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ABSTRACT

Quantitative analysis is the cornerstone of pharmaceutical quality assurance, ensuring the safety,
efficacy, and consistency of therapeutic agents. Over the past several decades, the methodologies
driving pharmaceutical quantification have undergone a profound paradigm shift, spurred by the
need for greater sensitivity, selectivity, and high-throughput capabilities.

This review traces the evolutionary trajectory of pharmaceutical quantitative analysis, chronicling
its transition from classical wet chemical methods to state-of-the-art analytical technologies.

The review commences with an examination of foundational classical techniques, including
titrimetry and gravimetry, noting that despite their simplicity and cost-effectiveness, they present
distinct limitations regarding automation and trace detection. The narrative then transitions to the
advent of instrumental analysis exploring the revolutionary impact of spectrophotometric methods
and chromatographic separations. Special emphasis is placed on the modern era of hyphenated
techniques—such as LC-MS and GC-MS—which have redefined complex mixture analysis and impurity
profiling.

By bridging the gap between historical practices and contemporary innovations, this review
provides a comprehensive roadmap of pharmaceutical analysis, offering insights into future trends
that will continue to shape regulatory compliance and drug development.

INTRODUCTION
Quantitative analysis is the bedrock of the
pharmaceutical industry, serving as the

instrumentation [5]. However, as the
pharmaceutical landscape evolved toward
complex formulations and combination

ultimate gatekeeper for drug safety, efficacy,
and regulatory compliance [1]. From the initial
stages of drug discovery and formulation
development to bulk manufacturing and final
market release, the precise measurement of
active pharmaceutical ingredients (APIs),
excipients, and impurities is non-negotiable
[2]. Even minor deviations in drug
quantification can lead to therapeutic failure or
toxicological outcomes, making analytical
precision a core pillar of public health and
global regulatory standards [3].

Historically, pharmaceutical analysis relied
heavily on classical "wet chemical" methods.
For decades, techniques such as titrimetry,
gravimetry, and manual colorimetric assays
were the gold standards in quality control
laboratories worldwide [4]. These methods
were celebrated—and are still respected—for
their operational simplicity, cost-effectiveness,
and independence from complex, expensive

therapies, the limitations of these classical
approaches became apparent. They require
relatively large sample volumes, are inherently
labor-intensive, prone to operator error, and
lack the sensitivity required to detect trace
impurities or quantify drugs in complex
biological matrices [6].

The mid-to-late 20th century sparked an
analytical revolution, transitioning the field
from basic manual apparatus to sophisticated
instrumental paradigms [7]. The introduction
of spectrophotometry (such as UV-Vis and
Infrared  spectroscopy) and  separation
sciences (such as High-Performance Liquid
Chromatography) fundamentally altered the
speed, precision, and selectivity of
pharmaceutical assays [8]. Today, the field
has progressed even further into the era of
hyper-sensitive  hyphenated technologies,
automated microfluidics, and highly specific
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biosensors capable of real-time molecular
recognition [9].

This review, titled "From Burettes to
Biosensors,” provides a comprehensive
exploration of this technological trajectory. By
bridging the gap between historical wet
chemistry and contemporary digital
instrumentation, this paper chronicles the
milestones that have redefined pharmaceutical
quantification. Furthermore, it evaluates how
these advancements align with modern
regulatory  frameworks, such as the
International Council for Harmonisation (ICH)
guidelines, and the growing industry-wide shift
toward green analytical chemistry [10].

Classical Quantitative Methods
Before the widespread commercialization of
automated electronic instruments,

pharmaceutical quality control relied almost
entirely on stoichiometric chemical reactions
carried out in solution. These "wet chemical"
methods provided the foundational framework
for early pharmacopeias and established the
basic principles of chemical equivalence that
govern modern analysis [11].

