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medicinal plants. Al-assisted methods can improve quality

control, reduce human error, and support real-time monitoring in the herbal industry. This
review discusses different forms of herbal drug adulteration, conventional analytical
approaches, and recent advancements in Al-based authentication systems. The advantages,
limitations, and future perspectives of Al technologies in herbal drug standardization are also

discussed.
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1.INTRODUCTION
Herbal medicines have been used for centuries in traditional healthcare systems such as

Ayurveda, Siddha, Traditional Chinese Medicine, and Unani medicine. In recent years, the
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global demand for herbal products has increased due to the belief that natural medicines are
safer and produce fewer side effects than synthetic drugs. Despite their popularity, the quality
and authenticity of herbal medicines remain major concerns. Adulteration of herbal drugs can
occur intentionally or unintentionally during cultivation, processing, storage, or marketing.
Common adulteration practices include substitution with inferior species, mixing with
synthetic compounds, and addition of artificial colors or fillers. These practices may reduce

therapeutic efficacy and create serious health risks for consumers.

Conventional analytical methods are widely used for herbal authentication, but these
techniques may be costly and time-consuming. Artificial intelligence (Al) has emerged as an
advanced tool capable of analyzing complex datasets generated from spectroscopy,
chromatography, imaging, and metabolomics. Al-driven systems can recognize patterns,
classify samples, and predict adulteration with high accuracy. The integration of Al with
analytical science has therefore become an important area of research in pharmaceutical

quality control.

2. Types of Herbal Drug Adulteration

Herbal drug adulteration refers to the replacement or contamination of genuine herbal
materials with inferior, harmful, or economically cheaper substances. Intentional adulteration
is performed mainly for financial profit, whereas unintentional adulteration may occur

because of improper identification, poor storage conditions, or processing errors.

Common forms of adulteration include substitution with morphologically similar plants,
mixing exhausted plant materials, contamination with pesticides or heavy metals, and addition
of undeclared synthetic drugs. Turmeric powder may be adulterated with synthetic dyes such
as metanil yellow, while herbal weight-loss preparations have been found to contain
undeclared synthetic compounds. Such practices compromise safety and reduce public

confidence in herbal medicine.

3.Conventional Detection Methods

Several analytical methods are traditionally used for herbal authentication. Microscopic
analysis helps in the identification of plant tissues and cellular structures. Chromatographic
methods such as HPLC, TLC, HPTLC, and GC-MS are commonly used for phytochemical
fingerprinting and quantification of active constituents. Spectroscopic techniques including

FTIR, Raman spectroscopy, and NIR spectroscopy provide rapid chemical profiling of herbal
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materials. DNA barcoding is another powerful method used for species identification.

Although these techniques provide accurate results, they often require sophisticated
instruments, trained professionals, and significant sample preparation. Therefore, researchers

are exploring Al-assisted systems to improve efficiency and reduce analysis time.

4. Artificial Intelligence in Herbal Drug Authentication

Artificial intelligence refers to computational systems capable of performing tasks that
usually require human intelligence. In herbal drug authentication, Al can analyze spectral,
chromatographic, metabolomic, and image-based data for classification and prediction
purposes. Machine learning algorithms such as Support Vector Machine (SVM), Random
Forest, K-Nearest Neighbors (KNN), and Principal Component Analysis (PCA) are widely
used for pattern recognition in herbal datasets.

Deep learning techniques such as Convolutional Neural Networks (CNNs) are especially
useful in image-based identification of medicinal plants and adulterants. Al models can be
trained using large datasets to distinguish between authentic and adulterated samples with
high precision. These systems improve automation, minimize human error, and support rapid

quality assessment.

5.Spectroscopy and Al-Based Detection

The combination of spectroscopy with Al and chemometric analysis has shown significant
potential in herbal authentication. Raman spectroscopy, FTIR spectroscopy, and
hyperspectral imaging generate unique chemical fingerprints of herbal materials. Machine

learning models analyze these fingerprints to detect abnormalities and identify adulterants.

Several studies have reported high classification accuracy using Al-integrated spectroscopy.
Random forest, PCA, and CNN-based systems have successfully differentiated pure and
adulterated herbal samples. Al-driven spectral analysis also enables non-destructive and real-

time monitoring of herbal products.

