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ABSTRACT

High-Performance Liquid Chromatography (HPLC) and Ultra-Performance Liquid Chromatography (UPLC) a methods of separation science. The basic HPLC
system contains a liquid mobile phase that separates its components. It has different modes of separation, and it is forceful. UPLC may be considered a modern
version of HPLC that employs much smaller particle sizes and much higher pressures to enhance resolution, sensitivity, and speed. It is beneficial in those areas
where rapid resolutions and higher sensitivity are required. They have different detection techniques available and can be coupled with sample preparation that
enhances the analysis. Both HPLC and UPLC are convenient for pharmaceutical analysis.

Environmental analysis, food and beverages industries, forensic analysis, clinical diagnosis, etc. With excellent separation, high speed, and versatility in detection,
both are here used by scientists.

Depending upon the different analytical requirements and constraints, one needs to choose between the two. HPLC and UPLC have played an important role in
scientific research, quality control, and industrial manufacture.
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Introduction

High-Performance Liquid Chromatography (HPLC) and Ultra Performance Liquid Chromatography (UPLC) constitute widely applied techniques in
analytical chemistry for the separation, identification, and quantification of compounds in complex mixtures. (1) In general, HPLC is a very flexible
technique in which a liquid mobile phase interacts with a stationary phase for the separation of analytes. It finds usage in many industries, including
pharmaceuticals, environmental analysis, food and beverage analysis, clinical diagnostics, forensic science, and material science. (2) The selection of a
suitable column and detection technique depends on the nature of the analytes and separation requirement. UPLC evolved from traditional HPLC as an
upgrade and overcomes the limitations of HPLC. Using small particle sizes in the stationary phase and higher operational pressures translates into higher
resolution, fast separations, and increased sensitivity. UPLC is especially for high-throughput analysis when speed is important. (3) The instrumentation
for both HPLC and UPLC is similar and includes a mobile-phase solvent reservoir, a high-pressure pump, an injector, a separation column, a detector,
and a data acquisition system. Detection and quantification of analytes can be obtained through UV-visible spectroscopy.

Fluorescence, mass spectrometry, and refractive index detection, among others. These can be further combined with sample preparation techniques for
greater selectivity and sensitivity (4). HPLC and UPLC applications are enormous and cross-industry research fields. With the aid of these Techniques,
several applications in drug development, quality control, environmental monitoring, food safety evaluation, forensic investigations, disease diagnosis,
and material characterization become possible. Being highly flexible, HPLC is mostly used, whereas UPLC, being much more efficient, gives better
resolution with fast separations. (5) However, the choice of technique depends on the analytical requirements and any time constraints of the application.

Background and Significance of HPLC and UPLC

Identifying and analyzing sample matrices and detecting analytes at minute concentrations is of tremendous importance. These techniques allow the
separation and analysis of contaminants, impurities, and complex target compounds. (6) Pharmaceutical analysis also relies on modern techniques,
including HPLC and UPLC, during the drug discovery and development phases, as well as in quality control. The methods enable the detection and
quantification of active pharmaceutical ingredients (APIs), excipients, contaminants, and even some undesirable by-products. These methodologies
safeguard the purity, stability, and bioavailability of the drugs while making certain their effectiveness and safety in pharmaceutical usage. In
environmental analysis carried out with HPLC and UPLC, these methods are increasingly applied to quantify and qualify pollution and pesticide traces,
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as well as other deleterious substances, in water, soil, and air samples. (7) The elevated sensitivity of both techniques allows detection at very low
concentrations, which is essential for monitoring the environment and meeting safety standards.

In clinical diagnostics, HPLC and UPLC are used for the determination of biomarkers, drugs, and metabolites in patient samples. They contribute to
disease diagnosis, therapeutic drug monitoring, and patient health evaluation. Combining HPLC and UPLC with mass spectrometry enables high-
throughput analysis with good sensitivity and selectivity. (8) 3.3. Quantitative and Qualitative Analysis: Both HPLC and UPLC enable quantitative and
qualitative examination of analytes. Quantitative analysis is concerned with the measurement of analyte concentrations, whereas qualitative analysis is
aimed at the recognition and description of compounds according to their retention times, spectra, or mass-to-charge ratio.

(9) Quantitative analysis in both HPLC and UPLC depends upon calibration curves run with standard solutions of known concentrations. The areas or
heights of the peaks of the analytes are related to those of the standards to determine the concentration in the sample (10). Because of their high sensitivity
and linearity, these methods are most suitable for precise and accurate quantitative determinations.