Titrimetric Analysis

Titrimetry (or volumetric analysis) long served
as the primary quantitative tool in
pharmaceutical laboratories due to its direct
proportionality and high precision when
handling macro-scale quantities 11]. The
technique relies on the controlled addition of a
standardized reagent (the titrant) to a solution
containing the analyte until the chemical

(volumetric analysis)

Inchcanor

Fig 1: Titration apparatus

In traditional pharmaceutical assays, this

endpoint was visually detected using color-

changing chemical indicators. The major
classes of titrimetry widely utilized in classical
monographs include:

e Acid-Base Titrations: Used for the
quantification of weakly acidic or basic
drugs, often using non-aqueous solvents
(e.g., glacial acetic acid) to enhance the
reactivity of weak organic bases like
ephedrine or haloperidol [12].

e Redox Titrations: Applied to substances
prone to oxidation or reduction, such as
ascorbic acid assays via iodimetry [4].

e Complexometric Titrations: Utilizing
chelating agents like
ethylenediaminetetraacetic acid (EDTA) for
quantifying metal ions in pharmaceutical
formulations, such as calcium gluconate or
zinc oxide ointments [5].

equivalence point is achieved.
l Burotin
e Slopcock
|
Erenmeyer
fask
e Precipitation  Titrations:  Historically

critical for halogenated compounds,
utilizing argentometric methods (e.g.,
Mohr’s or Volhard’'s methods) to determine
chloride or bromide content [12].

Despite their high accuracy in bulk drug
analysis, classical manual titrations present
severe bottlenecks. They are highly labor-
intensive, depend heavily on the visual
acuity of the operator to discern subtle
indicator color shifts, and consume vast
quantities of organic solvents and
chemicals, which conflicts with modern
green chemistry principles [10].

Gravimetric Analysis

Gravimetry represents one of the oldest and
most  fundamentally  sound analytical
methodologies, relying on the direct or indirect
measurement of mass using an analytical
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balance [13]. Because mass is an absolute
physical property, gravimetric assays do not
require calibration against a chemical

standard, making them theoretically pristine

[7].

Fig 2: Steps in Gravimetry

In classical pharmacy, precipitation gravimetry
was routinely deployed to isolate specific
constituents from crude drug extracts or
inorganic formulations. The analyte is
selectively converted into an insoluble
precipitate, which is filtered, washed to
remove impurities, thermally dried or ignited
to a constant weight, and accurately weighed
[13]. A classic example includes the
determination of sulfate ions in pharmaceutical
raw materials by precipitation with barium
chloride.

However, the practical limitations of
gravimetric analysis ultimately forced its
marginalization in modern high-throughput
workflows. The process is notoriously slow,
often requiring hours of digestion, filtration,

Ultraviolet-Visible (Uv-Vis) Spectrophotometry

Excitation Sample cell

Monochromator

excitation
Dispersion |
device

\ Exit slit

Entrance slit
Dispersion
device
-

Light source

UV-Vis spectrophotometry became the first
widespread automated workhorse in
pharmaceutical quality control. Operating on
the Beer-Lambert law (A = a b ¢), it directly
correlates the absorbance (A) of light by a
molecular chromophore to its concentration (c)
in solution [14].

Absorbance, (A) =log10(I0/I)=abc

Where:
e Ipis the intensity of the incident light.

Emission
Monochromator

Fig 3: Ultraviolet-Visible (Uv-Vis) Spectrophotometer.

and drying cycles [5]. Furthermore, it lacks the
sensitivity required for trace analysis,
demanding substantial sample sizes
(frequently in the milligram-to-gram range)
that are entirely impractical for costly modern
synthetic APIs or low-dose formulations [6].

The Advent of Instrumental Spectroscopy

The limitations of classical wet chemistry—
chiefly its high sample consumption and lack
of sensitivity—triggered a shift toward
instrumental methods mid-20th century. By
measuring how electromagnetic radiation
interacts with matter, spectroscopic methods
allowed analysts to look inside molecules,
automating quantification while using a
fracton of the sample size [8].

Huorestenceintensity
]

I is the intensity of the transmitted light.
“a" is the molar absorptivity coefficient.
"b” is the path length of the cuvette .
“c” is the concentration of the analyte.

