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ABSTRACT

Background:The widespread availability of branded and generic antidiabetic tablet formulations
has increased the need for rapid, reliable, and cost-effective analytical methods to ensure their
authenticity and quality. Conventional quality evaluation techniques are often time-consuming,
destructive, and require extensive sample preparation. Chemometric-Assisted Attenuated total
Reflectance Fourier Transform Infrared (ATR-FTIR) spectroscopy offers a rapid, non-destructive,
and environmentally friendly approach for the authentication and quality assessment of
pharmaceutical formulations. Objectives: The present study aimed to develop a rapid,
non-destructive, and environmentally sustainable analytical approach for the authentication
and quality evaluation of marketed antidiabetic tablet formulations using ATR-FTIR spectroscopy
coupled with chemometric techniques. Materials and Methods: Commercially available
branded and generic formulations containing vildagliptin and metformin, teneligliptin and
metformin, and dapagliflozin and metformin combinations were analyzed. ATR-FTIR spectra were
acquired over the range of 4000-400 cm~" and subjected to spectral preprocessing including
baseline correction, Savitzky-Golay smoothing, standard normal variate transformation,
normalization, derivative processing, and mean centering. Principal Component Analysis (PCA),
Hierarchical Cluster Analysis (HCA), and Partial Least Squares-Discriminant Analysis (PLS-DA)
were employed for classification and authentication of formulations. Results: PCA demonstrated
effective discrimination among formulations, with cumulative variances of 93.5%, 79.5%, and
94.3% for vildagliptin and metformin, teneligliptin and metformin, and dapagliflozin and
metformin products, respectively. HCA generated distinct clustering patterns corresponding
to branded and generic products, particularly for vildagliptin and metformin formulations.
PLS-DA models exhibited excellent classification performance with high accuracy, sensitivity,
and specificity. Conclusion: The findings indicate that ATR-FTIR spectroscopy combined with
chemometric modeling provides a rapid, cost-effective, and green analytical platform for
pharmaceutical authentication and quality assessment. The developed approach may serve as a
reliable alternative to conventional chromatographic techniques for routine quality control and
counterfeit detection.
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INTRODUCTION

Diabetes Mellitus (DM) is a chronic metabolic disorder
marked by persistent hyperglycaemia, arising from impaired
insulin secretion, impaired insulin action, or both. It is now
among the fastest-growing health concerns worldwide, with
a heavy toll on morbidity, mortality, and healthcare spending.
Chronic hyperglycaemia drives microvascular complications
such as nephropathy, retinopathy, and neuropathy, along with
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macrovascular disease including coronary artery disease and
stroke. Type 2 Diabetes Mellitus (T2DM) accounts for roughly
90-95% of all diabetes cases and results from progressive insulin
resistance and pancreatic -cell dysfunction, which is why most
patients require long-term pharmacological treatment to control
blood glucose and limit complications (Chaudhury et al., 2017;
Galicia-Garcia et al., 2020; WHO, 2024a).

T2DM treatment has shifted toward oral agents that work
through complementary mechanisms. Fixed-dose combinations
of metformin with Dipeptidyl Peptidase-4 (DPP-4) inhibitors
such as vildagliptin and teneligliptin, or with the Sodium-Glucose
Cotransporter-2  (SGLT2) inhibitor dapagliflozin, are now
widely prescribed because they improve efficacy and make it
easier for patients to stay on treatment. Generic versions have
made these combinations far more accessible, but differences
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in manufacturing, excipients, storage, and production methods
can still alter a products physicochemical properties. That is
why rapid, reliable, and environmentally sustainable methods
for authenticating and evaluating marketed formulations matter
(USFDA, 2021; WHO, 2024b).

