical practi-
cality of the proposed method was conducted using the AGREE,
MOGAPI, and BAGI assessment tools. The results confirmed the
“green” and “blue” analytical profile of the developed
fluorescence-based approach, which exhibited superior envi-
ronmental sustainability and practical utility compared to
conventional HPLC-UV and LC-MS/MS techniques. These
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findings establish the eosin Y-based fluorescence quenching
method as a viable and environmentally friendly alternative for
the routine analysis of linagliptin in various pharmaceutical
and bioanalytical applications.

While several advantages are offered by the developed ‘turn-
off’ fluorescence quenching method, its inherent limitations
must be acknowledged. Unlike ‘turn-on’ systems, fluorescence
reduction can potentially be caused by factors other than ana-
lyte-probe interaction, including environmental changes
(particularly pH variations) or non-specific quenching mecha-
nisms. These concerns were addressed through multiple
control measures: measurements were performed against
reagent blanks, pH was strictly controlled (+£0.05 units), and
selectivity was assessed with structurally diverse compounds at
concentrations exceeding linagliptin by 10-fold. Additional
limitations include the need for manual sample preparation
and the single-analyte determination capability, which may be
addressed through future investigations. Background interfer-
ence in plasma samples due to incomplete quenching and
matrix autofluorescence necessitated significant sample dilu-
tion, which may limit sensitivity compared to some ‘turn-on’
methodologies. Furthermore, the applicability of the method to
other antidiabetic drugs or complex biological samples
warrants further exploration. However, the overall results
demonstrate the analytical and environmental merits of the
developed fluorescence-based approach, offering a promising
solution for the sensitive and sustainable determination of
linagliptin particularly in resource-limited settings.
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