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ABSTRACT

Ultra-Performance Liquid Chromatography (UPLC) has emerged as a
pivotal advancement in pharmaceutical analysis, leveraging sub-2 pm
particle technology to achieve unprecedented speed, resolution, and
sensitivity. While traditional High-Performance Liquid Chromatography
(HPLC) remains a cornerstone, UPLC’s superior efficiency—governed by
the van Deemter equation—enables faster separations with enhanced peak
capacity. However, its adoption necessitates careful consideration of
operational challenges, including increased backpressure, method scalability,
and economic trade-offs. This article critically examines UPLC’s theoretical
foundations, practical applications in drug development and quality control,
and its integration with mass spectrometry (MS) for bioanalytical assays. We
also explore regulatory implications and cost-benefit analyses to guide
strategic implementation in pharmaceutical laboratories.

Article Info

Article Received: 30 March 2025,
Article Revised: 20 April 2025,
Avrticle Accepted: 10 May 2025.

DOI: https://doi.org/10.5281/zenodo.15389535

*Corresponding author:

*Hebha Amreen

Masters in Pharmaceutical Analysis, Malla
Reddy College of Pharmacy.

KEYWORDS: HPLC, UPLC, Deemter equation, chromatography,
pharmaceutical analysis, quality control, drug development, spectrometry.

INTRODUCTION detection sensitivity.’). These enhancements are not

The pharmaceutical industry operates under relentless merely incremental; they fundamentally alter the
pressure to accelerate drug development while analytical ~ workflow,  enabling  rapid  method
maintaining stringent quality standards. In this development, high-throughput screening, and superior

landscape, analytical chromatography serves as the
backbone of drug characterization, impurity profiling,
and bioanalytical studies. High-Performance Liquid
Chromatography (HPLC) has long been the gold
standard, offering robust separations with moderate
resolution and throughput. However, the increasing
complexity of modern therapeutics—including biologics,
highly potent APIs, and intricate formulations—has
exposed the limitations of conventional HPLC in
meeting contemporary analytical demands.™

The introduction of  Ultra-Performance  Liquid
Chromatography (UPLC) in the early 2000s marked a
paradigm shift in separation science. By employing
stationary phases packed with sub-2 um particles and
operating at pressures exceeding 15,000 psi, UPLC
delivers dramatic improvements in speed, efficiency, and

resolution of closely eluting peaks—critical for assessing
complex drug matrices and degradants.”

The theoretical basis for UPLC’s superiority lies in the
van Deemter equation, which describes the relationship
between chromatographic efficiency and flow rate.
Smaller particles reduce eddy diffusion and mass transfer
resistance, allowing optimal performance at higher linear
velocities without sacrificing resolution.”! This principle
has been leveraged to develop UPLC systems capable of
reducing analysis times by 3-10x compared to HPLC,
while simultaneously improving peak capacity and
detection limits.™

Despite these advantages, the adoption of UPLC is not
without challenges. The high-pressure requirements
necessitate  specialized  instrumentation, increasing
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capital and maintenance costs. Method transfer from
HPLC to UPLC is non-linear, often requiring
revalidation to comply with regulatory guidelines.!!
Additionally, the heightened sensitivity of UPLC can
introduce new complexities, such as the detection of
previously unnoticed impurities, demanding rigorous
method optimization to avoid over-resolution and
unnecessary regulatory scrutiny.[’!

This article provides a comprehensive evaluation of
UPLC’s role in pharmaceutical analysis, from its

Ultra-Performance Liquid Chromatography

UPLC

WJAPS, Volume 2, Issue 1, 2025

theoretical underpinnings to real-world applications in
drug discovery, quality control, and bioanalysis. We
examine the economic and operational trade-offs
associated with UPLC implementation and offer strategic
insights for laboratories considering this advanced
technology. By synthesizing recent advancements and
practical considerations, this review aims to guide
informed decision-making in the adoption and
optimization of UPLC for modern pharmaceutical
analysis.
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Figure  03: Comparison-HPLC  vs. UPLC
INSTRUMENTATION 1. Pump: The most important
advantages of pumps are: higher resolution, faster
analyses, and increased sample load capacity. Pump
Module-types: Isocratic pump-delivers constant mobile

phase composition; solvent must be pre-mixed, Gradient
pump-delivers variable mobile phase composition; 2.
Solvent system: A. Mobile phases-several common
properties a. Purity b. Detector compatibility c. Chemical
inertness B. Mobile phase reservoir.

Table 01: Tabular comparison of HPLC and UPLC instrumentation.

