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Abstract

Analytical techniques are crucial in pharmaceutical quality control, particularly in advanced drug
delivery systems, where drug loading, release, and stability are critical parameters. Among the available
techniques, High Performance Liquid Chromatography (HPLC) remains the established reference method
for determining drug content. However, there is increasing interest in approaches that reduce analysis
time and cost while maintaining compliance with validation requirements. This review compares HPLC
with spectroscopic techniques, including ATR-FTIR, Raman, and UV—Vis, applied in combination with
chemometric tools such as Partial Least Squares Regression (PLSR) and Principal Component Analy-
sis (PCA). These integrated methods are non-destructive, require minimal sample preparation, and allow
quantification of active ingredients, detection of impurities, and assessment of formulation consistency.
This study focuses on integrating chemometric techniques with spectroscopic methods and comparing
their performance with that of HPLC, given evidence that chemometric-assisted spectroscopy can match
the accuracy of HPLC while improving efficiency and sustainability. The review highlights the potential of
these approaches in modern pharmaceutical analysis.
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1. Introduction

amining biomolecules. The method involves
The pharmaceutical industry continu-

comparing the transmitted light of a sample

ally seeks rapid, accurate, and non-destructive
analytical techniques to ensure the quality and
efficacy of pharmaceutical products. Spec-
troscopic methods have emerged as essential
tools in this regard, offering detailed molec-
ular insights without the need for extensive
sample preparation (1-3).

Ultraviolet spectroscopy is a widely
utilized technique in analytical chemistry for
determining analyte concentrations and ex-
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with that of a reference, relying on electronic
transitions between energy states. Its ease of
use and accuracy make it a practical tool for
analyzing conjugated double bonds and aro-
matic conjugations. Although UV detection
is the most straightforward and convenient
method, its low sensitivity and selectivity are
the most limiting problems, especially in phar-
maceutical products (4).

High-performance liquid chromatog-
raphy (HPLC) is a unique technique that re-
mains a cornerstone in pharmaceutical analy-
sis, renowned for its precision in separating
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and quantifying components within complex
mixtures. Its versatility and reliability make
it indispensable for tasks ranging from drug
formulation to stability testing (5). One of
the most common detectors used in HPLC is
Ultraviolet-Visible (UV-VIS) spectroscopy,
which, known for its simplicity and rapid anal-
ysis capabilities, plays a crucial role in quan-
tifying active pharmaceutical ingredients and
assessing drug stability (6, 7) .

Although UV detection is the most
straightforward and convenient method, High-
Performance Liquid Chromatography (HPLC)
is essential for achieving proper separation of
components. High-Performance Liquid Chro-
matography (HPLC) remains a cornerstone in
pharmaceutical analysis, renowned for its pre-
cision in separating and quantifying compo-
nents within complex mixtures. Its versatility
and reliability make it indispensable for tasks
ranging from drug formulation to stability
testing (5).

One of the most common detectors
used in HPLC is Ultraviolet-Visible (UV-Vis)
spectroscopy, which, known for its simplicity
and rapid analysis capabilities, plays a crucial
role in quantifying active pharmaceutical in-
gredients and assessing drug stability (6, 7).

Attenuated Total Reflectance Fourier
Transform Infrared (ATR-FTIR) spectroscopy
provides detailed information about molecu-
lar vibrations, enabling the identification of
functional groups and assessing drug purity.
Raman spectroscopy, non-invasive and com-
patible with aqueous samples, complements
ATR-FTIR and is effective in characterizing
polymorphic forms and monitoring in-process
quality (8-10).

Despite the capabilities of ATR-FTIR,
Raman, and UV—Vis, interpreting spectral data
from complex pharmaceutical formulations
can be challenging. Chemometrics is a branch
of science that utilizes mathematical and sta-
tistical methods to extract useful information
from physical and chemical phenomena in-
volved in a production process (11, 12). Che-
mometrics is considered a valuable tool for
drug discovery, development, design, and syn-
thesis. It can also identify, classify, and predict
the toxicity of various medicinal substances.
Additionally, chemometric methods proved
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suitable for performing multidimensional cali-
bration across spectroscopic, electrochemi-
cal, and chromatographic techniques. Their
use, particularly in interpreting UV-Vis and
near-infrared (NIR) spectra, as well as datas-
ets from other analytical instruments, enables
both the identification and quantitative deter-
mination of active compounds within complex
mixtures. Such applications are critical in the
quality control and analysis of pharmaceutical
products available on the market (13).

These methods can be broadly divided
into unsupervised approaches, which explore
natural groupings in data such as Principal
Component Analysis (PCA) and Hierarchical
Cluster Analysis (HCA), and supervised ap-
proaches, which build predictive models based
on known outputs like Partial Least Squares
Regression (PLSR), Linear Discriminant
Analysis (LDA), Artificial Neural Network
(ANN), and Vector Machine Support (SVM)
(14-17). In pharmaceutical sciences, chemo-
metrics is essential for quantitative analysis,
the discrimination of polymorphs, and the de-
tection of counterfeit medicines (18-20). Table
1 highlights the primary purposes, advantag-
es, limitations, and typical applications of the
aforementioned chemometric techniques .

This review delves into the principles
and applications of ATR-FTIR, Raman, UV-
Vis spectroscopy, and HPLC in pharmaceuti-
cal analysis; however, its emphasis is placed
on the integration of these techniques with
chemometric approaches, highlighting their
collective potential in advancing pharmaceuti-
cal quality control and research.

2. Search strategy

We identified relevant literature
through a structured search of PubMed, Sco-
pus, Web of Science, and Google Scholar. Our
search spanned the period from 2005 to 2025
and initially retrieved several hundred records.
After removing duplicates, we screened the
titles and abstracts for the required relevance.
We included articles that: 1) reported the ap-
plication of UV-Vis, ATR-FTIR, or Raman
spectroscopy combined with chemometric
methods in pharmaceutical analysis; 2) com-
pared these approaches with HPLC; or 3) pro-
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Table 1. Comparative overview of supervised and unsupervised chemometric methods.

Method Type Main Purpose Strengths
PCA Unsuper-  Dimensional-  Enhanced data visualization
vised ity reduction
HCA Unsuper-  Classification Insight into nested clusters
vised
PLSR Supervised ~ Quantitative Collinearity handling
regression
LDA Supervised Classification  Effective in separating classes
ANN Supervised ~ Non-linear Parallel processing capability
modeling
SVM Supervised Classification  Avoiding overfitting, possibil-
and regres- ity of using high-dimensional

Limitations Typical Ref
Applications
operational challenges posed Outlier detection [21-24]
by high-volume and high-
dimensional data
Sensitive to noise Identity assessment  [25-29]
Sensitive to outliers API quantification [30-35]
Assumes normal distribution ~ Dimension reduction  [36-39]
Difficulty in determining Pattern recognition,  [40-43]
proper network structure and information
processing
Requires tuning Pharmaceutical iden-  [44-48]

tification, and drug

data, high accuracy

vided methodological or application-focused
insights relevant to pharmaceutical quality
control.

Exclusion criteria were studies outside
the pharmaceutical field, non-English pub-
lications, and conference abstracts without
full text. After conducting a full-text assess-
ment, we compiled and analyzed the final set
of studies to provide a comparative overview
of HPLC and chemometric-assisted spectro-
scopic techniques.

3. UV-Vis analysis
3.1. Principles

UV-Vis spectrophotometry involves
analyte determination by measuring the
amount of UV-Vis light absorbed, taking into
account standard values. In this spectropho-
tometry technique, analysts enhance the col-
or of the assessing solution by adding dyes,
oxidizing agents, or chelating agents. UV-Vis
derivative spectrophotometry is more desir-
able compared to zero-order UV-Vis spec-
trophotometry due to its ability to determine
the amount of analyte when the conventional
method is ineffective. UV-Vis spectroscopy
transmits light between 200 and 800 nm to the
sample. It determines the amount of absorbed
or transmitted light by a chromogen located
between the light source and a photometer.
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Ultimately, a UV-Vis absorption spectrum plot
displays the amount of absorbance at various
wavelengths. The UV-Vis method, like other
quantitative spectrophotometry techniques,
applies Lambert’s Law and Beer’s Law (49).

3.2. Applications

One of the significant applications of
UV-Vis spectroscopy involves analyzing raw
or formulated pharmaceutical compounds by
measuring the absorbance at a specific wave-
length. In qualitative analysis, UV-Vis identi-
fies light-absorbing molecules, while in quan-
titative analysis, researchers utilize Beer’s
law. Additionally, scientists use UV-Vis spec-
troscopy to study reaction kinetics, determine
molecular weight, or assess the degree of con-
jugation (49).

3.3. Advantages

Quick and simple analysis, as well as
the provision of valuable information regard-
ing the presence of an analyte in a respective
sample, are considered the advantages of UV-
Vis spectroscopy (50).

3.4. Limitations

However, this technique is limited
to compounds that can absorb ultraviolet or
visible light. Substances lacking strong UV-
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Vis absorption cannot be accurately detected
or quantified. Additionally, the method often
suffers from low sensitivity and interference
from other sample components, which can af-
fect accuracy. The requirement of a spectro-
photometer also limits its accessibility in some
settings (50).