Qualitative analysis consists of the identification and characterization of compounds based on their chromatographic characteristics and spectroscopic
features. HPLC and UPLC systems are mostly coupled with different detectors, including UV-visible detectors, fluorescence detectors, mass
spectrometers, and refractive index detectors, to yield extra information on the analytes. This combination of separation power and detection potential
makes it possible to identify compounds in complicated mixtures reliably. (11)

3.3. Throughput and Speed: HPLC and UPLC provide fast separations, transforming laboratory workflows and enabling increased sample throughput
and decreased analysis time. This is especially valuable in industries where timely results are paramount, e.g., pharmaceutical production, clinical
diagnostics, and environmental monitoring.

Current HPLC and UPLC methods perform faster separations using smaller particle sizes and greater operating pressure. Smaller particle sizes deliver
improved separation. efficiency, whereas higher pressures counteract the increased backpressure resulting from the small particles. These aspects lead to
shorter analysis times without loss of separation performance. (12)

3.4. Selectivity and Resolution: HPLC and UPLC have high selectivity and resolution.
allowing for the separation of close-related compounds and complex mixtures. The stationary
phase, mobile phase composition, and separation conditions can be adjusted to Obtain the required separation.

The selectivity of UPLC and HPLC can be controlled by varying the composition of the mobile phase or by altering the stationary phase. (13) The
selection of the stationary phase with Proper physicochemical characteristics enable selective interaction with the analytes of interest. Resolution, a
quantification of the capacity to separate two closely eluting peaks, is a function of the efficiency of the column, selectivity of the separation, and peak
width. HPLC and UPLC deliver high-resolution separations because of their highly efficient packing materials, optimized separation conditions, and
advanced detector technologies.

Instrumentation and Method Development

Sampling matrices and analyzing analytes at trace levels is of great importance. These Techniques allow for the separation and analysis of target
compounds, impurities, and contaminants available in complicated samples. (14) In drug discovery, development, and quality control in pharmaceutical
analysis, HPLC and UPLC have important functions. They facilitate the separation and quantification of active pharmaceutical ingredients (APIs),
excipients, impurities, and degradation products. Through these methodologies, the purity, stability, and bioavailability of drugs are assured, hence
guaranteeing the efficacy and safety of pharmaceutical products. (15)

HPLC and UPLC find applications in detecting and measuring pollutants and pesticides. And water, soil, and air samples against other impurities. Their
sensitivity allows for the identification of substances at trace concentrations, guaranteeing safety in the environment and regulatory compliance. (16)

In clinical diagnostic procedures, HPLC and UPLC are used for the determination of biomarkers, medications, and metabolites in patient samples. They
assist in disease diagnosis, drug monitoring in therapy, and

Patient health evaluation. A combination of HPLC and UPLC with mass spectrometry enables high-throughput analysis with great sensitivity and
selectivity. Quantitative and Qualitative Analysis: HPLC and UPLC enable quantitative and

Qualitative analysis of analytes. Quantitative analysis encompasses the measurement of analyte concentrations, while qualitative analysis concerns the
identification and characterization of compounds through their retention times, spectra, or mass-to-charge ratios. (17)

In quantitative analysis, HPLC and UPLC are based on calibration curves prepared from standard solutions of known concentration. The analyte peak
areas or heights are compared to those of the standards to determine the sample concentration. (18) The sensitivity and linearity of these methods make
them well-suited for precise and accurate quantitative measurements. Qualitative analysis is the identification and characterization of compounds
according to Chromatographic behavior and spectroscopic characteristics. HPLC and UPLC instruments are usually coupled with detectors like UV-
visible detectors, fluorescence detectors, mass spectrometers, and refractive index detectors to give further information regarding the analytes. This
integration of separation capability and detection allows for the reliable identification of compounds in complicated mixtures. (19)
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3.4. Speed and throughput: HPLC and UPLC provide fast separations, transforming laboratory workflows and permitting increased sample throughput
and quicker analysis times. This is especially useful in applications where speed is important, for example, pharmaceutical manufacturing, clinical
diagnostics, and environmental monitoring.

New HPLC and UPLC methods obtain quicker separations by using smaller particle sizes and higher pressures of operation. Smaller particles give
increased separation efficiency, while increased pressures counteract the greater backpressure experienced due to the small particles.

These conditions

Lead to shorter analysis times at the expense of separation performance (20).

