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Abstract
When assessing the efficacy, safety, and quality of plant-based final products such as medicines, nutraceuticals

and herbal supplements phytochemical analysis is essential. Because of their great sensitivity, specificity and
capacity to separate intricate mixtures of phytochemicals, chromatographic techniques in particular, Thin
Layer Chromatography (TLC) Gas Chromatography (GC), and great-Performance Liquid Chromatography
(HPLC) re frequently utilized for this purpose. The use of these methods in the qualitative and quantitative
evaluation of phytochemicals such as terpenes, polyphenols, alkaloids, and flavonoids in final goods is
examined in this work. Because HPLC is so accurate at quantifying individual molecules, it is often used;
nevertheless, GC works especially well with volatile compounds, including essential oils. TLC is still a cost-
effective method for screening phytochemical profiles at an early stage. The analysis also covers Issues such
matrix effects, sample preparation, and the requirement for established analytical techniques to guarantee
dependability and repeatability in phytochemical analysis. The study emphasizes how crucial it is to use
chromatographic techniques to guarantee the therapeutic potential, consistency, and quality of completed
plant-based products, thereby promoting consumer safety and regulatory compliance.

Keywords - HPLC (High performance liquid chromatography), TLC (Thin layer chromatography),
Gas chromatography (GC), Mobile phase, Stationary Phase

INTRODUCTION

Chromatography began as a simple instrument for pigment separating and has evolved over the past
100 years into a variety of techniques that can handle even most challenging extracting and analyzing
issues in phytochemistry. The advances can be broadly categorized into three significant turning
points: the creation of chromatography in the first place; Martin’s contribution in the 1950s; and the
introduction of high-performance liquid chromatography (HPLC) equipment into the market in the
1970s. 1]

Plants naturally contain bioactive compounds called phytochemicals, which have a variety of
therapeutic applications. These substances provide plants their medicinal qualities. They include
glycosides, alkaloids, flavonoids, phenolics and terpenoids among others. The necessity for quality
assessment of completed products to guarantee their safety, efficacy, and standardization has grown
due to the growing interest in nutraceuticals and herbal-based products. Chromatographic methods
are now considered to be indispensable instruments for phytochemical analysis. One effective method
for separating, identifying, and quantifying phytochemicals from complicated plant matrices is
chromatography. By using these methods, the active ingredient composition of completed herbal
products may be accurately determined, guaranteeing uniformity and legal compliance.?!
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The study of the chemical substances called phytochemicals that are present in plants and are in
charge of a variety of biological functions like antibacterial, anti-inflammatory, and antioxidant
capabilities is known as phytochemical analysis. Herbal formulations, dietary supplements, and other
goods made from plant materials are referred to as the completed product. Chromatographic methods
are frequently utilized for the phytochemical analysis of these products because of their great
sensitivity, accuracy, and capacity to separate complicated combinations. The significance of
phytochemical analysis, frequently used chromatographic techniques, the procedures involved, and
their benefits and drawbacks are all covered in this paper."!

Chromatographic techniques for phytochemical analysis

Chromatographic methods are frequently used in phytochemical analysis to separate, recognize, and
measure the bioactive substances present in plants. Studying plant metabolites such alkaloids,
flavonoids, tannins, terpenes, and phenolic chemicals requires the use of these methods. The
following are some essential chromatographic methods for phytochemical analysis.

Thin layer chromatography (TLC)

A popular method in phytochemical investigation is thin-layer chromatography (TLC), makes it

possible to separate, identify, and occasionally quantify different chemicals found in plant extracts.
[4]

Thin Layer Chromatography
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Figurel: Thin Layer Chromatography

Principle

The foundation of TLC’s operation is the concept of separation and adsorption. A plastic, glass, or
metallic sheet is coated with a thin coating of an adsorbent substance, usually alumina or silica
gel. While the plant-based test has been placed onto the plate, capillary action results in solvents,
sometimes referred in as the mobile phase, to move up the plate. According to the solubility in the
mobile stage and affinities regarding its stationary stage (adsorbent), the various chemicals in the
sample move at varying speeds.

Materials Required

TLC plates

Pre-coated with silica gel or alumina.

Mobile phase (solvent)

A mixture of solvents like ethyl acetate, methanol, hexane, chloroform or water, depending on the
polarity of the compounds.

Plant extract (sample)

The phytochemicals to be analyzed.
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Capillary tubes

For applying the sample onto the plate.

Developing chamber

To allow the solvent to move up the plate.