6. Applications of Al in Herbal Adulteration Detection

Al technologies are being applied in the authentication of turmeric, ginseng, ashwagandha,
basil, honey, and various medicinal plants. Computer vision models can identify microscopic
differences in plant morphology, while metabolomic datasets can be analyzed using machine

learning algorithms for classification.
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Recent research from CSIR-CIMAP demonstrated Al-assisted metabolomic fingerprinting
with more than 98% accuracy in detecting adulteration in medicinal plants. Portable handheld
devices integrated with Al are also being developed for rapid on-site testing of herbal

products.

7.Advantages and Challenges

Al-based systems offer several advantages including rapid analysis, high sensitivity,
automation, and reduced human dependency. These methods can process large datasets
efficiently and improve the reproducibility of results. Al can also support portable analytical

devices and real-time monitoring in pharmaceutical industries.

Despite these benefits, several challenges remain. Al models require high-quality datasets
and proper validation. Model overfitting, lack of standardization, and regulatory limitations
may affect reliability. Furthermore, advanced Al systems may involve high initial costs and

technical expertise.

One major challenge is the availability of high-quality and standardized datasets. Al models
require large amounts of accurate data for training. However, herbal drugs vary depending on
geographical source, climate, harvesting conditions, and processing methods, making it

difficult to create uniform datasets.

Another limitation is the complexity of herbal medicines. Herbal formulations often contain
multiple plant components with similar chemical profiles. Differentiating between genuine
constituents and adulterants becomes challenging, especially in processed or powdered forms.
The high cost of advanced analytical instruments and Al integration is also a barrier for
small-scale industries and research laboratories. Instruments such as HPLC, LC-MS, and

spectroscopic systems require significant investment and technical expertise.

Al models may also produce inaccurate predictions if they are not properly trained or
validated. Insufficient data, biased datasets, or poor-quality samples can reduce model
performance and reliability.

Lack of technical expertise is another issue. The successful implementation of Al requires
collaboration between pharmaceutical scientists, data analysts, and computer engineers. Many

herbal industries still lack trained professionals capable of handling Al-based systems.
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Data privacy, cybersecurity, and ethical concerns are additional challenges. Digital storage of
pharmaceutical data and Al-driven systems may face risks related to unauthorized access or

misuse of information.

Furthermore, regulatory acceptance of Al-based methods is still developing in many
countries. Standard guidelines for validation and approval of Al-assisted herbal drug analysis

are not yet fully established.

Finally, Al cannot completely replace human expertise. Expert validation is still necessary to
interpret results, confirm adulteration, and ensure proper decision-making in pharmaceutical

quality control.

Advantages of Al in Detection of Adulteration in Herbal Drugs.

Acrtificial Intelligence (Al) has become an important tool in the pharmaceutical and herbal
medicine industry for identifying adulteration, contamination, and quality defects in herbal
products. Traditional methods of identification are often time-consuming and depend heavily

on expert knowledge, whereas Al-based systems provide faster and more accurate analysis.

One major advantage of Al is its ability to analyze a large amount of data within a short time.
Herbal drugs contain complex mixtures of phytochemicals, and Al algorithms can process
chromatographic, spectroscopic, and microscopic data efficiently. Machine learning models
can identify patterns and detect adulterants that may not be easily recognized by conventional

techniques.

Al also improves the accuracy and reliability of herbal drug authentication. Techniques such
as image recognition, deep learning, and pattern analysis help distinguish genuine herbal
materials from substituted or adulterated samples. This reduces the chances of human error

and increases consistency in quality control.

Another important benefit is early detection of adulteration. Al systems can identify minor
variations in chemical composition, color, texture, or spectral fingerprints before the product

reaches the market. This helps protect public health and ensures patient safety.

Al-based technologies also reduce analysis time and operational costs in the long term.
Automated systems minimize manual labor and improve laboratory efficiency. Industries can

use Al for rapid screening of raw materials during manufacturing and packaging processes.
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In addition, Al supports standardization and regulatory compliance. By integrating Al with
analytical instruments such as HPLC, GC-MS, FTIR, and NIR spectroscopy, manufacturers
can maintain batch-to-batch consistency and follow quality standards more effectively.

Al can also contribute to the development of portable and smart detection devices.
Smartphone-based Al applications and sensor technologies may allow real-time identification
of adulterated herbal products even outside sophisticated laboratories.