Pharmaceutical quality control still relies
chromatographic techniques such as High-Performance Liquid
Chromatography (HPLC), Gas Chromatography (GC), and Liquid

Chromatography-Mass Spectrometry (LC-MS). These methods

mainly on

are sensitive and accurate, but they demand extensive sample
preparation, expensive instrumentation, trained personnel, and
large volumes of hazardous solvents. That makes them poorly
suited to rapid screening or high-throughput analysis, and has
pushed the field toward simpler, faster, non-destructive, and
greener alternatives (Stuart, 2004; Bunaciu et al., 2010; Magalhaes
etal.,2021).

Among  spectroscopic Fourier = Transform

Infrared (FTIR) spectroscopy stands out for pharmaceutical

techniques,

characterization because it captures a molecular fingerprint
based on how chemical bonds vibrate. It can identify functional
groups, characterize active pharmaceutical ingredients, check
drug-excipient compatibility, and assess formulation integrity
with little or no sample preparation. Attenuated total reflectance
Fourier transform infrared (ATR-FTIR) in particular has
become popular in pharmaceutical analysis for its simplicity,
reproducibility, speed, and fit with green analytical chemistry.
Because ATR-FTIR spectra are so reproducible, the technique
works well for routine quality control and counterfeit drug
detection (Bunaciu et al., 2010; Magalhaes et al., 2021; Bro &
Smilde, 2014; Brereton & Lloyd, 2014; Rohman & Che Man,
2012; Sherif et al., 2020).

FTIR spectra, though, contain hundreds of highly correlated
variables that conventional univariate statistics cannot interpret
well. Chemometrics gets around this by combining multivariate
statistics, mathematics, and computation to pull meaningful
information out of complex analytical datasets. Unsupervised
methods such as Principal Component Analysis (PCA) and
Hierarchical Cluster Analysis (HCA) reveal similarities and
natural groupings among samples, while supervised techniques
such as Partial Least Squares-Discriminant Analysis (PLS-DA)
sharpen classification accuracy and point to which spectral
variables actually drive sample discrimination. Pairing FTIR
with chemometrics has become a standard approach for
pharmaceutical authentication, classification,
adulteration detection, and quality evaluation (Fatmarahmi et
al., 2022; Ahmad, 2025; Smith, 2011; Griffiths & de Haseth, 2007;
Skoog et al., 2018; Brereton, 2018; Beebe et al., 1998).

formulation

FTIR and ATR-FTIR coupled with chemometrics have already
been used to authenticate pharmaceutical formulations, herbal
medicines, edible oils, and other complex matrices. PCA,
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HCA, PLS regression, and PLS-DA classify samples quickly
and accurately while cutting down on sample preparation and
solvent use. These spectroscopic methods generally agree well
with conventional chromatographic results and fit naturally
within green analytical chemistry. Portable instrumentation has
also pushed the technique toward real-time quality monitoring
and counterfeit detection. Even so, few studies have compared
and classified commercially available fixed-dose antidiabetic
formulations that combine metformin with vildagliptin,
teneligliptin, or dapagliflozin using an integrated ATR-FTIR-
chemometric approach. That gap matters because rapid
discrimination between marketed formulations can meaningfully
strengthen pharmaceutical quality assurance and regulatory
oversight (Otto, 2017; Miller & Miller, 2018; Eriksson et al.,
2013; Wold et al., 2001; Yuliani et al., 2018; Rohman et al., 2017;
Darbandi & Sohrabi, 2024; Attia et al., 2022; Palur et al., 2020;
Madbouly et al., 2024; Pruksapha et al., 2023; Tiernan et al., 2020).

This study set out to develop and evaluate a rapid, non-destructive,
and environmentally sustainable strategy, based on ATR-FTIR
spectroscopy coupled with chemometrics, for authenticating
and classifying commercially available antidiabetic tablet
formulations. PCA, HCA, and PLS-DA were used to examine
spectral variability, classify the formulations, and pinpoint which
spectral regions drove the discrimination among the different
antidiabetic combinations. The goal was a method that offers a
fast, affordable, and reliable alternative for routine pharmaceutical
quality assessment and counterfeit drug detection (Figure 1).