UV lamp or chemical reagents

For visualization of compounds.”!

Procedure

Sample preparation

Extract the plant material by dissolving the phytochemicals in appropriate solvents (such as
methanol, ethanol, or water).

Spotting

Apply a tiny drop of the plant extract to the TLC plate’s baseline the capillary tube issued material.
Developing

Set the TLC plate inside a chamber that holds the solvent mixture, or mobile phase in it. Make sure
the solvent level is lower than the baseline at the sample site.Let the solvent ascend the plate, bringing
the phytochemicals along for the ride. Each compound’s mobility will be determined by how it
interacts with the stationary phase and how soluble it is in the solvent.

Visualization

Consider that surface from the carrier and allow it to dried after an entrance of solvents have
gone a sufficient distance. Examine the compounds that were isolated by an ultraviolet (UV) light or
by misting them with organic reagents such as ninhydrin (for amino acids) or iodide steam.

Rf Value Calculation

Measure the distance traveled by each compound and the solvent front. Calculate the Rf value
(retention factor) for each spot:!®

Distance traveled by solute

R, =
' Distance traveled by solvent

Advantage

Simpleness and Usability

TLC 1s simple to administer, doesn’t require specialized technical training or tools, and is easy to
conduct.

Cost-Effective

Compared to other chromatography techniques like HPLC or GC, the materials needed, such as TLC
plates and solvents, are less expensive.

Fast Results

TLC is perfect for quickly screening phytochemicals because it delivers results in ashort amount
of time.

Versatility

By varying the stationary and mobile phases, it is capable of isolating and analyzing a broad range
of phytochemicals, including terpenes, flavonoids, and alkaloids.

Simultaneous Analysis

By analysing several samples at once on a single plate, efficiency can be increased.

Disadvantage

Low Resolution

Compared to more sophisticated methods like HPLC, GC, or LC-MS, TLC may not be able to
successfully separate complicated combinations.
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Semi-Quantitative

Accurate compound quantification is difficult and unreliable, and TLC is more qualitative than
quantitative.

Manual Spot Application

Variability in the results may arise from uneven spotting and solvent migration.

Limited Sensitivity

At contrast to more sensitive techniques, it might not be able to identify substances that are present
at extremely low quantities.

Limited Identification

Without additional information, like standards or spectroscopic analysis, TLC alone frequently is
unable to fully identify unknown compounds.!”]

High -performance thin-layer chromatography (HPTLC)

Without a doubt, thin-layer chromatography (TLC) is important. It is the only chromatographic
technique that allows the result to be shown as an image. Moreover, TLC is the only method where
the chromatogram contains every component of the sample. On the other hand, not every component
in the sample is displayed by HPLC and GC due to their selectivity.

Figure 2: High Performance Thin Layer Chromatography

Principle

Stationary Phase (Thin Layer Plate)

A glass, plastic, or metal plate is coated with a thin layer of an adsorbent substance, such as cellulose,
silica gel, or alumina. As the stationary phase, this is used.

Mobile Phase (Solvent)

The sample components are carried up the plate by the mobile phase, which is a solvent or a
combination of solvents that moves by capillary action.

Application of Samples

Samples are placed onto the stationary phase in extremely tiny, exact areas or bands. For increased
accuracy and repeatability, automated applicators are used in contemporary HPTLC systems.
Development

The mobile phase (solvent) is placed in a compartment with the plate. The solvent separates the
various components of the sample as it rises, according to how well they dissolve in the mobile
phase and how well they bind to the stationary phase.!

Detection
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Following development, the separated spots are seen using densitometry, chemical

Material required

Plant extract

An analytical sample. HPTLC plates: 20 x 10 cm, pre-coated silica gel plates. Determined by the
target phytochemicals in the mobile phase/solvent system.

Hamilton syringe or capillary tubes

For applying samples.

Chamber

The solvent system is saturated.

Derivatizing agents

Such as anisaldehyde, vanillin-sulfuric acid, and Dragendorff reagent— for visibility.

UV lamp

For use in visualization at 254 or 366 nm under UV light.

Procedure

Sample Preparation

Using the proper solvents (methanol, ethanol, water, etc.), prepare the plant extract by maceration or
Soxhlet extraction. If there are any solid particles in the extract, filter it. If required, concentrate the
filtrate while applying less pressure.

HPTLC Plate Preparation

Make your own or use commercially available HPTLC silica gel plates. To remove any moisture that
has been adsorbed, precondition the plate by drying it in an oven at 110°C for 15 to 30 minutes .The
plate should be cooled and kept in a desiccator until needed.