3.5. Selectivity and resolution: HPLC and UPLC offer very good selectivity and resolution.
Allowing for the separation of similar compounds and complex mixtures. The separation conditions,

Stationary phase and mobile phase composition can be optimized to ensure the desired separation. (21) The selectivity in UPLC and HPLC can be
controlled by modifying the composition of the mobile phase or by altering the stationary phase. The selection of a stationary phase with proper
physicochemical characteristics enables discrimination interactions with the analytes of interest. The resolution, an indication of a capability to
differentiate between two nearly eluting peaks, is contingent upon the efficiency of the column, selectivity of the separation, and the peak width. HPLC
and UPLC offer high-resolution separations owing to their effective packing materials, best separation conditions, and new detector technologies. (22)

Mass Spectrometry and its coupling with HPLC/UPLC

The fundamentals of mass spectrometry, namely ionization, mass-to-charge ratio-based separation of ions (m/z), and detection. It touches on different
techniques of ionization such as electrospray ionization (ESI), atmospheric pressure chemical ionization (APCI), and matrix-assisted laser.

Desorption/ionization (MALDI). Other types of mass analyzers, such as quadrupole, time-of- flight (TOF), ion trap, and orbitrap, are also outlined, in
addition to the ways they operate. The detection by various detectors is also discussed. The paper further discusses the various types of mass spectrometers,
such as quadrupole, TOF, ion trap, and orbitrap instruments. It also mentions their strengths and applications in targeted analysis, high sensitivity, and
high- resolution measurements. (23) Finally, the paper discusses the uses of mass spectrometry in proteomics, metabolomics, pharmaceutical analysis,
environmental analysis, forensic science, and

Food and drink analysis. It outlines the applications of mass spectrometry to identify proteins, analyze metabolites, discover drugs, monitor the
environment, forensically analyze evidence, and quality control foods.

The instrumentation chapter covers in more detail the parts of a mass spectrometer, such as ion sources, mass analyzers, and detectors. It reports on
progress in ionization methods such as nanoelectrospray and desorption electrospray ionization (DESI) and developments in Mass analyzers and detectors
for enhanced sensitivity and accuracy (24).

The paper then turns to the hyphenation of mass spectrometry with HPLC/UPLC. It discusses the benefits of this hyphenated method, including enhanced
separation and structural elucidation simultaneously. It discusses the conditions of compatibility between mass spectrometry and

HPLC/UPLC, such as solvent and flow rate compatibility. Method development and optimization considerations are also touched upon. The various
coupling interfaces applied in the coupling of mass spectrometry with HPLC/UPLC, like ESI, APCI, and APPI, are discussed. The chapter focuses on
the effect of these interfaces on the overall performance and interface selection based on analyte properties. (25) Challenges and troubleshooting
techniques connected with the coupling of mass spectrometry with HPLC/UPLC are covered. Technical issues like ion suppression, matrix effects, and
peak broadening are discussed, along with tips for optimizing the coupling system.

Applications of HPLC and UPLC

HPLC and UPLC are strong analytical methods with different uses across several fields. We will analyze in detail here the applications of HPLC and
UPLC.

HPLC, high-performance liquid chromatography, is an extensively utilized procedure that is revered for its versatility, sensitivity, and the ease with which
a wide variety of sample types may be processed. In the pharmaceutical field, HPLC serves to play an extremely important function during drug
development and quality control, as well as in formulation. The technique finds use in quantitating active prescription ingredients (API), impurity
characterization, dissolution tests, stability work, chiral separations, and pharmacokinetic profiling. (26) In drug analysis, HPLC is employed in the
determination of assay, which entails the measurement of the active ingredient concentration in pharmaceutical products to guarantee that they satisfy
given potency standards. HPLC is also applied for impurity profiling to distinguish and quantify impurities that could occur during drug synthesis or
storage of products, guaranteeing the safety And effectiveness of drug products. HPLC is utilized in stability studies to evaluate the Determine the drug
degradation profile with time and determine the degradation products. Dissolution testing, another use, assesses the release of the active ingredient from
solid dosage forms, ensuring the release of the drug at the desired rate and determining the bioavailability of the formulation. Chiral separations with
HPLC are important in separating enantiomers (optical isomers) of chiral drugs, which possess different pharmacological activities. Lastly, HPLC is
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applied in pharmacokinetic research to identify concentrations of drugs and their metabolites in biological fluids such as plasma or urine, useful in drug
absorption, distribution, metabolism, and elimination studies. (27) Pharmacological analysis via HPLC follows the analytical protocol involving the
preparation of the sample, Choice of suitable chromatography system, decision on mobile phase and column choice, detection of analyte, and
quantification and calibration. Important factors in HPLC analysis include retention time, peak shape, selectivity, sensitivity, and system suitability. (28)