Pairing vibrational spectroscopy with chemometrics has become
a practical way to assess pharmaceutical quality without the cost
and solvent use of chromatography, and ATR-FTIR combined
with PCA, HCA, PLSR, and PLS-DA has already been applied
to pharmaceuticals, herbal products, and food matrices with
good predictive accuracy. Few studies, however, have looked
specifically at fixed-dose antidiabetic formulations combining
metformin with vildagliptin, teneligliptin, or dapagliflozin using
this combined approach - the gap this study addresses (Haaren
et al., 2023; Be¢ et al., 2021; Pasquini, 2018; Deidda et al., 2019).

Therefore, the present study aimed to investigate the applicability
of ATR-FTIR
chemometric techniques for rapid authentication, classification,
tablet
formulations containing vildagliptin and metformin, teneligliptin

spectroscopy combined with multivariate
and quality evaluation of marketed antidiabetic

and metformin, and dapagliflozin and metformin.

MATERIALS AND METHODS

Materials

Marketed antidiabetic tablet formulations containing vildagliptin
(50 mg) + metformin (500 mg), teneligliptin (20 mg) + metformin
(500 mg), and dapagliflozin (10 mg) + metformin (1000 mg) were
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procured from licensed pharmacies. Both branded and generic

formulations were included for comparative evaluation.

Instrumentation

ATR-FTIR spectra were acquired using a Nicolet iS50 FTIR
spectrophotometer (Thermo Fisher Scientific, USA) equipped
with a diamond ATR accessory and OMNIC software. Spectra
were recorded over the range of 4000-400 cm™ at a resolution of 4

cm using 10 scans per sample.

Ethical Statement

Ethical approval was not required for this study because it involved
only the analysis of commercially available pharmaceutical tablet
formulations without the involvement of human participants,

animals, or patient-derived materials.

Sample Preparation

Twenty tablets from each formulation were randomly selected
and finely powdered. The powders were homogenized and passed
through a 60-mesh sieve. Approximately 10-20 mg of sample
was placed directly on the ATR crystal and analyzed without
additional sample preparation.

Spectral Acquisition

A background spectrum was collected before each analysis.
Triplicate spectra were recorded for every formulation and
averaged to improve reproducibility. Spectral data were exported

for subsequent chemometric analysis.

Spectral Preprocessing

To minimize instrumental and sample-related variations, spectra
were subjected to baseline correction, Savitzky-Golay smoothing,
standard normal variate transformation, min-max normalization,
derivative processing, and mean centering.

Chemometric Analysis

PCA was performed to reduce dimensionality and visualize
clustering patterns among formulations. HCA was employed
to evaluate similarities among formulations using Euclidean
distance and Ward’s linkage method. PLS-DA was used as a
supervised classification technique for discrimination of branded
and generic formulations.

Model Validation

FTIR spectral method was validated using specificity, precision,
correlation coeflicient (r), robustness and reproducibility. PLS-DA
models were validated using leave-one-out cross-validation.
Performance was assessed using accuracy, sensitivity, specificity,
precision, F1-score, confusion matrix.

Statistical Analysis

Al FTIR spectra were preprocessed using baseline correction and
vector normalization before chemometric analysis. PCA, HCA,
and PLS-DA were performed using Unscrambler X software.
Leave-One-Out Cross-Validation (LOOCV) was employed
for model validation. Model performance was assessed using
sensitivity, specificity, precision, Fl-score, and classification
accuracy.

Figure 1: FTIR Instrumentation. shows the FTIR instrument used in this work.

International Journal of Pharmaceutical Investigation, Vol 17, Issue 1, Jan-Mar, 2027

383



Ravula, et al.: Chemometric ATR-FTIR Authentication of Antidiabetic Tablets

RESULTS

ATR-FTIR Spectral Characterization
Figures 2-4 illustrate the stacked (a) and overlay (b) ATR-FTIR

spectra of all tablet formulations recorded over the spectral range
0f 4000-400 cm~".