Sample Application

Apply the plant extract solution to the plate in tiny dots or bands using anautomated applicator or
capillary tube. Ensure that every sample and standard have the same spot size (1-2 pL). To stop the
sample from diffusing, let the areas air dry.

Plate Development

Fill the chromatographic chamber with the mobile phase, or solvent solution. Ethyl acetate-methanol-
water is a common system (e.g., for alkaloids). Methanol and chloroform (e.g., for flavonoids).
Before inserting the plate, let the mobile phase vapors to fill the chamber for twenty to thirty minutes.
After inserting the plate into the chamber, develop it by letting the mobile phase rise until two thirds
of the plate is covered. Take out the plate and let it air dry.

Visualization and Detection

UV light detection Under UV light, observe the produced plate (254 nm for fluorescent chemicals, 366
nm for other compounds). Make a note of the locations. The process of derivatization Apply the
following particular reagents to the plate in order to test the phytochemicals: Sulfuric acid and vanillin
for terpenoids and steroids. Dragendorff’s alkaloids reagent. Anisaldehyde for phenolics and
flavonoids. If necessary, gently reheat the plate to create color spots.

Documentation

After derivatization, take a picture of the plate in the visible or UV light. To identify chemicals,
compare the sample’s Rf (retardation factor) values with established standards.

Quantification (if required)

Densitometry can be used to quantify the spot intensity. In order to facilitate quantitative analysis of
the chemicals, standards with known concentrations are run in parallel with the samples for
calibration.
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Interpretation of Data

Make a comparison between the spot color/intensity and Rf values and standard phytochemicals. If
a gquantitative analysis is required, use a densitometer. By comparing the retention durations, spot
colors, and Rf values with established phytochemical standards, you may determine which chemicals
are bioactive.!

Advantage

High Throughput

HPTLC boosts efficiency and throughput by enabling the simultaneous analysis of several samples
on a single plate.

Cost-Effective

Compared to other chromatographic techniques like HPLC, the approach uses less solvent and sample
overall, saving money.

Versatility

A large variety of samples, including those from complex matrices like biological, environmental,
and food sources, can be utilised with it.

Easy Sample Preparation

Compared to other chromatographic techniques, this method frequently calls for less complicated
sample preparation.

Flexibility in Visualization

HPTLC enables direct sample visualization in the presence of UV light or following chemical
derivatization, which facilitates the observation of the separation process.

Disadvantage

Reduced Sensitivity

Compared to HPLC, HPTLC often has a lesser sensitivity, making it less capable of detecting analyte
concentrations that are low. Human error is more common in manual processes than in completely
automated ones since tasks like plate development and sample application can be done by hand.
Resolution

Although HPTLC’s resolution has increased, it is still not as high as HPLC’s, which could lead to
partial separations for molecules that are very closely related.

Quantitative Analysis

More careful calibration and validation are needed for quantitative resultssince they can be less
accurate than those from HPLC.

Reproducibility

Due to differences in plate quality and developing circumstances, reproducibility between runs can
be difficult and requires stringent control over these parameters. 2%

High performance liquid chromatography (HPLC)

The most notable advances in chromatography have been made in high-performance liquid
chromatography (HPLC), despite its relatively short 40-year history. Horvath, Huber and Scott’s
studies from 1967 marked a turning point in the history of HPLC, but Moore and colleagues’ 1958
description of an amino acid analyzer was the first automatic liquid chromatograph with gradient
elution (Spackman et al., 1958).

Finding ideal separation conditions should be made possible by the great diversity of fixed and mobile
phases. But initially, the only particles that were available were really huge ones.
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Figure 3: High Performance Liquid Chromatography
Principle
Mobile phase
A solvent or combination of solvents that moves the sample through the apparatus is known as the
mobile phase. The solubility and polarity of the chemicals under study determine which mobile phase
is best.
Stationary Phase
The material that the mobile phase travels through, usually a packed column made of silica.
Retention Time
The polarity, size, and chemical affinity of each ingredient in the plant extract determine how that
compound interacts with the stationary phase. Less polar chemicals usually flow through the column
more quickly, while more polar compounds usually elute more slowly. Retention times, which are used
to identify and quantify the compounds, are measured by the length of time it takes for each chemical
to move through the column.
HPLC modes
HPLC in reverse phase (RP-HPLC)
The most popular technique for phytochemical examination. Wherein a mobility stage (water,
acetonitrile, methanol) is polar and the stationary phase (such as a C18 column) is nonpolar.
In this phase, polar molecules elute more quickly.
HPLC in Normal Phase
In this system, the mobile stage is nonpolar and the stationary phase is polar. In this phase, nonpolar
molecules elute more quickly.
Detection
Following separation, compounds are found using a variety of detectors, most frequently UV-
Visible (UV-Vis) detectors, which gauge a compound’s absorbance at particular wavelengths.
Depending on the compounds of interest, additional detectors like as fluorescence, mass
spectrometry (HPLC-MS), and refractive index detectors are also employed.
Quantification
Accurate quantification of each phytochemical’s level can be achieved by comparing with
established standards.[**!
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Advantage