3.5. Integrating UV-Vis spectroscopy with
chemometric approaches

According to the suitability and sim-
plicity of UV-Vis spectroscopy, to overcome
its weakness, integrating compatible analysis
methods has been developed. The integration
of UV-Vis spectroscopy with chemometric
techniques may enhance the ability to analyze
complex pharmaceutical and chemical sys-
tems by enabling the resolution of overlapping
spectra and the quantification of multicompo-
nent mixtures. The methodology begins with
the preparation of samples and the acquisition
of spectra across an appropriate wavelength
range, typically 190-800 nm. To ensure data
quality, the raw spectral data undergo prepro-
cessing steps, including baseline correction to
remove background noise, normalization to
standardize the spectra, and smoothing to re-
duce random fluctuations. To improve the res-
olution of overlapping peaks, researchers may
apply derivative transformations (first or sec-
ond derivative). After preprocessing, they em-
ploy multivariate statistical techniques such as
PCA for pattern recognition and outlier detec-
tion, while they use PLSR or Multiple Linear
Regression (MLR) for quantitative modeling.
This chemometric integration enables the pre-
cise identification and quantification of active
pharmaceutical ingredients, impurities, and
degradation products, supporting quality con-
trol processes in both research and industrial
settings (51).

3.6. Practical applications

One study investigated the simultane-
ous determination of amlodipine and valsartan
in combined formulations. Researchers used
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HPLC as a reference method and evaluated
UV-Vis spectrophotometry combined with
chemometric methods as an alternative. They
applied feed-forward neural networks (FFNN)
using the Levenberg—Marquardt (LM) algo-
rithm and gradient descent with momentum
(GDX), finding that the LM algorithm dem-
onstrated better predictive performance. Ad-
ditionally, they optimized LS-SVM with a
radial basis function kernel via leave-one-out
cross-validation and root mean square error
(RMSE), confirming its appropriateness with
coefficients of determination (R?), relative
standard deviation (RSD), and mean recovery.
Both chemometric methods yielded results
consistent with HPLC, demonstrating that
spectrophotometric—chemometric analysis is a
reliable and cost-effective alternative that re-
duces analysis time and simplifies operations
(52).

The genetic algorithm coupled with
the PLS (GA-PLS) chemometric method,
combined with UV—-Vis spectrophotometry,
proved effective for the simultaneous quan-
tification of paracetamol and tramadol, ad-
dressing challenges such as spectral overlap
that hindered other methods. In this approach,
a genetic algorithm selects specific spectral
regions by encoding them as binary chromo-
somes, and PLS regression is applied only to
the selected wavelengths. Comparison with
ultra-high pressure liquid chromatography
(UHPLC) data confirmed no significant dif-
ference in quantification, demonstrating that
GA-PLS with UV-Vis provides a reliable,
accurate, and practical alternative for routine
analysis of these active pharmaceutical ingre-
dients (APIs) (53).

After acquiring UV spectra, experts
evaluated GA-PLS for the simultaneous quan-
tification of acetaminophen and ascorbic acid,
alongside PLS, Iterative Predictor Weighting
(IPW), and Sub-window Permutation Analy-
sis (SwWPA). IPW iteratively rescales variables
based on significance, while SwPA assesses
variable importance by comparing prediction
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errors before and after permutation. GA-PLS
showed the best predictive performance, with
the highest recovery, lowest RMSEP, and most
remarkable percentage improvement (%Imp),
demonstrating its effectiveness for accurate
and efficient quantification (54).

Using the acquired UV spectra, GA
combined with PLS and ANN was used to
simultaneously quantify desloratadine, rupa-
tadine fumarate, and montelukast sodium in
Smarti-M® tablets. GA-PLS and GA-ANN
effectively predicted desloratadine and rupata-
dine fumarate, while montelukast’s broad UV
absorption limited improvements in prediction
accuracy. These results suggest that research-
ers can utilize GA-based chemometric meth-
ods as reliable alternatives to HPLC for drugs
with well-defined spectral characteristics.
However, the techniques may be less effective
for compounds with more complex spectra
(55).

Following the acquisition of UV spec-
tra, metformin in combination with sitagliptin
was quantified using PLS combined with Con-
tinuous Wavelet Transform (CWT). CWT ap-
plies a mother wavelet function to generate
wavelet coefficients and performs a continu-
ous transformation from the spatial to the tem-
poral domains. Results were compared with
HPLC data using analysis of variance (ANO-
VA), confirming that chemometric-assisted
UV spectroscopy provides a reliable, faster,
and cost-effective alternative for the simulta-
neous analysis of these two active agents with-
out the need for additional solvents (56).

After obtaining UV spectra, analysts
simultaneously quantified four active agents—
paracetamol, phenylephrine hydrochloride,
diphenhydramine hydrochloride, and caf-
feine—using PLSR and Principal Component
Regression (PCR). We measured standard and
study samples from 240 to 320 nm. They per-
formed chemometric analysis with Unscram-
bler X software, which calculated R2, root
mean square error of calibration (RMSEC),
and root mean square error of cross-valida-
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tion (RMSECV). PCR and PLSR effectively
handled spectral overlap, and we optimized
principal components and latent variables
via K-fold cross-validation. We confirmed
the agreement between the chemometric and
chromatographic results by comparing them
with RT-HPLC data using one-way ANOVA
(57).

Based on the recorded UV spectra, re-
searchers applied PCR and PLS for the simul-
taneous analysis of metformin and glyburide.
They used standard stock solutions and mar-
keted formulation samples to construct che-
mometric models with selected principal
components (PCs), employing multivariate
calibration method 1 (MVCI) software for
calibration. The team validated the models us-
ing a separate validation set and calculated the
mean recovery and RMSEP. The results dem-
onstrated that PCR and PLS offer an effec-
tive and efficient alternative to more complex,
time-consuming analytical methods (58).

Derived from the measured UV spec-
tra, vitamin B9 (folic acid) and B12 (cyanoco-
balamin) in a commercial syrup were quanti-
fied using PLS and Net Analyte Signal (NAS)
chemometric methods. NAS determines the
linear domain and constructs calibration
curves (200 nm for B9, 202 nm for B12), with
the limit of quantification (LOQ), the limit of
detection (LOD), and R? calculated to assess
performance. Prediction Error Sum of Squares
(PRESS) analysis identified two optimal com-
ponents for both vitamins, confirming the ac-
curacy and suitability of NAS. Comparison
with HPLC results using one-way ANOVA
showed good agreement, demonstrating that
PLS and NAS provide reliable chemometric
alternatives for simultaneous vitamin analysis
(59).

One study analyzed CARISOMA™
tablets containing paracetamol, carisoprodol,
and caffeine using UV-assisted chemometric
methods, including PLS, PCR, classical least
squares (CLS), and n-way PLS (NPLS). They
compared the results with HPLC and the ra-
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tio spectra derivative method. CLS constructs
an absorptivity matrix based on Beer’s law,
while NPLS decomposes higher-order data
to maximize covariance. Stock solutions and
samples were prepared and irradiated with
UV, and chemometric models were calibrated
and validated by calculating RMSEC, RM-
SECV, RMSEP, predicted residual error sum
of squares (PRESS), and R*>. ANOVA at a 95%
confidence level showed no significant differ-
ence among the three methods, confirming the
reliability of UV-assisted chemometric analy-
sis (60).

Although UV spectrophotometry is a
convenient and cost-effective analytical tech-
nique, it has certain limitations that can affect
the accuracy and reliability of results, particu-
larly in complex mixtures. One of the main
challenges is spectral overlap, which makes it
difficult to accurately distinguish and quantify
individual components when their absorption
bands overlap. Additionally, the presence of
excipients or impurities often influences UV
methods, making them less specific. Due to
these limitations, HPLC is usually preferred,
especially in cases requiring higher sensitivity,
selectivity, and resolution. HPLC enables the
precise separation and quantification of mul-
tiple components within a mixture, making it a
more robust and dependable method for phar-
maceutical analysis (61-63).

4. Attenuated Total Reflectance Infrared
Spectroscopy (ATR-FTIR)
4.1. Principles

Attenuated Total Reflectance Fourier
Transform Infrared (ATR-FTIR) spectrosco-
py is a widely used vibrational spectroscopic
technique in pharmaceutical analysis. It func-
tions by measuring the absorption of infrared
light by molecular bonds within a sample,
providing a distinct fingerprint for identify-
ing functional groups and assessing chemical
composition (64).

In ATR-FTIR, researchers direct in-
frared light into an internal reflection element
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(IRE) or ATR crystal, such as diamond or zinc
selenide, where it undergoes total internal re-
flection. This process generates an evanescent
wave at the interface between the crystal and
the sample, penetrating only a few microm-
eters into the sample. This setup allows for
surface-sensitive spectral acquisition without
requiring extensive sample preparation. Re-
searchers then analyze the resulting spectrum
using Fourier Transform algorithms to obtain
detailed information about the sample’s mo-
lecular structure (65).

4.2. Applications

Attenuated Total Reflectance Mid-In-
frared (ATR-MIR) is an applicable and widely
used technique in pharmaceutical sciences for
different purposes such as ensuring formula-
tion consistency, identifying and quantifying
APIs, monitoring excipients, detecting degra-
dation products, and measuring specific com-
ponents within complex biological samples
such as blood, urine, or tissue extracts (66,
67).