The exhibited bands

corresponding to both Active Pharmaceutical Ingredients (APIs)

spectra characteristic ~absorption

and excipients.

Principal Component Analysis

PCA was performed on FTIR spectral data obtained from
marketed tablet formulations to investigate similarities and
differences among branded and generic products. Figures 5-7
present the PCA results, including the scree plot (a), loading
plots (b), and score plots (c) of three marketed antidiabetic tablet

Hierarchical Cluster Analysis

HCA was performed on the FTIR spectral data of marketed tablet
formulations using Ward's linkage method and it consists of HCA
dendrogram and HCA heatmap analysis. Figures 8-10 present the
HCA dendrograms (a) and corresponding heatmaps (b) for the
three marketed antidiabetic tablet formulations evaluated in this
study.

Partial Least Squares-Discriminant Analysis

Partial Least Squares-Discriminant Analysis (PLS-DA) was
applied to the FTIR spectral dataset of branded and generic
tablet formulations to evaluate their classification and identify
the spectral regions responsible for discrimination. Figures 11-13
illustrate the PLS-DA results for the three marketed antidiabetic
tablet formulations. Each Figure comprises the PLS-DA score
plot (a), LOOCV confusion matrix (b), Variable Importance in
Projection (VIP) score spectrum (c), and the top discriminating

formulations. wavenumber bands (d), respectively.
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Figure 2a: Stacked FTIR spectrum of vildagliptin + metformin (50 mg/500 mg) tablets.
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Figure 2b: Overlay FTIR spectrum of vildagliptin + metformin (50 mg/500 mg) tablets.
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Figure 3a: Stacked FTIR spectrum of teneligliptin + metformin (20 mg/500 mg) tablets.
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Figure 3b: Overlay FTIR spectrum of teneligliptin + metformin (20 mg/500 mg) tablets.
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Figure 4a: Stacked FTIR spectrum of dapagliflozin + metformin (10 mg/1000 mg) tablets.
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Figure 4b: Overlay FTIR spectrum of dapagliflozin + metformin (10 mg/1000 mg) tablets.

Validation of FTIR method - Chemometric Models

Validation confirms that the developed FTIR-chemometric
method is reliable, reproducible, and suitable for pharmaceutical
quality analysis. For FTIR coupled with PCA/PLS, validation
includes: Spectroscopic method validation and Chemometric
model validation.

The FTIR method was validated according to International
Council for Harmonization (ICH) Q2(R?) principles adapted for
spectroscopic fingerprinting and chemometric authentication
and results were summarized in the Table 1.

PCA Model Validation results were shown in Table 2.
HCA Model Validation results were summarized in Table 3.

PLS-DA Model Validation results were shown in Table 4.

DISCUSSION

The ATR crystal surface was cleaned with methanol and lint-free
tissue before each measurement. A background spectrum
was recorded before sample analysis. Approximately 10-20
mg of powdered tablet sample was placed on the ATR crystal.
Uniform pressure was applied using the pressure arm. Spectra
were recorded in transmittance mode. Three replicate spectra
were obtained for each formulation to ensure reproducibility.
The average spectrum was used for subsequent chemometric
analysis. After each measurement, the ATR crystal was cleaned
thoroughly to prevent cross-contamination. The acquired spectra
were exported in suitable digital formats for preprocessing and
chemometric evaluation.