High Sensitivity and Resolution

HPTLC has a higher sensitivity and resolution than conventional TLC, making it possible to
identify minute amounts of phytochemicals even in complicated mixes.

Cost-Effectiveness

When considering reagent and solvent consumption in particular, HPTLC is more affordable than
other chromatographic techniques such as HPLC or GC.

Automation

High-throughput screening is made possible by the automation of modern HPTLC systems, which
also improves repeatability, accuracy, and operational simplicity.

Quiality Control by Fingerprinting

Plant extracts may be fingerprinted quite successfully, which makes it possible to identify active
ingredients and guarantee the safety of herbal goods.!*?

Disadvantage

Limited Sensitivity

When compared to methods like GC-MS or HPLC, HPTLC is less sensitive. When examining
substances found in trace levels in plant extracts, this could be a drawback.

Handling by hand

A lot of the procedures in HPTLC, including applying samples, developing plates, and detecting,
are done by hand, which increases the risk of human error and irregularities.

Detection Limitations

Certain phytochemicals require more specific or sensitive detection methods since they do not
readily respond to standard detection techniques employed in HPTLC, such as UV light and
densitometry.[*?]

Efficiency of Separation

Although HPTLC is useful for certain separations, it may not be as effective as more sophisticated
chromatographic techniques such as HPLC or LC-MS, particularly when dealing with very
complex or related molecules.

Time-Consuming Optimization

In HPTLC, developing and refining the stationary phase and mobile phase conditions might take a
while, particularly for intricate plant matrices.[*4]

Gas chromatography (GS)

Principle

A series of barrier among a swirling vaporized state and a stationary agueous stage maintained by a
compacted apertures cylinders placed afterwards a combination on a constrained ensembles are used
by GC to create divisions. In potent analytical approach that identifying, separating, and measuring
volatile substances in a mixture is gases chromatography (GC). GC is frequently used as
phytochemical studies to examine the substances that plants generate particularly secondary

compounds including terpenes, alkaloids, fatty acids, and volatile oils.™*"]

Separation

Based on them chemical Qualities the components are kept in the stationary phase for different
lengths of time when they interact with it. Less volatile substances are held in suspension longer,
while more volatile substances move more quickly.
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Figure 4: Gas Chromatography

Retention Time

Depending on the chemical, different compounds require different amounts of time to go through
the column and reach the detector. This retention time is used to identify several phytochemicals. 6]
Detector

In the row’s conclusion, At the end of the column, a detector—typically an either flames ionized
detection or a type of mass spectral or FID—is used to identify the separated components (GC-
MS). Every component produces a signal from the detector, which is shown as a peak on a
chromatogram. The amount of each component in the combination is indicated by the area under
each peak.[t"]

Procedure Material

Sample

Plant extract or essential oil

Solvent

Typically, hexane, dichloromethane, or methanol Internal

Standard

To ensure accuracy in quantification

Gas chromatograph

Equipped with a capillary column and detector (FID, MS, or others)

Syringe

For injecting the sample

Carrier gas

Usually helium, nitrogen, or hydrogen

Standards

Known compounds for comparison and identification (8]

Sample Preparation

Using techniques like solvent extraction, steam distillation, or hydrodistillation, extract the
phytochemicals from plant material. Filter the extract if needed to get rid of any particles. To get
the extract into the instrument’s detection range, dilute it with a suitable solvent (such as methanol
or hexane). For precise measurement, you can optionally supplement the sample with an internal
standard.

Setup of Instruments

Choose a column that is appropriate for the analysis (e.g., depending on the analytes, a polar
column like DB-WAX or a non-polar column like DB-5).In order to separate chemicals based on
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volatility, the GC oven should be programmed with the necessary temperature gradient, usually
starting low and increasing up.As per the requirements of the column and detector, adjust the flow
rate of the carrier gas (hydrogen, nitrogen, or helium).Select the proper detector (e.g., Mass
Spectrometry (MS) for more precise identification, or Flame lonization Detector (FID) for generic
volatile organic chemicals). [2°!