4.3. Strengths

ATR-FTIR spectroscopy offers sev-
eral key advantages, including minimal sam-
ple preparation, non-destructive analysis, and
rapid data acquisition. Its high spatial resolu-
tion enables detailed chemical imaging, while
its effectiveness in analyzing aqueous samples
reduces interference from water absorption.
Additionally, ATR-FTIR’s versatility allows
its application across diverse fields, including
pharmaceuticals, materials science, and envi-
ronmental studies, making it a valuable tool
for the efficient and accurate characterization
of a wide range of sample types (68, 69).

4.4. Limitation

While ATR-MIR offers several ad-
vantages, such as eliminating the need for
sample preparation, its major drawback lies in
the complexity of interpreting data from MIR
spectra. To address this issue, scientists can
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combine it with other analytical or chemomet-
ric methods (66, 67).

4.5. Integrating ATR-IR spectroscopy with
chemometrics
Initially, scientists perform spectral
analysis using ATR-IR spectroscopy over the
range of 4000400 cm™. All measurements
are conducted under controlled ambient con-
ditions to ensure reproducibility, including
consistent temperature and applied pressure
on the ATR crystal. The analysis team scans
each sample three times and averages the re-
sulting spectra to minimize instrumental noise
and improve signal fidelity. Subsequently, re-
searchers preprocess the spectral data to en-
hance signal quality and eliminate irrelevant
variations. Preprocessing techniques include
baseline correction, Savitzky—Golay smooth-
ing, and normalization (either vector or area).
Additionally, first- and second-order
derivatives are applied to remove background
effects and resolve overlapping spectral bands.
Ultimately, the preprocessed spectral data
were analyzed using multivariate chemomet-
ric techniques. Researchers use PCA for pat-
tern recognition and to visualize inherent clus-
tering within the dataset. They classify sample
groups using PLS-DA and LDA. For quantita-
tive analysis, they apply PLSR to model rela-
tionships between spectral features and known
reference values. They conduct model valida-
tion using cross-validation methods and assess
predictive performance using RMSE and R2.
They perform all chemometric modeling and
data processing using software such as MAT-
LAB R2023a, The Unscrambler X, and SIM-
CA.

4.6. Practical applications

One study applied the partial least
squares-least squares support vector machines
(PLS-LS-SVM) method, combined with ATR-
IR spectroscopy, to model alprazolam content
in tablets, validating the predictions against
HPLC data. Spectral data were preprocessed
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and divided into calibration and validation
sets to develop the model. The resulting model
achieved a high prediction level (R? = 0.99)
and a low RMSECV (0.98), demonstrating
excellent accuracy and sensitivity. Valida-
tion procedures confirmed its robustness, in-
dicating that the approach reliably captures
the quantitative relationship between spectral
data and drug content. These results highlight
the effectiveness of combining chemometric
modeling with the ATR-IR spectroscopic tech-
nique for precise and efficient pharmaceutical
analysis (66).

Another study investigated the ad-
sorption behavior of 1-butyl mercaptan on
nickel-coated carbon nanofibers (CNFs) us-
ing ATR-FTIR spectroscopy in combination
with chemometric analysis. Nickel-coated
CNFs were prepared and exposed to 1-bu-
tyl mercaptan under controlled conditions to
evaluate the adsorption process. ATR-FTIR
spectroscopy was employed to monitor the
interaction in real time, capturing changes in
functional groups associated with adsorption.
Scientists processed the resulting spectral data
using chemometric techniques, including PLS
regression, to analyze adsorption kinetics and
identify relevant spectral patterns. Statistical
validation methods assessed model perfor-
mance and reliability. This approach enabled
a detailed understanding of the adsorption
mechanism and demonstrated the value of
combining ATR-FTIR spectroscopy with che-
mometrics for studying surface interactions
(70).

Building on the growing use of ATR-
FTIR spectroscopy combined with chemomet-
ric techniques in pharmaceutical analysis, a
recent study applied this approach to quantify
amikacin in amikacin sulphate injection for-
mulations. ATR-FTIR spectra were collected
and processed using multivariate calibration
techniques, primarily PLSR, to model the re-
lationship between spectral data and amikacin
concentration. Chemometric preprocessing
methods were employed to reduce spectral
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noise and correct baseline variations, improv-
ing the accuracy of the calibration model. The
approach effectively addressed spectral over-
lap and matrix effects inherent in complex
pharmaceutical samples, enabling precise and
reliable quantification. Validation of the che-
mometric model demonstrated strong predic-
tive performance, confirming its suitability for
routine quality control of amikacin injections.
This study underscores the value of integrat-
ing ATR-FTIR spectroscopy with chemomet-
rics as a rapid, non-destructive, and robust
analytical method in pharmaceutical analysis
(71).

PLSR combined with ATR-IR spec-
troscopy was applied for the simultaneous
quantification of metformin and vildagliptin,
addressing spectral overlap and improving an-
alytical accuracy. Spectral data were prepro-
cessed using Savitzky-Golay filtering to re-
duce variations. Tablets with varying amounts
of metformin and vildagliptin showed distinct
absorption features, which were captured by
ATR-IR. PLSR modeling established a linear
relationship between spectral data and pre-
dicted concentrations, which were validated
against HPLC results, showing no statistically
significant difference between the two meth-
ods. These findings demonstrate the effective-
ness of ATR-IR coupled with chemometric
modeling for accurate simultaneous determi-
nation of multiple pharmaceutical compounds
(72).

Researchers have applied chemomet-
ric-based ATR-IR spectroscopy for the quan-
tification of herbal compounds; for example,
one study employed this method to determine
the concentrations of phenolic compounds,
including caffeic acid and rosmarinic acid, in
the leaves of Thunbergia laurifolia. Due to the
sophisticated sample preparation and multi-
step nature of the HPLC method, this study
employed ATR-IR coupled with chemometric
methods as an alternative. After taking ATR-IR
spectra of pure caffeic acid, rosmarinic acid,
and the plant extract with FTIR spectroscopy,
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the PLS-1 regression technique was developed
and compared to the actual amounts obtained
by HPLC. Like other studies, researchers uti-
lized specific peaks in the IR spectra related
to distinct structural and functional groups to
construct the PLS-1 model. In addition, the
PLS-1 method was validated in terms of lin-
earity, accuracy, and precision, showing that
the proposed model had acceptable validity
(73).

A study has proven that integrating
ATR-FTIR spectroscopy with chemometric
analysis is effective for the rapid evaluation
of essential oils from the Myrtaceae family.
Researchers analyzed spectral data using PCA
and PLSR to classify species and quantify
key constituents. Chemometric preprocess-
ing improved model accuracy by minimizing
baseline variations and resolving overlapping
peaks. The approach enabled fast, non-de-
structive profiling of essential oils, highlight-
ing its potential for routine quality control and
botanical authentication (74).

5. Raman spectroscopy
5.1. Raman Spectroscopy Principles
Researchers have identified Raman
spectroscopy as one of the most versatile tech-
niques for material analysis. Scientists base
the theory behind Raman spectroscopy on the
interaction of electromagnetic radiation with
matter, where the amount of energy loss or
gain is similar to the band gap between the
initial and final energy states. We refer to the
difference between the energy of the incoming
photon and the energy of the outgoing photon
as the "Raman Shift." Plasmonic effects in the
presence of metal nanoparticles may enhance
the produced signal, or "Raman signal," using
a technique known as surface-enhanced Ra-
man spectroscopy (SERS) (75). Researchers
conduct quantitative SERS in three steps, initi-
ated with the qualitative analysis of a standard
solution. The second step involves providing a
standard curve based on the standard solution,
followed by analyzing the real sample (76).
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5.2. Applications

Raman spectroscopy has become an
essential analytical technique in pharmaceu-
tical sciences, offering molecular-level infor-
mation through vibrational analysis without
the need for extensive sample preparation. Its
applications span the identification of APlIs,
detection of polymorphic transitions, and
characterization of excipients within complex
formulations. The technique is particularly
effective in solid-state analysis, allowing for
differentiation between crystalline and amor-
phous forms. Raman mapping provides spa-
tial distribution data, which helps evaluate the
uniformity of content and coating integrity
in tablets. Moreover, Raman spectroscopy is
widely implemented in real-time monitoring
of manufacturing processes under Process
Analytical Technology (PAT) initiatives, sup-
porting in-line and at-line quality control. Its
high chemical specificity also enables detec-
tion of counterfeit or substandard products and
assessment of drug—excipient compatibility,
making it a versatile tool throughout drug de-
velopment and production (9, 77, 78).

5.3. Strengths

Raman spectroscopy provides detailed
molecular information for identifying active
ingredients, excipients, and polymorphs, elim-
inating the need for extensive sample prepara-
tion. It is non-destructive, applicable to solids
and liquids, and offers high spatial resolution
for assessing content uniformity and coating
in tablets. Well-suited for real-time monitor-
ing under PAT, it enables rapid quality control
during the manufacturing process. Addition-
ally, its low interference from water makes it
effective for aqueous formulations, establish-
ing it as a versatile tool in pharmaceutical de-
velopment and production (9, 77, 78).