The stacked and overlay ATR-FTIR spectra of marketed

dapagliflozin-metformin, teneligliptin-metformin, and

vildagliptin-metformin tablet formulations demonstrated highly
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comparable spectral profiles, indicating the presence of common
active pharmaceutical ingredients and similar excipient matrices
across both branded and generic products. Characteristic
absorption bands were consistently observed in the region of
3380-3150 cm™', corresponding to O-H and N-H stretching
vibrations associated with metformin and hydrogen-bonded
functional groups. Distinct bands around 1620-1560 cm~" were
attributed to C=N and N-H bending vibrations of the guanidine
moiety of metformin, while peaks in the 1470-1410 cm™" region
corresponded to C-N stretching and C-H bending vibrations.
Strong absorptions observed between 1165 and 1000 cm™
were assigned to C-O-C, C-N, and C-O stretching vibrations
characteristic of dapagliflozin, teneligliptin, vildagliptin, and
formulation excipients. The fingerprint region (1000-400 cm~—")
exhibited minor variations in peak intensity and position among
different marketed products, reflecting differences in excipient
composition, manufacturing processes, and formulation
characteristics. Overlay spectra revealed substantial spectral
overlapwithpreservationofallmajor functionalgroupabsorptions,
confirming the chemical integrity and compatibility of the active
ingredients within each formulation category. The stacked spectra
further highlighted subtle inter-brand variations, particularly in
the fingerprint region, which provide discriminatory information
suitable for multivariate chemometric analysis. Overall, the FTIR
spectral patterns confirmed the presence of the intended drug
combinations and demonstrated sufficient spectral similarity for
pharmaceutical equivalence assessment while retaining subtle
differences that can be exploited for authentication and quality
evaluation of branded and generic antidiabetic tablets.

Principal Component Analysis

PCA of the ATR-FTIR spectral datasets effectively differentiated
branded and generic formulations of dapagliflozin-metformin,

International Journal of Pharmaceutical Investigation, Vol 17, Issue 1, Jan-Mar, 2027
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teneligliptin-metformin, and vildagliptin-metformin tablets
while preserving the underlying chemical similarities among
products. For dapagliflozin-metformin formulations, Principal
Components (PC) 1 and PC2 accounted for 87.8% and 6.5%
of the total variance, respectively (94.3% cumulative variance),
indicating that most spectral variability was captured by
the first principal component. The PCA score plot revealed
partial clustering of branded and generic products, with
separation primarily driven by variations in the fingerprint
region (1500-400 cm™), as confirmed by the loading plots. In
teneligliptin-metformin formulations, PC1 and PC2 explained
46.2% and 33.3% of the variance, respectively (79.5% cumulative
variance), demonstrating a more distributed variance structure
and clearer discrimination between branded and generic

products along PC1. The corresponding loading plots indicated
that spectral differences in the regions associated with N-H/O-H
stretching (3400-3000 cm~") and fingerprint vibrations (1600-400
cm~') contributed significantly to sample separation. For
vildagliptin-metformin formulations, PC1 and PC2 accounted
for 73.2% and 20.3% of the variance, respectively (93.5%
cumulative variance), producing distinct clustering of branded
and generic formulations with minimal overlap. The loading
plots highlighted the fingerprint region, particularly 1200-400
cm~', as the major source of discrimination. Overall, the PCA
models demonstrated excellent dimensionality reduction and
revealed formulation-dependent spectral variations attributable
to differences in excipient composition, manufacturing processes,
and tablet matrix characteristics, while confirming the overall

Table 1: Summary of Method Validation Parameter Results.

Parameter Teneligliptin + Vildagliptin +
Metformin Metformin
Spectral Range 4000-400 cm~—* 4000-400 cm™*
Specificity Distinct FTIR Distinct FTIR
fingerprints fingerprints
observed observed
Repeatability (%RSD) 0.82 0.75

Intermediate 1.15 1.10
Precision (%RSD)

Dapagliflozin + Acceptance Interpretation
Metformin Criteria

4000-400 cm™* Fixed Complied
Distinct FTIR No spectral Passed
fingerprints interference

observed

0.80 <2% Passed
1.20 <3% Passed
0.68 <2% Passed
0.9998 >0.99 Passed
No significant Consistent Passed
variation observed  spectra

Excellent Consistent Passed

spectral pattern

Instrument Precision  0.65 0.62

(%RSD)