8.Future Perspectives

The future of Al in herbal drug authentication appears promising. Integration of Al with
blockchain, Internet of Things (loT), cloud computing, and portable spectroscopy devices
may improve traceability and transparency in the herbal supply chain. Smartphone-based
authentication tools and Al-powered handheld scanners may become widely available for

rapid quality assessment.

Further development of standardized databases and explainable Al models may strengthen
regulatory acceptance and improve confidence in Al-assisted quality control systems.

The future of Artificial Intelligence (Al) in the detection of adulteration in herbal drugs is
highly promising due to continuous advancements in machine learning, deep learning, and
analytical technologies. Al is expected to transform the herbal pharmaceutical industry by
improving accuracy, speed, and reliability in quality assessment and authentication of herbal

products.

One important future perspective is the integration of Al with advanced analytical instruments
such as High-Performance Liquid Chromatography (HPLC), Gas Chromatography—Mass
Spectrometry (GC-MS), Fourier Transform Infrared Spectroscopy (FTIR), Nuclear Magnetic
Resonance (NMR), and Near-Infrared Spectroscopy (NIR). These integrated systems will

enable rapid and automated identification of adulterants with minimal human intervention.

In the future, deep learning and computer vision technologies may play a major role in herbal
drug authentication. Al-powered image recognition systems could identify medicinal plants,
powders, and crude drugs based on microscopic structure, color, texture, and morphology.
Smartphone-based applications may allow instant detection of adulterated herbal products

even at the consumer or retail level.
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The development of portable Al-based biosensors and smart diagnostic devices is another
emerging area. These devices may provide real-time monitoring and on-site testing of herbal
raw materials during manufacturing, storage, and transportation. This could reduce
dependence on sophisticated laboratory infrastructure and improve accessibility in rural or

resource-limited areas.

Al is also expected to contribute to predictive analysis and risk assessment in herbal medicine
manufacturing. Machine learning models may predict the possibility of contamination,
adulteration, or degradation based on environmental conditions, supplier history, and
processing methods. This proactive approach can improve supply chain management and

quality assurance.

Another future trend is the creation of large global databases containing phytochemical
profiles, spectral fingerprints, and authenticated herbal reference samples. Al systems trained
on these databases will provide more accurate identification and standardization of herbal

medicines across different geographical regions.

Cloud computing and Internet of Things (loT) technologies may further enhance Al
applications in herbal drug monitoring. Real-time data sharing between manufacturers,
laboratories, and regulatory authorities could improve transparency and traceability in the
herbal pharmaceutical industry.

In addition, Al may support regulatory agencies in developing standardized guidelines for
quality control and authentication of herbal products. Automated documentation and
intelligent reporting systems can simplify regulatory compliance and reduce manual

workload.

Future research is also expected to focus on hybrid Al models that combine machine
learning, chemometrics, metabolomics, and bioinformatics for more precise adulteration
detection. Such multidisciplinary approaches may significantly improve the sensitivity and

specificity of herbal drug analysis.

Overall, the future of Al in herbal drug adulteration detection is expected to enhance
pharmaceutical quality control, ensure patient safety, reduce counterfeit products, and

promote trust in herbal medicines worldwide.
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Machine Learning and Al Models Used in Herbal Drug Authentication

Machine learning models play a major role in the classification and authentication of herbal
drugs. Support Vector Machine (SVM) is commonly used for spectral classification because
of its high accuracy in handling complex datasets. Random Forest algorithms are useful for
identifying patterns in metabolomic and chromatographic data. Principal Component
Analysis (PCA) is frequently applied for dimensionality reduction and visualization of
clustering patterns in herbal samples. Convolutional Neural Networks (CNNs) are highly
effective in image-based recognition and microscopic authentication of medicinal plants.
Artificial Neural Networks (ANNSs) are also used for predictive analysis and adulteration

detection.

The integration of Al models with spectroscopy and imaging technologies improves

analytical performance and supports rapid decision-making in quality control laboratories.

Artificial Intelligence (Al) and Machine Learning (ML) are becoming highly valuable in the
field of herbal drug authentication and adulteration detection. Herbal medicines are naturally
complex because they contain multiple phytochemicals and biological constituents.
Traditional methods of identification sometimes fail to detect minor adulteration or
substitution, especially in powdered or processed herbal products. Al-based systems help
overcome these limitations by analyzing large datasets and identifying hidden patterns with

greater speed and precision.