5.4. Limitations
Raman spectroscopy faces limitations,
including weak signal intensity due to low
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scattering efficiency and potential interfer-
ence from fluorescence in specific samples. Its
sensitivity for trace components is lower than
that of chromatographic methods. Complex
mixtures require advanced data analysis for
accurate quantification. Additionally, instru-
ment costs and sample heterogeneity can pose
practical challenges in routine pharmaceutical
applications (9, 77, 79).

5.5. Integrating Raman spectroscopy with
chemometric approaches

Raman spectroscopy offers a power-
ful analytical approach for the qualitative and
quantitative assessment of pharmaceutical
products when integrated with chemometric
techniques. The integration process begins
with spectral preprocessing steps, including
baseline correction, normalization, smoothing
(via Savitzky—Golay filtering), and derivatiza-
tion. These steps are crucial for reducing
background noise, correcting for fluorescence
interference, and enhancing the resolution of
overlapping peaks. These steps ensure that
the Raman spectral data are clean and stan-
dardized for analysis. Once preprocessed,
multivariate statistical methods such as PCA,
PLSR, and SVM are applied. PCA helps vi-
sualize underlying data patterns and detect
outliers, while PLSR enables the prediction of
active pharmaceutical ingredient concentra-
tions in complex mixtures. In Raman imaging,
chemometrics enables the practical interpreta-
tion of spatially resolved chemical data, facili-
tating the mapping of component distributions
in tablets or formulations. This integration not
only enhances data interpretability but also
supports tasks like content uniformity testing,
polymorphic form identification, and quality
control during manufacturing (80, 81).

Combining ATR-FTIR and Raman
spectroscopy with chemometrics enables
quantitative monitoring of crystallization pro-
cesses. This methodology collects real-time
spectral data from the solid-liquid interface
using ATR-FTIR to observe molecular interac-
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tions and changes in functional groups. At the
same time, Raman spectroscopy tracks struc-
tural and polymorphic transformations. Che-
mometric techniques, such as PCA and PLSR,
are applied to interpret complex spectral data
and quantify key parameters like nucleation
and crystal growth. This integrated approach
improves process understanding, control, and
product quality in pharmaceutical crystalli-
zation (82). FTIR and Raman spectroscopy,
combined with chemometric methods, enable
the precise analysis of biomolecules in bio-
medical fluids. FTIR detects polar functional
groups, while Raman provides information on
molecular structure and non-polar bonds. Che-
mometric tools, such as PCA and PLSR, effec-
tively handle complex spectral data, enabling
the accurate quantification of proteins, lipids,
and metabolites in fluids like blood and urine.
This approach offers rapid, non-destructive,
and label-free analysis, making it suitable for
biomedical diagnostics (83).

5.6. Practical applications

ATR-IR and Raman spectroscopy were
applied to assess piperaquine and dihydroar-
temisinin, with the resulting spectra analyzed
using PLSR modeling. Spectral pretreatments,
including SNV for Raman spectroscopy and
orthogonal signal correction (OSC) for ATR-
IR, were applied to remove interferences and
simplify model interpretation. Researchers
chose calibration and validation sets to de-
velop predictive models that demonstrated a
strong correlation with reference HPLC data.
The models achieved R? values of approxi-
mately 0.96 for piperaquine and 0.95 for di-
hydroartemisinin. The models were then used
to predict sample values, demonstrating that
ATR-IR and Raman spectroscopy combined
with chemometric analysis provide accurate
and reliable quantification of both compounds,
serving as effective alternatives to HPLC anal-
ysis (81).

Handheld Raman spectroscopy can
be less practical than NIR spectroscopy for
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drug analysis. In one study, artemether-lume-
fantrine, paracetamol, and ibuprofen were as-
sessed using chemometric methods including
hit quality index (HQI), data-driven soft inde-
pendent modeling of class analogy (DD-SIM-
CA), and HCA. HQI evaluates spectral simi-
larity, while DD-SIMCA provides one-class
classification. Despite preprocessing, Raman-
based HQI and DD-SIMCA results were insuf-
ficient for detecting drug combinations or ex-
cipient variations. These findings indicate that
NIR spectroscopy, although more complex to
interpret, is generally more suitable for identi-
fication purposes (84).

Although NIR spectroscopy has many
advantages, it struggles to analyze pharmaceu-
tically active compounds in aqueous environ-
ments. In a recent study, researchers employed
chemometric-assisted Raman spectroscopy to
quantify anthracycline agents using a handheld
Raman spectrometer. They utilized PLS-DA
for qualitative analysis and combined it with
leave-one-out cross-validation to develop cali-
bration models. The team evaluated predictive
performance through RMSECV, RMSEP, and
R?, selecting the optimal model based on the
lowest errors and highest correlation. While
their models demonstrated reasonable predic-
tive capacity, they fell short in quantifying
anthracyclines at all concentrations. The re-
searchers anticipate that improvements, such
as increased signal strength, reduced noise,
and additional repetitions, will boost perfor-
mance. Researchers have applied chemomet-
ric-assisted SERS with gold nanoparticle sub-
strates to quantify metformin. SERS enhances
signal intensity, enabling rapid analysis com-
pared with conventional chromatographic
methods. Raman spectra obtained from met-
formin in a citrate-stabilized gold nanoparticle
matrix were analyzed using PLS and PCA re-
gressions. PLS modeling established a linear
relationship between spectral data and metfor-
min concentration, with pre-processing and
RMSECYV used to optimize the model. The
optimal number of latent variables was select-
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ed based on minimum RMSECYV, and the most
informative spectral region (1765456 cm™)
was used for model development and valida-
tion. This approach offers a reliable alterna-
tive for the rapid quantification of metformin
in pharmaceutical formulations (85).

SERS, combined with multivariate
analysis, has shown the ability to differenti-
ate structurally similar fluoroquinolones. In
this study, silver nanoparticles modified with
11-mercapto-1-undecanol (MUO@Ag NPs)
served as SERS substrates for Norfloxacin,
Ofloxacin, and Ciprofloxacin. Systematic
cluster analysis (SCA) of the SERS spectra
enabled feature extraction and similarity as-
sessment via Euclidean distance. The analysis
clearly distinguished the compounds: Ofloxa-
cin overlapped with formulations contain-
ing it, while Norfloxacin and Ciprofloxacin
formed separate clusters despite being in the
same family. These results demonstrate the ef-
fectiveness of SERS combined with SCA and
MUO@Ag NPs for accurate identification of
fluoroquinolone compounds (86).

6. High-pressure liquid chromatography
6.1. Principles

High-pressure liquid chromatogra-
phy (HPLC) was introduced in the 1960s with
the development of early columns and other
instrumental components, generating high
pressures for effective separations that can be
utilized for the analysis of any material solu-
ble in a mobile phase, serving as the solvent.
According to sample injection through the in-
jector, the pump circulates the mobile phase
within the system at a precise, accurate, and
controllable flow rate through the column,
which contains silica-based packing material
with a determined particle size and pore di-
ameter to produce the highest possible surface
area. In the next step, the detector processes
the concentrated data and translates it into
an electric signal. UV-Vis detectors, which
quantify the UV-Vis absorption of radiation,
are the most commonly used and are classi-
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fied into three types: fixed-wavelength detec-
tors, variable-wavelength detectors, and diode
array detectors. While fixed-wavelength de-
tectors use a wavelength-isolating filter, vari-
able-wavelength detectors utilize a rotatable
monochromator that can emit light at various
wavelengths. Diode array detectors are the
most useful UV-Vis detectors since they emit
a light spectrum of different wavelengths from
a deuterium lamp at once and record the absor-
bances simultaneously. Other HPLC detectors,
such as fluorescent detectors, refractive index
detectors, and electrochemical detectors, serve
specific conditions (74, 87-90).

6.2. Applications

HPLC plays a crucial role in the quali-
tative and quantitative assessment of phar-
maceutical compounds, including APIs, im-
purities, and degradation products. HPLC is
routinely employed in drug formulation devel-
opment, stability testing, and quality control
to ensure the safety and efficacy of products.
Furthermore, its compatibility with various
detectors, such as UV-Vis and mass spectrom-
etry (MS), enhances its versatility in analyzing
complex samples (91).

6.3 Strengths

Over the last few years, researchers
and industry professionals have recognized
liquid chromatography as the gold standard
method in pharmaceutical research; however,
it is also used as an essential analytical tech-
nique in biomedical, forensic, environmen-
tal, and agricultural fields (92, 93). In fact,
the HPLC's distinctive advantages, including
sensitivity, wide-range applicability, and ver-
satility, have made it a ubiquitous technique
in various industries (94). Moreover, HPLC
eliminates the need for derivatization, allow-
ing the analysis of compounds with limited
volatility (87).

6.4. Limitations
Although HPLC is a powerful ana-
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Table 2. Comparison chart: HPLC vs Spectroscopic Methods.

HPLC
-~ Speed  Slower
Sample preparation Extensive
Solvent usage High
Cost Higher
Suitability for Real-time analysis No

lytical tool, it faces several challenges. These
include the potential degradation of analytes
during analysis, interference between analytes
and the mobile or stationary phases, and con-
cerns about the reliability and accuracy of re-
sults under certain conditions. Additionally,
HPLC is associated with high operational
costs, time-consuming procedures, and the
use of expensive instrumentation and materi-
als, including high-quality solvents and filters,
which can limit its accessibility in some set-
tings. One of the most critical and challenging
areas involves applying stringent standards
in quality control testing to ensure consistent
performance (5, 91, 95, 96).