Injection

Using a microsyringe, put a tiny duration of the prepared sample—typically 1-2 pL— into the GC.
The injector vaporizes the sample, which is then transported into the column by the carrier gas
Chromatographic Separation

The sample passes through a capillary column, which separates the compounds according to how
they interact with the stationary phase of the column and their respective boiling points. Compound
separation is made possible by progressively raising the column temperature.[?%

Detection

Compounds elute from the column and pass through the detector. In the case of FID, the compounds
are burnt, and the ionized fragments amplify the electricity in accordance with the intensity of each
chemical.

Data Analysis

Chromatograms are created, with peaks corresponding to several phytochemicals. Compare
retention periods to recognized standards or utilize a mass spectrometry library to identify
compounds.

Quantification

To determine the concentration of each component, compare the peak regions to those of the
internal standard and calibration curves of established standards.

Reporting Results

Identify and quantify phytochemicals using retention times and mass spectral data. Compile the
findings, which usually include the relative abundance or concentration of each component
discovered in the sample.l?!]

Advantage

High Sensitivity and Resolution

Even in complex mixtures, GC offers exceptional phytochemical separation and identification. For
the purpose of determining and measuring the constituent parts of alkaloids, essential oils, and
other substances produced from plants, this is vital.

Quick Analysis

GC makes it possible to separate chemicals quickly, which is advantageous for high-throughput
analysis, particularly when looking at a lot of plant samples.?

Versatility

GC is capable of analyzing a diverse variety of volatile phytochemicals, ranging from bigger, semi-
volatile components to tiny compounds like terpenes. For improved identification, it can also be
used with different detectors (such as mass spectrometry).

Minimal Sample Preparation

GC frequently necessitates less sample preparation than other methods, particularly when
examining volatile chemicals.[?]

Disadvantage

Derivatization Requires

In order to turn non-volatile substances volatile, derivatization is frequently necessary. This
process can be laborious, complex, and fraught with mistake or incomplete reactions.
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Sample Degradation

Heat-sensitive phytochemicals may be degraded by the high temperatures utilized in GC, which could
lead to an incorrect identification or quantification of the original compounds.

Restricted Identification for Intricate Blends

Hundreds of chemicals can be found in complex plant matrices, some of which may co-elute or
obstruct the separation process, making it challenging to separate and identify individual constituents.
Ineffective for Large Biomolecules

The application of GC to larger phytochemicals, such as polysaccharides or tannins, is limited due

to the need for substantial chemical modification in order to process these compounds.

High Purity

Tight sample preparation is necessary since impurities in samples have the potential to contaminate
the column, reduce separation efficiency, and shorten the life of GC equipment.[?4]

Role of Chromatography Techniques in Finished Product Analysis

Identifying Biologically active Substances

Among the primary applications of chromatography in finished product analysis is the identification
of bioactive compounds. Herbal and pharmaceutical products often contain complex s mixtures of
active ingredients.

Chromatography separates these compounds, allowing for their individual identification based on
their chemical properties.

Chromatographic Techniques

HPLC and TLC are particularly useful in identifying the specific bioactive compounds present in a
sample. (GC) is effective for volatile and semi- volatile compounds such as essential oils and certain
alkaloids.”]

Applications

Pharmaceuticals

Identifying the active pharmaceutical ingredient (API) and its degradation products.

Herbal Products

Identifying specific phytochemicals (flavonoids, alkaloids, etc.) responsible for therapeutic effects.
Quantification of Active Ingredients

In finished product analysis, it is crucial to quantify the active ingredients to ensure they meet the
required concentration levels specified in quality standards. Chromatographic techniques are ideal
for this purpose due to their precision and ability to handle complex mixtures.

[26]

Chromatographic Techniques

HPLC is highly efficient for the quantification of compounds like flavonoids, alkaloids, terpenes
and phenolics in herbal products. GC is often used for quantifying volatile compounds, such as
those found in perfumes, essential oils, and certain compositions of pharmaceuticals. Thin-layer
chromatography with high performance, or HPTLC can also be used for semi-quantitative analysis,
especially in herbal products.?”)

Applications

Pharmaceuticals

Ensuring that APIs are present at therapeutic levels and meet regulatory standards.