In routine analysis, UV-Vis quickly replaced
titrimetry for content uniformity testing and
dissolution profiling due to its rapid turnaround
time [1]. However, its primary drawback is
selectivity; if a formulation contains multiple
ingredients, degraded products, or excipients
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that absorb light at similar wavelengths, the
overlapping spectral bands lead to significant
errors [3]. This drove the development of
derivative spectrophotometry and

Infrared (IR) Spectroscopy and FT-IR

Tunable laser

Molecule

multicomponent  analysis  software  to
mathematically resolve overlapping peaks
[14].

- <
A

Detector

Spectroscopic profie

Fig 4: IR Spectroscopy

While UV-Vis is primarily quantitative, Infrared
spectroscopy changed how the industry
approached chemical identification and
structural integrity. By measuring the
vibrational transitions of specific functional
groups within a molecular structure, IR
provides a unique "molecular fingerprint" [15].
The transition from classical dispersive
instruments to Fourier Transform Infrared (FT-
IR) spectrometers greatly improved signal-to-

Nuclear Magnetic Resonance (NMR) Spectroscopy

noise ratios and scanning speeds [8]. In
quantitative  pharmacy, modern FT-IR—
equipped with Attenuated Total Reflection
(ATR) accessories—is widely deployed for
polymorph characterization, monitoring
blending processes in solid dosage
manufacturing, and non-destructive
quantification of active ingredients in intact
tablets using Near-Infrared (NIR) extensions
[15].

NMR Spectroscopy

I =

i
-

Fig 5: Nmr Spectroscopy

Though traditionally viewed as a qualitative
tool for structure elucidation, Nuclear Magnetic
Resonance (NMR) spectroscopy has emerged
as a powerful quantitative tool (qNMR) [16].
The key advantage of gNMR is that the
integrated intensity of a resonant peak is
directly proportional to the number of nuclei
generating that signal, independent of the
chemical structure.

This means a compound can be quantified
using an unrelated, certified internal standard

without needing an identical reference
standard of the drug itself [16]. While the high
cost, complexity, and operational demands of
high-field NMR magnets prevent its routine
use on the factory floor, gNMR has become
irreplaceable for the absolute purity
assignment of reference standards, tracking
synthetic pathways, and identifying counter-
ion ratios in novel drug salts [17]
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Fig 6: Mass Spectrometry

While optical spectroscopy relies on the
absorption or emission of electromagnetic
radiation, mass spectrometry operates on the
principle of ionizing chemical compounds to
generate charged molecules or fragments,
subsequently separating and detecting them

based on their mass-to-charge ratio (m/z)

[18]. Standalone MS revolutionized the

pharmaceutical sector by providing

unparalleled  specificity and  ultra-trace
detection capabilities.

The quantitative power of MS is heavily

dependent on the ionization technique and the

mass analyzer design used:

e |onization Techniques: Modern
pharmaceutical analysis relies heavily on
atmospheric pressure ionization (API)
techniques, predominantly Electrospray
Ionization (ESI) for polar, high-molecular-
weight biomolecules, and Atmospheric
Pressure Chemical Ionization (APCI) for
smaller, less polar synthetic drugs [19].

e Mass Analyzers: The evolution from
heavy, low-resolution magnetic sectors to
high-resolution instruments transformed
the field. Quadrupole (Q) and Triple
Quadrupole (QqQ) analyzers became the
industry  workhorses  for  targeted
guantitative assays due to their wide linear
dynamic range and capacity for Selected
Reaction Monitoring (SRM) [18]. For high-

(TOF) and Orbitrap analyzers provide
parts-per-million (ppm) mass accuracy
[19].

A major bottleneck of standalone MS in
guantitative pharmacy is the phenomenon of
"matrix effects"—where co-eluting excipients
or biological components suppress or enhance
the ionization of the target analyte, leading to
quantitative inaccuracies [20]. To mitigate
this, the field increasingly relies on stable
isotope-labeled internal standards (SIL-IS).
While exceptionally powerful for absolute
molecular weight verification and trace-level
quantification, the true analytical synergy of
mass spectrometry is realized when it is
hyphenated with separation sciences to clear
out matrix interferences prior to ionization
[20].