HPLC is also applied in the analysis of environmental pollutants, whereby it determines the presence and amount of contaminants in water, soil, and air
samples. It allows for the determination of environmental contaminants such as herbicides, pesticides, polycyclic aromatic hydrocarbons (PAHSs), and
heavy metals. In food and beverage analysis, HPLC is vastly applied to quantify the quality, composition, and safety of food products. It may be used for
the analysis of vitamins, amino acids, food additives, mycotoxins, pesticides, and other contaminants. HPLC is used in clinical and forensic analysis for
drug quantification, metabolites, and biomarkers in biological samples to support therapeutic drug monitoring, toxicology screening, and forensic
examination of drugs of abuse. In addition, HPLC is used in biochemical and biomedical research for the study of proteins, peptides, nucleic acids,
carbohydrates, and metabolites. (29) UPLC, or ultra-performance liquid chromatography, is a newer version of HPLC that provides better resolution,
sensitivity, and shorter analysis times. In pharmaceutical development, UPLC has become the preferred method because of its greater speed and efficiency.
It is applied to Method development, drug formulation, quality control, bioavailability and pharmacokinetics, dissolution testing, and stability studies.
UPLC offers greater resolution, better sensitivity, quicker analysis time, less solvent usage, and HPLC method compatibility and is thus beneficial in
pharmaceutical development. (30) UPLC is widely utilized in bioanalysis, particularly in drug and pharmacokinetic studies and metabolism studies, in
which its high sensitivity enables the measurement of low-abundance analytes in biological matrices. Metabolomics based on UPLC is a robust technique
for investigating the metabolic profile of biological samples, facilitating the identification and quantification of endogenous metabolites. (31)

Advances and Innovations in HPLC/UPLC

HPLC and UPLC are conventional liquid chromatography methods for the separation, identification, and quantitation of compounds in intricate mixtures.
Recent innovations have resulted in better performance regarding separation efficiency, sensitivity, and rate. Column technology innovations, including
core-shell, monolithic, and sub-2 pm particle columns, have improved separation. Instrumentation innovations consist of high-pressure gradient systems,
low-dispersion systems, miniaturized systems, and multidimensional systems. (32) Improvements in detection systems include mass spectrometry
coupling, evaporative light scattering detection (ELSD), charged aerosol detection (CAD), fluorescence detection, and electrochemical detection.
Strategies in method development include high-throughput screening, Quality by Design (QBD), green analytical techniques, and intelligent software
tools. Uses of HPLC and UPLC range from pharmaceutical analysis to environmental analysis, food safety and quality control, and forensic analysis.
(33) Future trends and challenges involve miniaturization, improved data Analysis and automation, technological innovation in stationary phases, and
merging with other analytical methodologies. In sum, these technologies have broadened the scope of liquid. Chromatography gives researchers and
analysts in a variety of scientific disciplines.

Limitation on HPLC & UPLC

In comparison to UPLC. The total operational costs of HPLC instruments are generally low, and as a result, they are a cheaper option for repeated analyses
or purposes where high- resolution and rapid separations are not vital needs (34) UPLC Cost: UPLC instruments, by contrast, possess higher initial capital
costs than HPLC instruments. The sophisticated technology and greater-pressure handling of UPLC equipment contribute to the added expense. UPLC
instruments have high-pressure pumps with special features, low-volume injection units, and high-data-rate detectors, which are optimized to
accommodate the added back pressure from the smaller particle size. (35) The utilization of high-quality materials and the requirement for exact
manufacturing processes also add to the added expense of UPLC instrumentation. UPLC columns are also more costly than HPLC columns because of
the sophisticated manufacturing processes, specialty materials, and smaller particle sizes employed in UPLC.

Maintenance and Service Charges: Maintenance and service charges for UPLC systems could also be higher than for HPLC systems. UPLC systems are
more sophisticated and need specialized expertise for maintenance and repair. The high accuracy and performance demands of UPLC instrumentation
could mean that it needs more frequent maintenance and calibration. These considerations should be taken into account when assessing the long-term
operating costs of UPLC systems. (36) In summary, UPLC systems tend to be more expensive in initial cost than HPLC systems because of their superior
technology, greater pressure capacity, and special instrumentation. The maintenance and service fees of UPLC systems can also be greater. HPLC systems,
on the other hand, have lower upfront costs and overall operating costs. The selection between HPLC and UPLC must account for the needs of the
particular analysis, cost available, and long-term cost factors. (37)
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