Herbal Products

Confirming the presence of key phytochemicals at levels that provide the intended health benefits.
Cosmetics

Quantifying active ingredients like antioxidants, vitamins, and essential oils.*]
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Detection of Contaminants and Adulterants

Ensuring the purity of finished products is vital, especially for pharmaceuticals and herbal products,
where contamination can lead to health risks. Chromatographic techniques are widely used to detect
contaminants such as pesticides, heavy metals, aflatoxins, and microbial toxins.
Chromatographic Techniques

GC-MS, or GC combined with mass spectroscopy is very useful because detecting trace levels of
volatile contaminants. HPLC and UHPLC are commonly used for non-volatile contaminants, such
as pesticide residues and mycotoxins. TLC is also used for initial screening for common adulterants
or contaminants in herbal medicines.*”!

Applications

Pharmaceuticals

Ensuring that no impurities, residual solvents, or degradation products exceed acceptable limits.
Herbal Products

Detecting contamination by heavy metals, pesticides, and microbial toxins.

Food Supplements

Ensuring that no harmful chemicals or adulterants (e.g., synthetic drugs added to herbal
supplements) are present.[*%!

Batch-to-Batch Consistency

One of the critical challenges in the production of herbal medicines, cosmetics, and
pharmaceuticals is maintaining batch-to-batch consistency. Chromatography ensures that every
batch of the finished product contains the same concentration of active ingredients, leading to
consistent therapeutic effects and product reliability.

Chromatographic Techniques

HPLC is frequently used in routine quality control to confirm that the concentration of active
ingredients in different batches falls within acceptable ranges. TLC and HPTLC can be used as
simple, cost-effective methods for screening and ensuring consistency in lower-budget
operations.4

Applications

Herbal Products

Herbal formulations may vary due to natural fluctuations in plant constituents. Chromatography
ensures the standardization of these products.

Pharmaceuticals

Ensuring that each batch of a pharmaceutical product meets the strict regulatoryguidelines for API
content and impurity levels.[**

Standardization of Herbal Product

The complexity of herbal products, due to the presence of multiple bioactive compounds,
requires a robust standardization process. Chromatography is essential in determining the
correct marker compounds and standardizing herbal formulations to guarantee consistent
quality.

Chromatographic Techniques

HPLC is often used to quantify marker compounds in herbal products, such as curcumin in turmeric
or ginsenosides in ginseng. TLC and HPTLC are used in the rapid screening of multiple
compounds to ensure standardization.

Applications
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Herbal Medicine

Standardizing the levels of bioactive constituents in herbal supplements and medicines.

Ayurvedic and Traditional Medicines

Ensuring traditional formulations have consistent amounts of therapeutic compounds.

Stability Studies

Chromatography plays a crucial role in stability testing of finished products. Stability testing ensures
that the product retains its efficacy, safety, and quality throughout its shelf life. Chromatographic
techniques are used to monitor the degradation of active ingredients and the formation of any
degradation products over time.

Chromatographic Techniques

HPLC is the most commonly used technique for studying the stability of pharmaceutical and herbal
compounds under various environmental conditions (temperature, humidity, light). GC can be used
for volatile compounds to check for degradation or loss of essential oils in herbal products or
perfumes.

Applications

Pharmaceuticals

Determining the shelf life of drugs by monitoring degradation products.

Herbal Products: Ensuring that phytochemicals remain active and do not degrade into harmful
compounds over time.

Detection of Residual Solvents

In the production of pharmaceuticals, herbal products, and cosmetics, residual solvents used during
the manufacturing process must be removed to acceptable levels. Chromatography, particularly gas
chromatography (GC), is used to detect and quantify these residual solvents to ensure compliance
with regulatory limits.

Chromatographic Techniques

GC is the standard method for the analysis of residual solvents, particularly volatile organic
compounds. HPLC can also be used for certain non- volatile or semi- volatile solvents that may not
be easily analyzed by GC.1**]

Applications

Pharmaceuticals

Ensuring that residual solvents from manufacturing processes are within acceptable limits, as
prescribed by regulatory guidelines.

Cosmetics

Detecting solvents used in the formulation of creams, lotions, and perfumes to ensure consumer
safety.

Fingerprinting and Authentication

Chromatography is used to create chemical fingerprints of products, which help in authenticating
the identity and quality of herbal products and dietary supplements. This is especially useful in
detecting adulteration or substitution of herbal material.

Chromatographic Techniques

HPLC and HPTLC are frequently used for fingerprinting the complex mixtures of phytochemicals in
herbal products. TLC is also used in a cost-effective manner for initial authentication.