S no Feature HPLC

UPLC (UPLC/UHPLC)

1 Pressure Range Up to 6,000 psi

Up to 15,000-20,000 psi

Particle Size

3-5 um (larger particles)

1.7-2.1 um (sub-2 pum particles)

Column Dimensions 4.6 mm)

Longer and wider (e.g., 150 mm x

Shorter and narrower (e.g., 50 mm x
2.1 mm)

0.5-2 mL/min (higher flow)

0.2-0.6 mL/min (lower flow)

2
3
4 Flow Rate
5 Pump System

Standard pumps (lower pressure

High-pressure pumps (stainless steel,

tolerance) low-dead-volume)
6 Detector Requirements Standard detectors (e.g., UV-Vis, High-speed detectors with faster
g PDA) with slower data rates sampling rates (e.g., <10 Hz)
. 1-5 pL (smaller loops to avoid
7 Injection VVolume 5-20 pL (larger sample loops) overloading)
8 System Dwell Volume Higher (slower gradient mixing) Ultra-low (faster gradient precision)
9 Solvent Consumption pleliey (i [ pr CH TS e Lower (eco-friendly, cost-saving)

flow rates)

10 Run Time

10-30 minutes (slower separations)

1-5 minutes (rapid analysis)

11 Theoretical Plates

Lower resolution and efficiency

2-3x higher resolution (sharper peaks)

12 Backpressure Moderate

Very high (requires robust hardware)

13 Maintenance

Lower cost, easier maintenance

Higher maintenance (specialized parts,
column care)

14 Instrument Cost

Lower initial investment

Higher (advanced components and
software)

15 | Applications environmental

Routine QC, pharmaceuticals,

High-throughput labs, proteomics,
metabolomics, bioanalysis

Key Notes
1. UPLC Advantages

- Faster separations, higher resolution, and sensitivity.

o Reduced solvent use (cost-effective and eco-
friendly).
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- Better for
samples).

complex mixtures (e.g., biological

2. HPLC Advantages
o Cost-effective for routine analyses.

o Robust and widely compatible with existing
methods.

- Lower risk of column blockage (larger particles).

3. Limitations

o UPLC requires smaller particle columns (expensive,
prone to clogging).

o HPLC lacks the speed and resolution needed for
advanced research.

Theoretical Foundations: The van Deemter Equation
and Sub-2 um Particle Dynamics

The superiority of UPLC is rooted in chromatographic
theory, particularly the van Deemter equation, which

WJAPS, Volume 2, Issue 1, 2025

describes the relationship between plate height (H) and
linear velocity (*u*):
H=A+B/u+Clu

where:

» A represents eddy diffusion, minimized by smaller,
more uniformly packed particles.

e *B/u* accounts for longitudinal diffusion, less
impactful at high velocities.

e Cu reflects resistance to mass transfer, reduced by
shorter diffusion paths in sub-2 um particles.”!

The adoption of sub-2 um particles flattens the van
Deemter curve, enabling optimal efficiency at higher
flow rates. This translates to sharper peaks, improved
resolution (R_s), and faster run times—critical for high-
throughput laboratories.

Van Deemter Equation

Plate Height (mm)

B
HETP=A+E+Cu

A = eddy diffusion
B = longitudinal molecular diffusion
C = mass transfer

e ~~———-- Blu
Linear Velocity (cm/s)
Figure: 03
Decoding the Van Deemter Plot: A Tripartite 1. Y-Axis (Plate Height, H)

Analysis

Visual Guide Recommendation

An annotated van Deemter curve with three distinct
regions color-coded (red for A-term, blue for B-term,
green for C-term), showing how each term dominates
specific velocity ranges. Include inset chromatograms
demonstrating peak shapes at corresponding flow rates.

e Technical Definition: Height Equivalent to a
Theoretical Plate (HETP) in micrometers

e Practical Interpretation: Lower values
tighter, more efficient peaks

»  Key Metric: Minimum H (H[T;[7) represents optimal
efficiency

»  Example Values:

indicate
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o ~10 um for excellent UPLC columns
o ~20 um for standard HPLC columns

2. X-Axis (Linear Velocity, u)

»  Precise Definition: Mobile phase velocity (mm/sec)

*  Operational Proxy: Flow rate (mL/min) - related via
column diameter

»  Conversion Example:

° 1 mbL/minin2.1mm ID column = 4.8 mm/sec
° 0.5 mL/minin 4.6mm ID column = 0.5 mm/sec