Spectral Correlation ~ 0.9994 0.9990

Coefhicient (r)

Robustness No significant No significant
variation observed  variation

observed

Fingerprint Excellent Excellent

Reproducibility

Parameter Vildagliptin - Metformin

PC1 Variance (%)
PC2 Variance (%)

Total Variance
(PC1+PC2) (%)

Variance Used for HCA

(%)

Cluster Separation

Outliers Detected

PCA Model Robustness

Authentication
Capability

Table 2: PCA Model Validation Results.

formulations
73.2
20.3
93.5

97.1
Complete separation of branded
and generic formulations

No significant outlier

Excellent

Excellent

Teneligliptin -Metformin
formulations

46.2
333
79.5

96.2
Complete separation of branded
and generic formulations

No significant outlier

Very Good
Very Good

International Journal of Pharmaceutical Investigation, Vol 17, Issue 1, Jan-Mar, 2027

Dapagliflozin - Metformin
formulations

87.8
6.5
94.3

97.7

Complete separation of branded
and generic formulations

DAPANORM-MS5 identified as
outlier

Excellent
Good

387



Ravula, et al.: Chemometric ATR-FTIR Authentication of Antidiabetic Tablets

Validation
Parameter

Variance Used for

HCA

Number of Major

Clusters

Brand-Generic
Separation

Within-Group
Similarity

Between-Group
Dissimilarity
Cluster Stability

Branded Cluster
Formation

Generic Cluster
Formation

Validation Parameter

Table 3: HCA Model Validation Parameters.

Vildagliptin-Metformin
formulations

First 3 PCs = 97.1%
cumulative variance

2 major clusters

Complete separation; branded
and generic merge only at
Ward distance ~12

High within-group similarity
(distance 2.15-3.13)

High (distance 7.18-9.69)

Excellent

Strong (Distinct compact
cluster (Intaglip-M, Jalra-M,
Vildagard M))

Strong (Distinct cluster

(Vildaze-M, Vildader-Met,
Vildanorm))

Teneligliptin-Metformin
formulations

First 4 PCs = 96.2% cumulative
variance

2 major clusters

Strong separation; final merge at
Ward distance =11.5

Moderate-to-high similarity
(distance 2.24-5.53)

High (distance 7.42-11.10)

Very Good

Strong (Distinct cluster
(Dynaglipt-M, Teniva-M) with
Tenlimac-M showing overlap)
Strong (Predominantly generic
cluster (Tenebetic-M, Tenepla-M,
Tinleofin-M))

Table 4: PLS-DA Model Validation Results.

Vildagliptin - Metformin
formulations

LOOCYV Accuracy (%) 100.0
Sensitivity (%) 100.0
Specificity (%) 100.0
Precision (%) 100.0

F1 Score 1.00
Misclassification Rate (%) 0.0
Correctly Classified Samples 6/6
Incorrectly Classified Samples 0/6
Classification Performance Excellent

formulations
66.7

66.7

66.7

66.7

0.67

33.3

4/6

2/6

Moderate

PCA Scree Plot — V+M

Dapagliflozin-Metformin
formulations

First 3 PCs = 97.7% cumulative
variance

2 major clusters + 1 outlier

Weak-to-moderate separation;
mixed cluster observed

Generic group highly similar
(distance =1.57); branded group
variable

Moderate (distance varies widely
due to mixed clustering)
Moderate

Weak (No compact branded

cluster; high dispersion among
branded products)

Very Strong Compact generic
cluster (DAPAFORD-10M,
Dapadax-M, Glyfloz-M)

Teneligliptin - Metformin Dapagliflozin -

Metformin formulations
33.3

33.3

33.3

33.3

0.33

66.7

2/6

4/6

Poor

® - 100

- 60

B Individual
—®— Cumulative

- 40

Explained Variance (%)

20.3%

Cumulative Explained Variance (%)

- 20

0.0%
T

Principal Component

Figure 5a: PCA scree plot of vildagliptin and metformin formulations.
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Figure 5b: PCA loading plot of vildagliptin and metformin formulations.
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Figure 5c: PCA score plot of vildagliptin and metformin formulations.

compositional similarity expected among products containing
the same active pharmaceutical ingredients. These findings
support the suitability of FTIR-PCA as a rapid, non-destructive
chemometric tool for authentication, classification, and quality
evaluation of marketed antidiabetic tablet formulations.