Applications

Herbal Products

Authenticating that a specific herbal product contains the correct plant species and has not been
adulterated.
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Pharmaceuticals

Fingerprinting APIs to ensure that they are not substituted with inferior or counterfeit ingredients.
Future Trends in Chromatographic Techniques for Finished Product Analysis

Hyphenated Chromatographic Techniques

Hyphenated techniques mix spectroscopic and chromatographic procedures to offer a
comprehensive structural study as addition to separation. Since they can provide a greater
comprehension of intricate mixes, these methods have become more prevalent, especially during
the evaluation of natural products.

Typical Hyphenated Techniques

By providing a comprehensive analysis of volatile compounds, the GC-MS (Gas Chromatography-
Mass Spectrometry) may identify chemicals with the use of mass spectra. The technique known as
liquid chromatography-mass spectrometry, or LC-MS, is helpful for materials that are non-volatile
and thermally labile, especially in herbal and medicinal formulations.*!

High-Performance Liquid Chromatography-Nuclear Magnetic Resonance (HPLC- NMR)
This technique combines separation with NMR’s potent structural elucidation powers. LC-UV-
MS: This method combines mass spectrometry with UV detection to precisely identify and
quantify compounds.

Applications

Herbal Products

Analysis of intricate phytochemical arrangements while various bioactive substances being
immediately identified & measured.

Pharmaceuticals

Detection of trace-level impurities and degradation products in finished drugs.

Future Impact

Increased Sensitivity and Specificity

Higher sensitivity and specificity are achieved with hyphenated methods, especially for analytes with
low concentrations.

Comprehensive characterization

These methods allow for a more thorough characterization of unknown compounds, which is
becoming more and more crucial in natural product-focused sectors where it is possible for many
bioactive ingredients to be present.

Automation and High-Throughput Chromatography

High-throughput chromatography & automation are becoming steadily more necessary as
companies shift to quicker and more effective production techniques in order to expedite analysis
and lower human error. Automation grows especially vital in pharmaceuticals manufacturing&
control of quality.

Automated Systems: Automated HPLC Systems

Advanced software and robotic sample handling can allow for continuous, unattended analysis,
reducing time and labor costs

High-Throughput Screening (HTS)

Productivity can be increased by analyzing numerous samples in simultaneously with multi-sample
injection devices for GC and HPLC.

Online Monitoring

Real-time monitoring of active ingredients and impurities directly during the production process
(Process Analytical Technology, PAT).
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Applications

Pharmaceutical Quality Control

Automated systems can continuously monitor drug content and purity throughout the manufacturing
process.

Herbal Product Analysis

High-throughput techniques allow for the screening of multiple batches in less time, ensuring
consistency in herbal formulations.

Future Impact

Reduced Turnaround Time

Automation will significantly decrease analysis time, allowing for rapid product release in industries
like pharmaceuticals where timely delivery is critical.

Enhanced Precision

Automated systems reduce human error, increasing precision in quantifying active ingredients and
identifying contaminants.

Cost Efficiency

Automation reduces labor costs and increases the number of samples processed per unit time.
Miniaturization of Chromatographic Systems

Miniaturization in chromatography is becoming increasingly popular, particularly in the
pharmaceutical industry, due to the need for portable, rapid, and efficient analytical systems.
Miniaturized chromatography can also reduce solvent consumption, waste generation and analysis
time.[3!

Key Technologies

Micro-HPLC (Microfluidic High-Performance Liquid Chromatography)

Uses microfluidic channels and smaller columns, which require less solvent and provide faster
separations.

Capillary Electrophoresis (CE)

A micro-scale separation technique that is faster and more efficient than traditional HPLC for certain
types of samples. Lab-on-a-Chip Technologies: Integrates multiple processes (extraction, separation,
and detection) into a single chip-based platform.

Applications

Pharmaceuticals

Fast screening of drug formulations and degradation products with minimal solvent usage.

Herbal Products

Small-scale analysis of complex mixtures without requiring large quantities of solvents or reagents.
Field-Based Testing

Miniaturized systems can be deployed for in-field testing of samples, reducing the need for large
laboratory setups.

Future Impact

Portability

Miniaturized systems can be used in real-time, point-of-care settings for immediate product analysis.
Cost-Effective

These systems use smaller sample volumes, reducing material costs, especially important for rare or
expensive compounds.
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Environmentally Friendly

Reduced solvent consumption makes miniaturized chromatography more sustainable option, in line
with the global trend towards green chemistry.