Table 2 Key differences in operational
parameters between HPLC and chemometric-
assisted spectroscopic techniques.

7. Discussion

The integration of chemometric ap-
proaches with vibrational and electronic spec-
troscopies has substantially expanded the
analytical toolbox for pharmaceutical qual-
ity assessment (97). Conventional HPLC re-
mains indispensable for regulatory analysis
owing to its unrivaled sensitivity and separa-
tion efficiency; however, its dependence on
labor-intensive sample preparation, long run
times, and extensive sample preparation lim-
its its suitability for high-throughput and in-
process monitoring (5, 98-103). By contrast,
spectroscopic techniques such as ART-FTIR,
Raman, and UV-Vis are inherently rapid and
non-destructive, and achieve quantitative per-
formance comparable to chromatographic as-
says when they are supported by chemometric
modeling (11, 104, 105).
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A central challenge in spectroscopic
analysis is the overlap of spectral bands, par-
ticularly in multicomponent pharmaceutical
matrices (106, 107). Multivariate calibration
techniques address this problem by extracting
latent variables that describe the systematic
variation in spectral data (108). PLS and PCA
are the most widely applied methods, with a
demonstrated ability to quantify APIs and
excipients simultaneously (109, 110). Non-
linear models, including ANN, provide ad-
ditional flexibility when linear models fail to
capture complex spectral relationships (111).
The reliability of these calibrations is strongly
influenced by spectral pretreatment (112, 113).
Techniques such as baseline correction, de-
rivatives, SNV, and multiplicative effects cor-
rection reduce sources of variance not related
to chemical composition, thereby improving
model robustness (114, 115). Model valida-
tion remains a critical step to ensure predictive
reliability (116, 117). Cross-validation strate-
gies, particularly K-fold and leave-one-out ap-
proaches, provide objective estimates of model
complexity and guard against overfitting (118,
119). Statistical figures of merit, including R?,
RMSECYV, and RMSEP, are typically reported
to assess model quality (120, 121). In several
case studies, chemometric predictions showed
no significant difference from HPLC values,
as confirmed by inferential statistics such as
one-way ANOVA, underscoring their analyti-
cal equivalence (60).

Beyond classical regression, optimiza-
tion algorithms further enhance model perfor-
mance. GA-PLS is increasingly employed to
select informative spectral intervals, improv-
ing accuracy by eliminating irrelevant vari-
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ables (122, 123). These combined chemomet-
ric-assisted spectroscopic approaches have
been effectively utilized in the quantitative
analysis of multi-component pharmaceuti-
cal formulations, yielding results statistically
comparable to those of chromatographic as-
says while substantially reducing analysis
time, solvent consumption, and sample prepa-
ration requirements (57).

These advances align with the broader
implementation of PAT and Quality by De-
sign (QbD) frameworks in the pharmaceutical
industry (124, 125). The capacity of chemo-
metric-enhanced spectroscopy to deliver real-
time, environmentally suitable, and cost-effi-
cient measurements positions it as a practical
complement to conventional HPLC, particu-
larly for routine monitoring, in-line process
control, and counterfeit drug detection (126-
128).

8. Conclusion

In summary, chemometric-enhanced
spectroscopy enables the pharmaceutical in-
dustry to conduct rapid, non-destructive, and
accurate analysis across various stages of drug

development. These models not only reduce
reliance on solvents and consumables but also
enable for the assessment of complex formula-
tions and detection of adulterants or substan-
dard products. As highlighted across several
recent studies, chemometric modeling is no
longer just a supportive tool—it is a core com-
ponent of modern pharmaceutical analytical
science.

Authors contributions

Conceptualization: Dr. Shohreh Ali-
pour; Literature search: Dr. Sheida Jahan-
bekam; Data analysis and interpretation: Dr.
Shohreh Alipour; Writing the original draft:
Dr. Sheida Jahanbekam; Review and Editing:
Dr. Shohreh Alipour and Dr. Sheida Jahan-
bekam; Supervision: Dr. Shohreh Alipour

Acknowledgements
No external support was received in
the preparation of this article.

Conflict of Interest
The authors declare that they have no
conflict of interest.

References

1. Tkachenko NV. Optical spectroscopy:
methods and instrumentations. Ist ed:
Amsterdam: Elsevier; 2006.

2. Silge A, Weber K, Cialla-May D, Miiller-
Botticher L, Fischer D, Popp J. Trends
in pharmaceutical analysis and quality
control by modern Raman spectroscopic
techniques. 7rAC Trends Anal Chem.
2022;153:116623.

3. Dispas A, Sacré PY, Ziemons E, Hubert
P. Emerging analytical techniques for
pharmaceutical quality control: Where
are we in 2022? J Pharm Biomed Anal.
2022;221:115071. doi: 10.1016/j.
jpba.2022.115071.

4. Mukherjee P, Chakraborty DD,
Chakraborty P, Shrestha B, Bhuyan
NR. Different ultraviolet spectroscopic
methods: a retrospective study on
its application from the viewpoint of

Trends in Pharmaceutical Sciences and Technologies 2026: 12(1): 17-36.

analytical chemistry. Asian J Pharm Clin
Res. 2021;14(9):1-11.

5. Siddique I. High-performance liquid
chromatography: comprehensive
techniques and cutting-edge innovations.
Eur J Adv Engin Technol. 2023;10(9):66-
70.

6. Singhal A, Saini U, Chopra B,
Dhingra AK, Jain A, Chaudhary J.
Uv-visible  spectroscopy: A  review
on its pharmaceutical and bio-allied
sciences applications. Curr Pharm Anal.
2024;20(3):161-77.

7. Gandhi SV, Waghmare AD, Nadwani
Y, Mutha AS. Chemometrics-assisted
UV  spectrophotometric method for
determination of ciprofloxacin and
ornidazole in pharmaceutical formulation.
ARC J Pharm Sci. 2017;3(1):19-25.

8. Kazarian SG, Chan KL. Applications
of ATR-FTIR spectroscopic imaging to

29




Sheida Jahanbekam & Shohreh Alipour

10.

11.

12.

13.

14.

15.

16.

17.

30

biomedical samples. Biochim Biophys
Acta. 2006;1758(7):858-67.doi: 10.1016/].
bbamem.2006.02.011.

Esmonde-White KA, Cuellar M,
Uerpmann C, Lenain B, Lewis IR.
Raman spectroscopy as a process
analytical technology for pharmaceutical
manufacturing and bioprocessing. Anal
Bioanal Chem. 2017;409(3):637-49. doi:
10.1007/s00216-016-9824-1. Epub 2016
Aug 4.

Vankeirsbilck T, Vercauteren A, Baeyens
W, Van der Weken G, VerpoortF, Vergote G,
et al. Applications of Raman spectroscopy
in pharmaceutical analysis. 7rAC Trends
Anal Chem. 2002;21(12):869-77.
Biancolillo A, Marini F. Chemometric

methods for spectroscopy-based
pharmaceutical analysis. Front
Chem.  2018;6:576.  doi:  10.3389/

fchem.2018.00576.

Fatmarahmi DC, Susidarti RA, Swasono
RT, Abdul Rohman A. A development
method of FTIR spectroscopy coupled with
chemometrics for detection of synthetic
drug adulterants of herbal products in
quaternary mixture. J Appl Pharm Sci.
2022;12(03):191-201.

Singh I, Juneja P, Kaur B, Kumar
P.  Pharmaceutical applications of
chemometric techniques. Int Schol Res
Notices. 2013;2013(1):795178.

Tsagkaris AS, Koulis GA, Danezis GP,
Martakos I, Dasenaki M, Georgiou CA,
et al. Honey authenticity: analytical
techniques, state of the art and challenges.
RSC Adv. 2021 Mar 17;11(19):11273-94.
doi: 10.1039/d1ra00069a.

Racz A, Bajusz D, Héberger K.
Chemometrics in analytical chemistry.
In: Gateiger J ET, editor. Applied
Chemoinformatics: Achievements and
Future Opportunities2018. p. 471-99.
Franca AS, Nollet LM. Spectroscopic
methods in food analysis: CRC press;
2017.

Rebiai A, Hemmami H, Zeghoud S, Ben
Seghir B, Kouadri I, Eddine LS, et al.
Current application of chemometrics
analysis in authentication of natural
products: A review. Comb Chem High

18.

19.

20.

21.

22.

23.

24.

25.

26.

Throughput Screen. 2022;25(6):945-72.
doi: 10.2174/13862073246662103091022
39.

Aboushady D, Samir L, Masoud A,
Elshoura Y, Mohamed A, Hanafi RS, et al.
Chemometric approaches for sustainable
pharmaceutical analysis using liquid
chromatography. Chemistry. 2025;7(1):11.
da Silva VH, Soares-Sobrinho JL,
Pereira CF, Rinnan A. Evaluation of
chemometric approaches for polymorphs
quantification in tablets using near-
infrared hyperspectral images. Eur J
Pharm Biopharm. 2019;134:20-28. doi:
10.1016/j.ejpb.2018.11.007.

Custers D, Courselle P, Apers S,
Deconinck E. Chemometrical analysis of
fingerprints for the detection of counterfeit
and falsified medicines. Rev Anal Chem.
2016;35(4):145-68.