Hierarchical Cluster Analysis

HCA of the ATR-FTIR spectral datasets further confirmed
the discriminatory capability of FTIR spectroscopy for
authentication and evaluation of marketed
antidiabetic formulations. For the dapagliflozin-metformin
tablets, the dendrogram generated using Ward’s linkage and
principal component scores explaining 97.7% of the total

variance revealed two major clusters, with Dapadax-M and

comparative

International Journal of Pharmaceutical Investigation, Vol 17, Issue 1, Jan-Mar, 2027

Dapaford-10M exhibiting the highest similarity (Euclidean
distance = 1.57), while Dapanorm-M5 formed a distinctly
separated cluster, indicating greater spectral divergence from the
remaining formulations. The heatmap analysis corroborated these
findings, showing substantially higher inter-sample distances
between Dapanorm-M5 and the other products (27.12-34.95).
In the teneligliptin-metformin group, HCA based on four
principal components explaining 96.2% of the variance identified
clear clustering patterns, where Tenlimac-M and Tinleofin-M
demonstrated the greatest similarity (distance = 2.24), while
Dynaglipt-M and Teniva-M formed a separate branded cluster.
The relatively high distances observed between branded and
generic formulations (7.42-11.10) suggest notable differences in

excipient composition and manufacturing characteristics despite
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containing identical active pharmaceutical ingredients. Similarly,
for the vildagliptin-metformin formulations, HCA performed on
three principal components accounting for 97.1% of the variance
produced two well-defined clusters corresponding predominantly
to branded and generic products. Jalra-M and Vildgard-M
exhibited strong similarity (distance = 2.39), while Vildader-Met
and Vildanorm clustered closely together (distance = 2.15). The
largest distances were observed between Vildgard-M and generic
formulations (up to 9.69), indicating distinct spectral differences
in formulation matrices. Overall, the HCA dendrograms and
Euclidean distance heatmaps demonstrated high within-group
similarity and substantial between-group dissimilarity, effectively
differentiating branded and generic formulations. These findings
confirm that ATR-FTIR spectral fingerprints combined with

HCA provide a robust and reliable approach for pharmaceutical
authentication, formulation classification, and quality evaluation
of marketed antidiabetic tablets.

Partial Least Squares-Discriminant Analysis

PLS-DA was employed to evaluate the classification performance
of ATR-FTIR spectral data for differentiating branded and generic
antidiabetic tablet formulations. For the dapagliflozin-metformin
products, the PLS-DA score plot demonstrated partial separation
between branded and generic formulations along the latent
variables; however, the LOOCV confusion matrix yielded a
classification accuracy of only 33.3%, indicating considerable
overlap in spectral characteristics and limited predictive
discrimination. The VIP analysis identified the spectral
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Hierarchical Cluster Analysis — T+M
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Figure 9b: HCA Heatmap Analysis of teneligliptin and metformin formulations.

regions around 400-454 cm~" and 1000-1100 cm~" as the most
influential variables contributing to class differentiation. In
contrast, the teneligliptin-metformin dataset exhibited improved
discrimination, with the score plot showing clearer clustering of
branded and generic formulations and a LOOCV classification
accuracy of 66.7%. The VIP profile highlighted significant
discriminatory contributions from the regions around 1074-1082
cm™, 411-476 cm™}, 1500-1600 cm~’, and 2900-3200 cm™,
suggesting differences in excipient composition and molecular
interactions among formulations. The vildagliptin-metformin
formulations displayed the most distinct separation, with branded
samples clustered on the positive side of LV1 and generic samples
on the negative side, resulting in complete class discrimination