Machine learning is a branch of Al in which computer systems learn from data and improve
their performance without being explicitly programmed for every task. In herbal drug
analysis, ML algorithms are trained using chemical, spectral, chromatographic, and
microscopic data obtained from authentic and adulterated samples. After training, the models

can predict whether a herbal sample is genuine or adulterated.

One of the most commonly used machine learning techniques is Supervised Learning. In this
method, the model is trained using labeled datasets containing both authentic and adulterated
herbal samples. Algorithms such as Support Vector Machine (SVM), Random Forest (RF),
Decision Tree, and k-Nearest Neighbor (k-NN) are widely used for classification and
identification of herbal materials. These algorithms can differentiate between pure and
adulterated herbal drugs based on variations in phytochemical composition and spectral

fingerprints.
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Among these, the Support Vector Machine (SVM) model is highly preferred in herbal drug
research because of its high accuracy in classification tasks. SVM can effectively analyze
complex spectral and chromatographic datasets obtained from techniques such as FTIR, NIR,
and Raman spectroscopy. It helps identify even small differences between genuine and

adulterated samples.

Random Forest (RF) is another important machine learning model used in herbal drug
detection. It consists of multiple decision trees and provides reliable predictions by reducing
overfitting errors. RF models are useful in handling large datasets and identifying important

variables responsible for adulteration.

Another widely used approach is Artificial Neural Networks (ANNs). ANNs are inspired by
the structure and functioning of the human brain. These networks can process complex
nonlinear relationships present in herbal drug data. ANN models are highly effective in
pattern recognition and have been successfully used for identifying medicinal plant species

and detecting substitution in herbal formulations.

Recent advancements have increased the use of Deep Learning techniques in herbal medicine
analysis. Deep learning is a subset of Al that uses multiple neural network layers for
advanced data processing. Convolutional Neural Networks (CNNs) are particularly useful in
image-based herbal drug authentication. CNN models can analyze microscopic images, leaf
structures, powder morphology, and packaging characteristics to detect counterfeit or

adulterated herbal products.

For example, computer vision systems combined with CNN models can automatically
identify medicinal plants based on leaf shape, color, texture, and venation patterns. This

reduces dependence on manual botanical examination and improves identification accuracy.

e Al models are also integrated with analytical techniques such as.
High-Performance Liquid Chromatography (HPLC)

Gas Chromatography—Mass Spectrometry (GC-MS)

Liquid Chromatography—Mass Spectrometry (LC-MS)

Fourier Transform Infrared Spectroscopy (FTIR)

Near-Infrared Spectroscopy (NIR)

o v M w0 DpoE

Raman Spectroscopy
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These instruments generate large amounts of chemical and spectral data. Al algorithms
analyze these datasets rapidly and identify abnormal patterns associated with adulteration,

contamination, or substitution.

Another emerging area is the use of Chemometric Analysis with Al. Chemometrics involves
the application of mathematical and statistical methods to chemical data. When combined
with machine learning, chemometric techniques improve the interpretation of spectral

fingerprints and increase the sensitivity of adulteration detection.

Al-based herbal drug analysis also supports the development of smart portable devices.
Smartphone-integrated Al systems and biosensors may allow real-time herbal authentication
outside sophisticated laboratories. Such technologies could be highly beneficial for field

analysis, raw material inspection, and supply chain monitoring.

Despite these advancements, Al models require high-quality datasets for accurate
performance. Poor sample quality, limited datasets, and environmental variations may reduce
prediction accuracy. Therefore, continuous model training, validation, and standardization are

essential for reliable application in pharmaceutical industries.

Overall, machine learning and Al models are revolutionizing herbal drug quality control by
providing rapid, precise, and automated detection of adulteration. Their future application is
expected to improve herbal medicine safety, regulatory compliance, and consumer

confidence.

Figure 1: Al Workflow for Herbal Drug Adulteration Detection.

Table: Common Al Models Used in Herbal Drug Authentication

Al Model Application Advantages

SVM Spectral classification High accuracy Random Forest
Metabolomics analysis Handles large datasets

CNN Image recognition Automatic feature extraction
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