Tharwat A.  Principal = component
analysis-a tutorial. Int J Appl Pattern
Recog. 2016;3(3):197-240.

Salem N, Hussein S. Data dimensional
reduction and principal components
analysis. Proc Comp Sci. 2019;163:292-9.
Chen X, Zhang B, Wang T, Bonni A, Zhao
G. Robust principal component analysis
for accurate outlier sample detection in
RNA-Seq data. BMC Bioinformatics.

2020;21(1):269. doi:  10.1186/s12859-
020-03608-0.
Niedoba T. Multi-parameter  data

visualization by means of principal
component analysis (PCA) in qualitative
evaluation of various coal types.
Physicochem  Probl Miner Process.
2014;50(2):575-89.

Winder Z, Sudduth TL, Fardo D, Cheng
Q, Goldstein LB, Nelson PT, et al.
Hierarchical clustering analyses of plasma
proteins in subjects with cardiovascular
risk factors identify informative subsets
based on differential levels of angiogenic

and inflammatory biomarkers. Front
Neurosci. 2020;14:84. doi: 10.3389/
fnins.2020.00084.

Bu J, Liu W, Pan Z, Ling K. Comparative
study of hydrochemical classification
based on different hierarchical cluster
analysis methods. Int J Environ Res Public

Trends in Pharmaceutical Sciences and Technologies 2026: 12(1): 17-36.



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Comparative Analysis of HPLC and Chemometric-Assisted Spectroscopy

Health. 2020;17(24):9515. doi: 10.3390/
jjerph17249515.  PMID:  33353090;
PMCID: PMC7766391.

F. Ros, Serge Guillaume. A hierarchical
clustering algorithm and an improvement
of the single linkage criterion to deal with
noise. Expert Syst Appl. 2019;128:96-108.
Farrelly CM, Schwartz SJ, Amodeo AL,
Feaster DJ, Steinley DL, Meca A, et
al. The analysis of bridging constructs
with hierarchical clustering methods: An
application to identity. J Res Personal.
2017;70:93-106.

Yoo C, Yoo Y, Um HY, Yoo JK. On
hierarchical clustering in sufficient
dimension reduction. Commun Statist
Appl Meth. 2020;27(4):431-43.

Mehmood T, Ahmed B. The diversity in
the applications of partial least squares: an
overview. J Chemomet. 2016;30(1):4-17.
Wang Y, Cao H, Zhou Y, Zhang Y.
Nonlinear partial least squares regressions
for  spectral quantitative  analysis.
Chemomet Int Labor Syst. 2015;148:32-50
Lin Z, Zhang Q, Liu R, Gao X, Zhang L,
Kang B, et al. Evaluation of the bitterness
of Traditional Chinese Medicines using
an E-Tongue coupled with a robust partial
least squares regression method. Sensors
(Basel). 2016;16(2):151. doi: 10.3390/
s16020151.

Xie Z, Feng Xa, Chen X. Partial least
trimmed squares regression. Chemomet
Int Labor Syst. 2022;221:104486.

LiuM, FuR, LiuJ, Song P, Li H, Dong W,
et al. Quantitative analysis of amorphous
form in indomethacin by near infrared
spectroscopy combined with partial least
squares regression analysis. Molecules.
2024;29(22):5290. doi: 10.3390/
molecules29225290.

Zhao N, Ma L, Huang X, Liu X, Qiao
Y, Wu Z. Pharmaceutical analysis model
robustness from bagging-PLS and PLS
using systematic tracking mapping.
Front Chem. 2018;6:262. doi: 10.3389/
fchem.2018.00262.

Zhao S, Zhang B, Yang J, et al. Linear
discriminant analysis. Nat Rev Methods
Primers. 2024;4(1): 70

Tharwat A, Gaber T, Ibrahim A, Hassanien

Trends in Pharmaceutical Sciences and Technologies 2026: 12(1): 17-36.

38.

39.

40.

41

42.

43.

44,

45.

46.

AE.Lineardiscriminantanalysis: Adetailed
tutorial. A1 commun. 2017;30(2):169-90.
Pathak A, Vohra B, Gupta K, editors.
Supervised learning approach towards
class  separability-linear  discriminant
analysis. 2019 International Conference
on Intelligent Computing and Control
Systems (ICCS); 2019: 1EEE.

Zhu F, Gao J, Yang J, Ye N. Neighborhood
linear discriminant analysis. Pattern
Recogn. 2022;123:108422.

Manning CD, Clark K, Hewitt J,
Khandelwal U, Levy O. Emergent
linguistic structure in artificial neural
networks trained by self-supervision. Proc
Natl Acad Sci U S A. 2020;117(48):30046-
30054. doi: 10.1073/pnas.1907367117.

. Chiappini FA, Teglia CM, Forno AG,

Goicoechea HC. Modelling of bioprocess
non-linear fluorescence data for at-
line prediction of etanercept based on
artificial neural networks optimized by
response surface methodology. Talanta.
2020;210:120664. doi: 10.1016/;.
talanta.2019.120664.

Wu Yc, Feng Jw. Development and
application of artificial neural network.
Wireless Pers Commun.2018;102(2):1645-
56

Khalilov DA, Jumaboyeva NAK,
Kurbonova TMK. Advantages and
applications of neural networks. Academic
Res Educat Sci. 2021;2(2):1153-9.

Sun L, Hsiung C, Pederson CG, Zou
P, Smith V, von Gunten M, et al.
Pharmaceutical raw material identification
using miniature near-infrared (MicroNIR)
spectroscopy and supervised pattern
recognition using support vector machine.
Appl Spectrosc. 2016;70(5):816-25. doi:
10.1177/0003702816638281.
Rodriguez-Pérez R, Vogt M, Bajorath J.
Support vector machine classification and
regression prioritize different structural
features for binary compound activity and
potency value prediction. ACS Omega.
2017;2(10):6371-6379.  doi:  10.1021/
acsomega.7b01079.

Rodriguez-Pérez R, Bajorath J. Evolution
of support vector machine and regression
modeling in chemoinformatics and drug

31




Sheida Jahanbekam & Shohreh Alipour

47.

48.

49.

50.

51.

52.

53.

54.

55.

32

discovery. J Comput Aided Mol Des.
2022;36(5):355-362.doi: 10.1007/s10822-
022-00442-9.

Pisner DA, Schnyer DM. Support vector
machine. Machine learning: Elsevier;
2020. p. 101-21.

Ivanciuc O. Applications of support vector
machines in chemistry. Rev Comput Chem.
2007;23:291.

Kumar AP, Kumar D. Determination
of pharmaceuticals by UV-visible
spectrophotometry. Curr  Pharm Anal.
2021;17(9):1156-70.

Akash MSH, Rehman K, Akash MSH,
Rehman K. Ultraviolet-visible (UV-
VIS) spectroscopy. Essent Pharm Anal.
2020:29-56.

Riswanto FDO, Rohman A, Pramono
S, Martono S. The employment of UV-
Vis spectroscopy and chemometrics
techniques for analyzing the combination
of genistein and curcumin. J Appl Pharm
Sci. 2021;11(3):154-61.

Darbandi A, Sohrabi MR, Bahmaei
M. Development of a chemometric-
assisted spectrophotometric method for
quantitative simultaneous determination of
Amlodipine and Valsartan in commercial
tablet. Optik. 2020;218:165110.
Glavanovi¢ S, Glavanovi¢ M, TomiS$i¢ V.
Simultaneous quantitative determination
of paracetamol and tramadol in tablet
formulation using UV spectrophotometry
and chemometric methods. Spectrochim
Acta A Mol Biomol  Spectrosc.
2016;157:258-264. doi: 10.1016/;.
saa.2015.12.020.

Lalaouna AED, HadefY, Nekkaa A, Titel F,
Dalia F. Cost-effective and earth-friendly
chemometrics-assisted spectrophotometric
methods for simultaneous determination
of acetaminophen and ascorbic acid in
pharmaceutical formulation. Spectrochim
Acta A Mol Biomol Spectrosc.
2022;266:120422. doi: 10.1016/j.
saa.2021.120422.

Sharkawi MMZ, Farid NF, Hassan
MH, Hassan SA. New chemometrics-
assisted  spectrophotometric ~ methods
for simultaneous determination of co-
formulated drugs montelukast, rupatadine,

56.

57.

58.

59.

60.

61.

62.

their different
BMC  Chem.
10.1186/s13065-

and desloratadine in
dosage combinations.
2024;18(1):232. doi:
024-01345-6.

Darbandi A, Sohrabi MR. Chemometrics
Assisted UV Spectrophotometry for the
quantitative determination of metformin
and sitagliptin in commercial sample
compare to HPLC analysis. Iran J Chem
Chem Eng. 2024;43(7):2649-59. doi:
10.30492/ijcce.2024.2007079.6130

Palur K, Archakam SC, Koganti
B. Chemometric assisted uv
spectrophotometric and RP-HPLC

methods for simultaneous determination
of  paracetamol, diphenhydramine,
caffeine and phenylephrine in tablet
dosage form. Spectrochim Acta A Mol
Biomol Spectrosc. 2020;243:118801. doi:
10.1016/j.saa.2020.118801.

Salem H. Determination of metformin
hydrochloride and glyburide in an
antihyperglycemic binary mixture using
high-performance liquid chromatographic-
UV and spectrometric methods. J 404AC
Int. 2010;93(1):133-40.