The Separation Revolution:

From Gravity Columns to High-Performance
InstrumentsWhile early wet chemistry
methods relied entirely on analyzing pre-
purified matrices, the capability to resolve
multi-component chemical mixtures in real-
time became the ultimate bridge connecting
macro-scale lab benches to advanced
molecular sensors. The structural evolution of
chromatography represents a deliberate
progression from passive, ambient-pressure

resolution, exact-mass measurements tools toward closed, highly automated, and
needed to identify unknown structural micro-particulate physical systems.
degradants or impurities, Time-of-Flight
Technical Evolution of Chromatographic Separation Platforms
. Driving Mobile Stationary Typical Primary
Sslz at;?):::n Physical Phase Phase Analysis Technical
Force Phase | Characteristics Time Limitation
Open Glass Column Gravity / Liquid Coarsely packed, | Hours to High solvent
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Originating from Mikhail Tsvet's foundational
separation of plant pigments using glass
columns packed with calcium carbonate [21],
early systems relied entirely on gravity-driven
eluent flow through coarsely packed stationary

Paper and Thin-Layer Chromatography (TLC):

phases [22]. These processes required several
hours, demanded extensive solvent volumes,
and yielded wide peak dispersion due to non-
ideal mass  transfer kinetics [23].
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Introduced in the mid-20th century, planar
chromatography leveraged capillary action
across structured cellulose sheets or uniform
silica gel layers on glass substrates [24]. While
serving as the first accessible method to
qualitatively track chemical reaction progress,

Ascending t Descending ‘
>

&

Fig 8: Paper Chromatogra

phy
planar formats suffered from low physical
reproducibility, high vulnerability to ambient
humidity, and an absolute dependence on

manual spraying of colorimetric reagents for
visual quantification [25].

¥

—— —

Fig 9: Thin Layer Chromatography

Core Methodological Bottlenecks:

The primary limitations of this era were
massive sample consumption, slow physical
diffusion rates, highly subjective endpoint
detection by the human eye, and a complete

absence of live, continuous quantitative
metrics.
The Instrumental Leap: Enclosed

Automated Systems

The mid-20th century completely transformed
separation science by enclosing stationary
phases within pressurized steel or glass

columns, allowing precise mechanical control
over the system's fluid dynamics.

Gas Chromatography (Gc):

Developed to separate vaporized analytes by
sweeping them via inert carrier gases through
thermally controlled columns [26]. The
addition of highly sensitive online systems like
the Flame Ionization Detector (FID) replaced
manual collection with real-time digital
chromatograms; however, the technology
remained restricted to volatile and thermally
resilient molecules [27].
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Fig 10: Gas Chromatography

High-Performance Liquid Chromatography
(Hplc):

Successfully  eliminated
constraints of GC by
pressure mechanical pumps to force liquid
mobile phases through tightly packed micro-

the  volatility

particulate columns, typically utilizing 3-5 pm

silica particle sizes [28].
enhanced the available surface-area-to-volume
ratio, accelerated the mass transfer step, and

implementing high- allowed scientists to  separate
biomolecules and polar substances
unprecedented speed
nleactar
samaic)
Purnn 3 Detector Data acquisiton
B dn, b ) - HPLC colurmn ‘
- | ® - — L
4 b - A\
. ’
Solvent ¥
Separate
cor;;;:.;::m Waste

Fig 11: High Performance Liquid Chromatography

Ultra-High Performance
Chromatography (Uhplc):
Standing as the current peak of column-based
separation science, UHPLC platforms rely on
sub-2-micron particle packings operating at
fluid pressures exceeding 1,000 bar [30]. By
optimizing the physical parameters of the Van
Deemter equation, UHPLC maximizes peak
capacities while slashing solvent consumption
and compression run-times from hours down
to seconds [30].

Liquid

Modern Transduction and
Digitization

The ultimate transition from traditional
benchtop chromatography to instrumental
analytics was achieved by replacing isolated
fraction collection with automated, in-line

detection mechanisms.