Term-by-Term Breakdown

A-Term (Eddy Diffusion)

e Visual Signature: Y-intercept of the curve

«  Physical Origin: Multiple flow paths through packed
bed

»  Particle Size Dependence:

> Proportional to d1 (particle diameter)

o UPLC advantage: 1.7um particles — 3x lower than
5um HPLC
»  Practical Impact: Dominates at very low velocities

WJAPS, Volume 2, Issue 1, 2025

B-Term (Longitudinal Diffusion)

«  Region of Influence: Left of minimum (u < u,[11))
e Mathematical Form: B/u (inverse relationship)

*  Key Factors

> Diffusion coefficient (D7)

> Retention factor (k)
»  Chromatographic Manifestation

> Peak broadening at low flow rates
> Particularly relevant for GC or capillary LC

C-Term (Mass Transfer Resistance)

*  Region of Influence: Right of minimum (u > u.[])
Mathematical Form: C-u (linear relationship)

Two Components:*

Stationary phase transfer (oc d(12)

Mobile phase transfer (o< d[12/D[7)

UPLC Advantage

d2 term gives 9% improvement (1.7 vs 5pum)
Enables faster flow without efficiency loss

N

Table 02: Practical Implications Table.
Sno Flow Region | Dominant Term Peak Shape UPLC Benefit
1 u<1mm/s B-term (B/u) Fronting Minimal
2 1-3 mm/s Balanced Symmetric Optimal
3 u>5mm/s C-term (C-u) Tailing 3-5x speed gain

Modern Refinements
»  Extended van Deemter Models: Incorporates:

> Kinetic plots (Poppe plots)
> Surface diffusion effects

> Ordered particle geometries (core-shell)
e UPLC Optimization: Modern systems operate at 2-
3% uee[ ] due to:

> Improved column technology
> Reduced extra-column volume
> Advanced packing homogeneity

This explanation bridges fundamental theory with
practical UPLC operation, showing why sub-2um
particles shift the entire curve downward and rightward
compared to HPLC.

Performance Advantages and Practical Trade-offs

1. Speed and Throughput

UPLC typically reduces analysis times by 3-10x
compared to HPLC, a boon for high-throughput quality
control (QC) and drug discovery screening.” However,
real-world gains depend on ancillary factors such as
sample preparation and data processing bottlenecks.

2. Resolution and Selectivity

While UPLC enhances peak capacity, selectivity remains
contingent on stationary phase chemistry. Over-
resolution can complicate method validation by detecting
irrelevant impurities, necessitating judicious method
development.©®

3. Sensitivity and Detection Limits

Narrower peaks increase signal-to-noise  ratios,
benefiting mass spectrometry (MS) detection. However,
UV-based systems may see diminished sensitivity due to
smaller flow cell path lengths, highlighting the need for
detector optimization.[”!

Applications in Pharmaceutical Analysis

1. Drug Discovery and Development

UPLC accelerates lead compound screening and
metabolic stability assays, enabling rapid decision-
making in early-stage R&D.P! Its high resolution is
indispensable  for  impurity  profiling,  ensuring
compliance with ICH Q3 guidelines.

2. Quality Control and Stability Testing

In QC environments, UPLC’s speed facilitates batch
release testing, while its sensitivity ensures accurate
quantification of low-abundance degradants in stability
studies.”
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3. Bioanalytical UPLC-MS

Coupling UPLC with MS has revolutionized
pharmacokinetic (PK) studies, offering unparalleled
sensitivity for drug and metabolite quantification in
biological matrices.™)

Economic and Operational Considerations

1. Capital and Consumable Costs

UPLC systems and columns command a premium over
HPLC, with shorter column lifespans due to high-
pressure operation.*?

2. Method Transfer and Validation

Non-linear scalability between HPLC and UPLC
methods complicates regulatory submissions, demanding
rigorous revalidation.™*!

3. Maintenance and Training

UPLC’s high-pressure architecture necessitates frequent
maintenance and specialized operator training to mitigate
downtime.!"!

CONCLUSION

Strategic Adoption Over Blind Implementation

UPLC represents a significant evolution in liquid
chromatography, yet its adoption must be driven by
analytical need rather than technological hype. For
laboratories requiring rapid, high-resolution
separations—particularly in  drug discovery and
bioanalysis—UPLC delivers unmatched performance.
However, HPLC remains viable for routine assays where
speed is not critical. A judicious cost-benefit analysis,
coupled with robust method development, ensures
optimal UPLC deployment in pharmaceutical analysis.
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