Banishaban L, Sohrabi MR, Mortazavinik
S. Nature-Friendly chemometrics-assisted
UV-spectrophotometric method for the
simultaneous determination of vitamins
B9 and B12 in syrup formulation: Net
analyte signal (NAS) and partial least
squares (PLS) approaches. lran J Chem
Chem Eng. 2024;43(7):2660-71. doi:
10.30492/ijcce.2024.2011415.6217

Patel M, Patel A, Shah U, Patel S.
Comparative study of the uv chemometrics,
ratio spectra derivative and HPLC-
QBD methods for the estimation of their
simultaneous estimation in combined
marketed formulation. Chromatographia.
2021;84:75-86.

Sebaiy MM, EI-Adl SM, Mattar AA.
Different techniques for overlapped
UV spectra resolution of some co-
administered drugs with paracetamol in
their combined pharmaceutical dosage
forms. Spectrochim Acta A Mol Biomol
Spectrosc. 2020;224:117429. doi:
10.1016/j.saa.2019.117429.
AntonyA,MitralJ.Refractiveindex-assisted

Trends in Pharmaceutical Sciences and Technologies 2026: 12(1): 17-36.



63.

64.

65.

66.

67.

68.

69.

70.

71.

Comparative Analysis of HPLC and Chemometric-Assisted Spectroscopy

UV/Vis spectrophotometry to overcome
spectral interference by impurities. Anal

Chim  Acta. 2021;1149:238186. doi:
10.1016/j.aca.2020.12.061.
Ali  AH. High-Performance Liquid

chromatography (HPLC): A review. Ann
Adv Chem. 2022;6:010-20.

Lee LC, Liong C-Y, Jemain AA. d
contemporary review ondatapreprocessing
(DP) practice strategy in ATR-FTIR
spectrum. Chemomet Intell Labor Syst.
2017;163:64-75.

Igbal H, Keshavarz T. 13 - The challenge
of  biocompatibility = evaluation of
biocomposites. Luigi Ambrosio, Woodhead
Publishing Series in  Biomaterials,
Biomedical Composites (Second Edition),
Woodhead Publishing. 2017;303-34.
Parhizkar E, Ghazali M, Ahmadi F,
Sakhteman A. PLS-LS-SVM  based
modeling of ATR-IR as a robust method in
detection and qualification of alprazolam.
Spectrochim  Acta A Mol Biomol
Spectrosc. 2017;173:87-92. doi: 10.1016/].
saa.2016.08.055.

Parhizkar E, Saeedzadeh H, Ahmadi
F, Ghazali M, Sakhteman A. Partial
least squares- least squares- support
vector machine modeling of ATR-IR
as a spectrophotometric method for
detection and determination of iron in
pharmaceutical formulations. Iran J
Pharm Res. 2019;18(1):72-79.

Smith BC. Infrared spectral interpretation:
a systematic approach: CRC press; 2018.
Baker MJ, Trevisan J, Bassan P, Bhargava
R, Butler HJ, Dorling KM, et al. Using
fourier transform IR spectroscopy to
analyze biological materials. Nat Protoc.

2014;9(8):1771-91. doi: 10.1038/
nprot.2014.110.
Karami F, Khanmohammadi M,

Garmarudi A. ATR-FTIR spectroscopy and
chemometrics application for analytical
and kinetics characterization of adsorption
of 1-butyl mercaptan (1-butanethiol) on
nickel coated carbon nanofibers (CNFS).
Bulg Chem Commun. 2016;48:51-6.

Chen CJ, Lokesh BV, Akowuah GA.
Quantitative applications of ATR-FTIR
spectroscopy with chemometrics for

Trends in Pharmaceutical Sciences and Technologies 2026: 12(1): 17-36.

72.

73.

74.

75.

76.

77.

78.

79.

80.

the estimation of amikacin in amikacin
sulphate injections. Curr Anal Chem.
2024;20(3):201-8

Eid SM, Soliman SS, Elghobashy
MR, Abdalla OM. ATR-FTIR coupled
with chemometrics for quantification
of vildagliptin and metformin in
pharmaceutical combinations  having
diverged concentration ranges. Vibrat
Spect. 2020;106:102995.

Suwanvecho  C,  Suphakijudomkarn
P, Chinoraso S, Sithisarn P, Rojsanga
P. chemometrics-assisted ATR-IR
spectroscopy for direct quantitation
of caffeic acid and rosmarinic acid in
Thunbergia laurifolia leaves. Pharm Sci
Asia. 2020;47(3):287-93.

Ahmad 1, Fikri JAN, Arifianti AE,
Abdullah S, Munim A. The combination
of ATR-FTIR and chemometrics for rapid
analysis of essential oil from myrtaceae
plants — A review. J Appl Pharm Sci. 2022,
12(06):030-42.

Orlando A, Franceschini F, Muscas C,
Pidkova S, Bartoli M, Rovere M, et
al. A comprehensive review on raman
spectroscopy applications. Chemosensors.
2021;9(9):262.

Pérez-Jiménez Al, Lyu D, Lu Z, Liu
G, Ren B. Surface-enhanced raman
spectroscopy: benefits, trade-offs
and future developments. Chem Sci.
2020;11(18):4563-77.

Shah KC, Shah MB, Solanki SJ, Makwana
VD, Sureja DK, Gajjar AK, et al. Recent
advancements and applications of raman
spectroscopy in pharmaceutical analysis. J
Mol Struct. 2023;1278:134914.

D. Patel B, J. Mehta P. An overview:
application of raman spectroscopy in
pharmaceutical field. Curr Pharm Anal.
2010;6(2):131-41.

Ekins S. Pharmaceutical applications of
Raman spectroscopy: John Wiley & Sons;
2007 October 23.

Romero-Torres S, Pérez-Ramos JD, Morris
KR, Grant ER. Raman spectroscopy for
tablet coating thickness quantification and
coating characterization in the presence of
strong fluorescent interference. J Pharm
Biomed Anal. 2006;41(3):811-9. doi:

33




Sheida Jahanbekam & Shohreh Alipour

81.

82.

83.

&4.

85.

86.

87.

88.

34

10.1016/j.jpba.2006.01.033.

Pruksapha P, Khongkaew P, Suwanvecho
C, Nuchtavorn N, Phechkrajang C,
Suntornsuk L. Chemometrics-assisted
spectroscopic methods for rapid analysis
of combined anti-malarial tablets. J Food
Drug Anal. 2023;31(2):338-357. doi:
10.38212/2224-6614.3449.

Cornel J, Lindenberg C, Mazzotti M.
Quantitative application of in situ
ATR-FTIR and Raman spectroscopy in
crystallization processes. Indust Engin
Chem Res. 2008;47(14):4870-82.
Rohman A, Windarsih A, Lukitaningsih
E, Rafi M, Betania K, Fadzillah NA. The
use of FTIR and Raman spectroscopy
in combination with chemometrics for
analysis of biomolecules in biomedical
fluids: A review. Biomed Spect Imag.
2019;8(3-4):55-71.

Ciza PH, Sacre PY, Waffo C, Coic L,
Avohou H, Mbinze JK, ef al. Comparing
the qualitative performances of handheld
NIR and Raman spectrophotometers for
the detection of falsified pharmaceutical
products. Talanta. 2019;202:469-478. doi:
10.1016/j.talanta.2019.04.049.

Castro RC, Ribeiro DSM, Santos JLM,
Nunes C, Reis S, N M J Pascoa R.
Chemometric-assisted surface-enhanced
Raman spectroscopy for metformin
determination using gold nanoparticles as
substrate. Spectrochim Acta A Mol Biomol
Spectrosc. 2023;287(Pt 2):122118. doi:
10.1016/j.s22.2022.122118.

Zhou S, Hu Z, Zhang Y, Wang D, Gong Z,
Fan M. Differentiation and identification
structural similar chemicals using SERS
coupled with different chemometric
methods: The example of fluoroquinolones.
Microchem J. 2022;183:108023.

Belanger JM, Paré¢ JJ, Sigouin M. High
performance  liquid chromatography
(HPLC): principles and applications.
Techniques and instrumentation in
analytical chemistry. 18: Elsevier; 1997. p.
37-59.

Lozano-Sanchez J, Borras-Linares
I, Sass-Kiss A, Segura-Carretero A.
Chromatographic technique: high-
performance  liquid chromatography

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

(HPLC). Modern techniques for food
authentication: Elsevier; 2018. p. 459-526.
Reuhs BL. High-performance liquid
chromatography. Food Anal. 2017:213-
26.

Zuvela P, Skoczylas M, Jay Liu J, Baczek
T, Kaliszan R, Wong MW, et al. Column
characterization and selection systems
in  reversed-phase  high-performance

liquid chromatography. Chem  Rev.
2019;119(6):3674-729.

Snyder LR, Kirkland JJ, Dolan
JW. Introduction to modern liquid

chromatography: John Wiley & Sons;
2011.

Kanu AB. Recent developments in sample
preparation techniques combined with
high-performance liquid chromatography:
A critical review. J Chromatogr A.
2021;1654:462444.  doi: 10.1016/.
chroma.2021.462444.