Green Chromatography

With increasing environmental concerns and regulations, there is a significant push towards
developing eco-friendly (green) chromatography methods.

Key Features of Green Chromatography

Use of Less Toxic Solvents: Replacing traditional organic solvents like methanol and acetonitrile with
less toxic alternatives such as ethanol, supercritical CO-, or water-based systems.

Reduction in Solvent Usage

By miniaturizing the columns or using microfluidic systems, less solvent is required for the analysis.
Solid-Phase Extraction (SPE)

Reduces solvent waste by pre-concentrating analytes before chromatography.

Supercritical Fluid Chromatography (SFC)

Uses supercritical CO2, which is non-toxic and requires less solvent.

Applications

Pharmaceuticals

The pharmaceutical industry is particularly focused on reducing the environmental footprint of its
analytical methods.

Cosmetics and Herbal Products

Green methods are particularly relevant in these industries due to the natural origin of ingredients
and the increasing consumer demand for sustainable products.

Future Impact

Regulatory Compliance

As environmental regulations become stricter, companies will need to adopt greener analytical
methods to remain compliant.

Sustainability

Green chromatography will play a crucial role in reducing the environmental impact of large-scale
production facilities, particularly in industries like pharmaceuticals and cosmetics. "]
Advancements in Data Analysis and Chemometrics

As chromatographic techniques produce large datasets, particularly in complex product analysis (e.g.,
herbal products), advanced data analysis tools and chemometrics are becoming indispensable. These
tools help in interpreting complex data and making more informed decisions about product quality
and composition.

Key Technologies

Chemometrics

Multivariate data analysis techniques are applied to chromatographic data to extract meaningful
patterns and relationships.

Artificial Intelligence (AI) and Machine Learning

These technologies can enhance data processing, pattern recognition, and prediction of chemical
structures or properties.

Automated Peak Detection and Integration

Software tools that automatically detect and integrate peaks in chromatograms, reducing manual
intervention.*%!
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Applications

Fingerprinting of Herbal Products

Chemometrics can distinguish between authentic and adulterated products by analyzing the chemical
fingerprint of herbal formulations.

Pharmaceuticals

Predictive models can be used to optimize formulation processes and anticipate the stability or shelf
life of drugs

Future Impact

Faster Decision-Making

Al and machine learning tools will enable faster and more accurate interpretation of
chromatographic data, reducing time spent on manual analysis.

Increased Accuracy

Advanced data analysis can lead to more precise identification and quantification of compounds,
especially in complex mixtures like herbal medicines or multi- component pharmaceuticals.
Real-Time Analysis

The combination of advanced data analysis and online chromatographic systems will enable real-time
quality control during manufacturing.

Coupling Chromatography with Bioactivity Assays

In addition to identifying and quantifying compounds, future chromatography will increasingly be
coupled with bioactivity assays, allowing simultaneous separation and testing of bioactive properties,
such as antioxidant, antimicrobial, or cytotoxic activities.

Key Technologies

HPLC-Bioassay

Fractions collected during HPLC can be subjected to bioassays to test for biological activity.
LC-MS-Bioactive Screening: A powerful tool for linking chemical identity with biological function,
particularly in drug discovery and herbal product development.

Applications

Pharmaceutical Discovery

Screening for biologically active components in natural products and linking their chemical structure
to observed effects.

Herbal Product Development

Identifying active compounds responsible for the therapeutic effects of herbal medicines.

Future Impact

Faster Drug Discovery

Coupling chromatography with bioassays can accelerate the discovery of new drug candidates from
natural sources.

Enhanced Understanding of Complex Products

In herbal medicine, this technique will help researchers better understand the synergistic effects of
multiple compounds. 7]
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CONCLUSION

It is crucial to guarantee the effectiveness, safety, and quality of completed plant-based goods. New
Developments: The specialty of phytochemical analysis will continue to advance with the
development of faster and more sensitive chromatographic techniques. Chromatographic methods
are crucial for ensuring the efficacy, safety, and quality of phytochemical analyses of herbal finished
products. Techniques including TLC, HPLC, GC, and HPTLC offer precise, sensitive, and effective
ways to separate, identify, and measure bioactive substances. Technological developments in
hyphenated procedures, green analytical approaches, and metabolomics have significantly improved
chromatography’s capacity to handle the complexity of plant-based products. Prolonged improvement
in chromatographic technology promises to increase the consistency and reliability of herbal product
analysis, ultimately benefiting both producers and consumers, despite issues with standardization and
the diversity of phytochemicals.
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