International Journal of Pharmaceutical Investigation, Vol 17, Issue 1, Jan-Mar, 2027

and a LOOCYV accuracy of 100%. The corresponding confusion
matrix showed zero misclassifications, confirming excellent
model robustness. VIP analysis revealed that the spectral region
around 1002-1020 cm~', together with bands near 1500-1600
cm~' and 400-500 cm~', contributed most significantly to
formulation differentiation. Overall, the PLS-DA results
demonstrated a progressive increase in classification performance
from dapagliflozin-metformin to teneligliptin-metformin
and vildagliptin-metformin formulations, confirming that
ATR-FTIR spectroscopy coupled with chemometric modeling
can effectively discriminate branded and generic pharmaceutical
products, with the highest predictive capability observed for
vildagliptin-metformin tablets.
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Figure 11b: LOOCV confusion matrix of vildagliptin and
metformin tablet formulations.
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Figure 11c: PLS-DA VIP Score spectrum of vildagliptin and metformin tablet formulations.
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Figure 13a: PLS-DA Score Plot of dapagliflozin and metformin tablet formulations.

Validation of FTIR method - Chemometric Models

The Vildagliptin - Metformin PCA model showed the strongest
discriminative performance with complete brand-generic
separation and 93.5% variance explained by PCl and PC2.
The Teneligliptin + Metformin model demonstrated moderate
separation due to overlap between one branded and one generic
formulation. The Dapagliflozin - Metformin model achieved
the highest PC1 variance (87.8%) and overall variance capture
(94.3%), but exhibited weaker class discrimination because of
greater chemical similarity among marketed formulations and
the presence of one outlier sample (DAPANORM-M5).

These HCA validation results demonstrate that Vildagliptin -
Metformin formulations exhibited the strongest brand-generic
discrimination, followed by Teneligliptin - Metformin, whereas
Dapagliflozin - Metformin formulations showed greater spectral

International Journal of Pharmaceutical Investigation, Vol 17, Issue 1, Jan-Mar, 2027

similarity and pharmaceutical equivalence among marketed
products, resulting in weaker cluster separation.

The PLS-DA validation results demonstrated varying classification
performance among the three antidiabetic tablet combinations.
Vildagliptin - metformin exhibited excellent discrimination with
100% accuracy, sensitivity, specificity, precision, and F1 score,
with all samples correctly classified and no misclassifications. This
indicates clear spectral differences between branded and generic
formulations, enabling reliable classification. Teneligliptin -
metformin showed moderate performance, achieving 66.7%
accuracy and an F1 score of 0.67, with four out of six samples
correctly classified. The presence of some misclassified samples
suggests partial overlap between branded and generic spectral
profiles. In contrast, Dapagliflozin - metformin demonstrated
poor classification performance, with only 33.3% accuracy and
an F1 score of 0.33. The high misclassification rate (66.7%)
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indicates substantial spectral similarity between branded and
generic products, limiting the discriminative ability of the model.

Overall, the classification performance followed the order
vildagliptin - metformin > teneligliptin - metformin >
dapagliflozin - metformin, highlighting that the effectiveness
of ATR-FTIR coupled with PLS-DA depends on the extent of
formulation-related spectral differences present in each dosage
form.

CONCLUSION

The present study demonstrated the successful application of
ATR-FTIR spectroscopy coupled with chemometric techniques
for rapid authentication and quality evaluation of marketed
antidiabetic tablet formulations. PCA and HCA effectively
differentiated formulations based on spectral characteristics,
while PLS-DA provided robust classification and prediction
performance. The developed methodology offers a rapid,
non-destructive, environmentally sustainable, and cost-effective
alternative to conventional chromatographic techniques. This
approach has considerable potential for routine pharmaceutical
quality control, counterfeit drug detection, and regulatory
surveillance programs.
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