Lynch KB, Chen A, Liu S. Miniaturized
high-performance liquid chromatography
instrumentation. Talanta. 2018;177:94-
103. doi: 10.1016/j.talanta.2017.09.016.
Epub 2017 Sep 14. PMID: 29108588.
Siddique I. Unveiling the power of high-
performance liquid chromatography:
Techniques, applications, and innovations.
Eur J Adv Engin Technol. 2021;8(9):79-
84.

Dong MW. HPLC and UHPLC for
Practicing Scientists: John Wiley & Sons;
2019.

Patel P, Narkhede SB, Luhar S. High-
performance  liquid  chromatpgraphy
(HPLC): A comperhensive review. EPRA
Int J Res Devel (IJRD).

Zulkifli B, Fakri F, Odigie J, Nnabuife
L, Isitua CC, Chiari W. Chemometric-
empowered  spectroscopic  techniques
in pharmaceutical fields: A bibliometric
analysis and updated review. Narra X.

2023;1(1).

Ahmed R. High-Performance Liquid
chromatography (HPLC): Principles,
applications,  versatality, efficiency,

innovation and comparative analysis
in modern analytical chemistry and in
pharmaceutical sciences. 2024.

D’Atri V, Fekete S, Clarke A, Veuthey

Trends in Pharmaceutical Sciences and Technologies 2026: 12(1): 17-36.



Comparative Analysis of HPLC and Chemometric-Assisted Spectroscopy

J-L, Guillarme D. Recent advances in
chromatography  for  pharmaceutical
analysis. Anal Chem. 2018;91(1):210-39.
100. LiN, Zhang T, Chen G, Xu J, Ouyang
G, Zhu F. Recent advances in sample
preparation techniques for quantitative
detection of pharmaceuticals in biological

samples. TrAC Trends Anal Chem.
2021;142:116318.
101. Fanali S, Haddad PR, Poole C,

Riekkola M-L. Liquid chromatography:
applications: Elsevier; 2017.

102.  WangS, Liu B, Yuan D, MaJ. A simple
method for the determination of glyphosate
and aminomethylphosphonic acid in
seawater matrix with high performance
liquid chromatography and fluorescence
detection. Talanta. 2016;161:700-706.
doi: 10.1016/j.talanta.2016.09.023. Epub
2016 Sep 13. PMID: 27769468.

103.  Gupta P, Sreelakshmi Y, Sharma R. A
rapidandsensitivemethod fordetermination
of carotenoids in plant tissues by high
performance liquid chromatography. Plant
Methods. 2015;11:5. doi: 10.1186/s13007-
015-0051-0.

104. Mohammadi M, Khanmohammadi
Khorrami M, Vatani A, Ghasemzadeh
H, Vatanparast H, Bahramian A, et al.
Rapid determination and classification of
crude oils by ATR-FTIR spectroscopy and
chemometric methods. Spectrochim Acta A
Mol Biomol Spectrosc. 2020;232:118157.
doi: 10.1016/j.saa.2020.118157.

105. Tirado-Kulieva VA, Hernandez-
Martinez E, Suomela J-P. Non-destructive
assessment of vitamin C in foods: a review
of the main findings and limitations of
vibrational spectroscopic techniques. Eur
Food Res Technol. 2022;248(8):2185-95

106. Sowjanya G, Ganapaty S, Sara A.
Derivative Uv Spectroscopic approaches
in multicomponent analysis—A review. Int
J Pharm Pharm Sci. 2019;11(2):1-11.

107. Song Y, Cong Y, Wang B, Zhang
N. Applications of Fourier transform
infrared spectroscopy to pharmaceutical

preparations.  Expert  Opin  Drug
Deliv. 2020;17(4):551-71. doi:
10.1080/17425247.2020.1737671.  Epub

2020 Mar 11. PMID: 32116058.

Trends in Pharmaceutical Sciences and Technologies 2026: 12(1): 17-36.

108. Olivieri AC. Introduction to
multivariate calibration: A  practical
approach: Springer Nature; 2024.

109. Angheluta A, Guizani S, Saunier J,
Ronnback R. Application of chemometric
modelling to UV-Vis spectroscopy:
development of simultaneous API
and critical excipient assay in a liquid
solution continuous flow. Pharm Dev
Technol. 2020 Oct;25(8):919-29. doi:
10.1080/10837450.2020.1770789.

110. Rojek B, Gazda M, Wesolowski M.
Quantification of compatibility between
polymeric  excipients and atenolol
using principal component analysis
and hierarchical cluster analysis. A4APS
PharmSciTech. 2021;23(1):3. doi:
10.1208/s12249-021-02143-2.

111.  Zareef M, Chen Q, Hassan MM,
Arslan M, Hashim MM, Ahmad W, et al.
An overview on the applications of typical
non-linear algorithms coupled with NIR
spectroscopy in food analysis. Food Engin
Rev. 2020;12(2):173-90.

112. Liu Y, Liu Y, Chen Y, Zhang Y,
Shi T, Wang J, et al. The influence of
spectral pretreatment on the selection of
representative calibration samples for soil
organic matter estimation using Vis-NIR
reflectance spectroscopy. Remote Sensing.
2019;11(4):450.

113. Jiao Y, Li Z, Chen X, Fei S.
Preprocessing methods for near-infrared
spectrum calibration. J Chemomet.
2020;34(11):e3306.

114. Dayananda B, Owen S, Kolobaric
A, Chapman J, Cozzolino D. Pre-
processing applied to instrumental data
in analytical chemistry: A brief review
of the methods and examples. Crit Rev
Anal Chem. 2024;54(8):2745-2753. doi:
10.1080/10408347.2023.2199864.

115. Mishra P, Biancolillo A, Roger
JM, Marini F, Rutledge DN. New data
preprocessing trends based on ensemble of
multiple preprocessing techniques. 7rAC
Trends Anal Chem. 2020;132:116045.

116. Ezenarro J, Schorn-Garcia D. How
are chemometric models validated? A
systematic review of linear regression
models for NIRS data in food analysis. J

35




Sheida Jahanbekam & Shohreh Alipour

Chemomet. 2025;39(6):¢70036.

117.  Brereton RG, Jansen J, Lopes J, Marini
F, Pomerantsev A, Rodionova O, et al.
Chemometrics in analytical chemistry-part
II: modeling, validation, and applications.
Anal Bioanal Chem. 2018;410(26):6691-
6704. doi: 10.1007/s00216-018-1283-4.

118. Yates LA, Aandahl Z, Richards
SA, Brook BW. Cross validation for
model selection: a review with examples
from ecology. Ecol Monographs.
2023;93(1):e1557.

119.  Michelucci U. Model validation and
selection. ~ Fundamental mathematical
concepts for machine learning in science:
Springer; 2024. p. 153-84.

120. Rathod S, Patel P, Patel N.
Chemometrics assisted spectrophotometric
method development and validation for
simultaneous estimation of abacavir,
lamivudine ~ and  dolutegravir  in
dosage form. Ind J Pharm Edu Res.
2023;57(2):570-82.

121. Luna AS, de Gois JS. 4.5 Figures
of merit for multivariate calibration.
Vibrat Spect Plant Var Cultiv Charact.
2018;80:171.

122. Stefansson P, Liland KH, Thiis
T, Burud 1. Fast method for GA-
PLS with simultaneous feature
selection and identification of optimal
preprocessing technique for datasets
with many observations. J Chemomet.
2020;34(3):e3195.

123.  Song X, Huang Y, Yan H, Xiong Y, Min
S. A novel algorithm for spectral interval
combination optimization. Anal Chim
Acta. 2016;948:19-29. doi: 10.1016/j.
aca.2016.10.041.

36

124, Wu H, White M, Khan MA. Quality-
by-Design (QbD): An integrated process
analytical technology (PAT) approach for
a dynamic pharmaceutical co-precipitation
process characterization and process
design space development. Int J Pharm.
2011;405(1-2):63-78.  doi:  10.1016/j.
ijpharm.2010.11.045.

125.  Aucamp M, Milne M. The physical
stability of drugs linked to quality-by-
design (QbD) and in-process technology
(PAT) perspectives. European J Pharm
Sci. 2019;139:105057.

126. Alanazi MMS, Alruwaili YS]J,
Alruwaili  MMR, Alrwayli HMR,
Alruwaili MJN, Alanazi FHBE, et al.
Advancements in analytical techniques for
pharmaceutical quality control. J Int Cris
Risk Commun Res. 2024;7(510):51.

127.  RahmanMAA,ElghobashyMR,Zaazaa
HE, El-Mosallamy SS. Novel analytical
method based on chemometric models
applied to UV-Vis spectrophotometric
data for simultaneous determination of
etoricoxib and paracetamol in presence
of paracetamol impurities. BMC Chem.
2023;17(1):176. doi: 10.1186/s13065-
023-01095-x.

128. Abd El-Hadi HR, Eissa MS, Zaazaa
HE, Eltanany BM. Development and
validation = of  chemometric-assisted
spectrophotometric models for efficient
quantitation of a binary mixture of
supportive treatments in COVID-19
in the presence of its toxic impurities:
a comparative study for eco-friendly
assessment. BMC Chem. 2023 Dec
7;17(1):177.  doi: 10.1186/s13065-023-
01089-9.

Trends in Pharmaceutical Sciences and Technologies 2026: 12(1): 17-36.