Hybrid

This drastically

Online Spectroscopic Coupling:

The integration of automated flow-through
Photodiode Array Detectors (DAD) and
fluorescence sensors enabled instantaneous
recording of electronic absorption signatures
matched directly to retention times [31].

Hyphenated Mass Spectrometry (GC-MS,
LC-MS):

Direct interfacing of separation columns to
vacuum-sealed mass analyzers completely
revolutionized chemical identification [32]. By
combining physical column separation power
with precise molecular-weight fragmentation
profiles, hyphenated instruments eliminated
the necessity for pre-purification, paving the
direct conceptual pathway toward the
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miniature, single-step fluidic  sensing architectures seen in modern biosensors.
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DISCUSSION testing to Process Analytical Technology (PAT)

The trajectory of pharmaceutical quantitative
analysis reflects a continuous drive toward
higher sensitivity, specificity, high-throughput
capability, and real-time monitoring. Classical
techniques—namely titrimetric and gravimetric
methods—laid the foundational bedrock of
quality control, offering absolute quantification
without the need for reference standards.
While their lack of selectivity and labor-
intensive nature limit their utility in complex
biological or multi-component formulations,

they remain indispensable for baseline
standardizations and classical assay biopharmaceuticals,
determinations in  fundamental  quality

assurance.
The advent of spectroscopic methods (UV-Vis,
FTIR, NMR) marked a critical transition toward
non-destructive, rapid  qualitative and
quantitative characterization. Modern
extensions such as Near-Infrared (NIR) and
Raman spectroscopy, coupled with advanced
chemometric algorithms, have shifted the
analytical paradigm from offline benchtop

and real-time release testing (RTRT) in active
pharmaceutical ingredient (API)
manufacturing.

Chromatographic platforms—specifically High-
Performance Liquid Chromatography (HPLC)
and Ultra-High-Performance Liquid
Chromatography (UHPLC)—currently serve as
the definitive standard for  routine
pharmaceutical release testing, stability
studies, and impurity profiling. However, the
increasing complexity of modern therapeutics,
ranging from small-molecule stereoisomers to
necessitated  superior
resolving power. This gap was bridged by
hyphenated techniques (LC-MS, GC-MS, LC-
NMR), which merge separation performance
with structural elucidation. Today, hyphenated
systems are critical for high-sensitivity
applications, such as detecting genotoxic
impurities at trace levels and characterizing
complex biological matrices.

The latest evolutionary phase is marked by
biosensors and miniaturized point-of-care
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devices. By integrating bio-recognition
elements (enzymes, antibodies, nucleic acids,
aptamers) with physical transducers
(electrochemical, optical, piezoelectric),
biosensors achieve real-time, highly selective
quantification directly in complex matrices.
This  shift drastically reduces sample
preparation times, organic solvent
consumption, and operational costs.
Furthermore, the convergence of biosensing
platforms with microfluidic "lab-on-a-chip"
systems and artificial intelligence/machine
learning (AI/ML) algorithms points toward
automated, adaptive analytical pipelines
capable of continuous, automated quality
oversight.

CONCLUSION

The evolution from traditional burettes to
advanced biosensors highlights a remarkable
transformation in  how  pharmaceutical
substances are measured, characterized, and
monitored. While foundational titrimetric and
gravimetric  methods  established early
analytical rigor, the demands of modern drug
discovery, complex dosage formulations, and
strict regulatory standards have driven the
adoption of high-performance spectroscopic,
chromatographic, and hyphenated techniques.
High-resolution hyphenated systems now
represent the benchmark for impurity profiling
and biological sample analysis, offering
unprecedented precision and detection limits.
Simultaneously, biosensors and miniaturized
analytical tools represent a significant leap
toward immediate, automated, and green
analytical chemistry. By enabling rapid,
selective quantification at the point of need,
biosensing architectures align directly with
modern industrial objectives for continuous
manufacturing and real-time quality
assurance. Moving forward, the ultimate
strength of pharmaceutical quantitative
analysis lies not in replacing traditional
methods entirely, but in strategically
integrating classical precision with intelligent,
high-throughput technologies to ensure drug
safety, efficacy, and quality across the entire
drug development lifecycle.
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